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1.0 SUMMARY 

This work was performed in suppor t  of a r i sk  analysis o f  a conceptual 
management system f o r  high-level nuclear waste. Three basic driving forces 
are generally associated with accidental release of radioisotopes : mechani - 
cal and thermal forces and dissolution processes. These forces could n o t  
only breach the containment bar r ie rs ,  b u t  a lso modify the form of the waste. 
For example, mechanical forces acting on a canis ter  of so l id i f i ed  ( e .g . ,  
v i t r i f i e d )  waste could n o t  only f a i l  the can i s t e r , ' bu t  a l so  break the glass 
in to  smaller, potent ia l ly  respirable par t ic les .  
area would also hasten dissolution and vola t i l i za t ion  i f  driving forces for 
these were present. 

The increased glass surface 

Because no data fo r  impact breakup charac te r i s t ics  of encapsulated 
waste glass were located, t h i s  t e s t  program was begun. 
order of p r io r i ty ,  were t o  estimate 1 )  the quantity o f  respirable glass 
fines produced; 2 )  the increase i n  glass surface area; 3 )  the impact res i s -  
tance of the f i l l e d  canis ters .  Even i f  a l l  t e s t  canis ters  were t o  remain 
in t ac t ,  the f i r s t  two items are  needed because i t  cannot be guaranteed 
tha t  every production canis ter  will be fabricated soundly and maintained 
properly. 

The objectives,  in 

Two ser ies  of  t e s t s  were conducted using nonradioactive waste glass 
type 72-68 (simulated waste composition PW-4b-2) i n  cylindrical  304L s ta in-  
less  s tee l  canis ters .  S i x  specimens of  a 1 / 2  scale  model o f  a 10- f t  canis- 
t e r  were impacted a t  room temperature and a l t  veloci t ies  u p  to 10 C F R  71 
requirements of 44 fps.  
room temperature and a t  elevated temperature (425"C), a t  veloci t ies  up  t o  
t ha t  of  high-speed t r a i n  impact (80 mph or 117 f p s ) .  Both ser ies  included 
specimens which were essent ia l ly  glassy and those which had been pa r t i a l ly  
devi t r i f ied  by thermal treatment. 

Twenty-two smaller specimens were tested a t  

The canis ters  breached only a t  the t w o  highest ve loc i t ies  (66 and 
117 fps).  The breaches were a l l  very small cracks. Pre- and post- tes t  
weight checks indicated tha t  very l i t t l e ,  i f  any, glass escaped through 
the cracks. 

1 



The r e s u l t i n g  f i n e s  were removed and sieved. P a r t i c l e  s i z e  d i s t r i b u -  

t i o n  curves were p l o t t e d .  

t y p i c a l l y  ranged f rom 
T h i s  compares w i t h  approx imate ly  1 0-2 f o r  nonimpacted c a l c i n e d  waste (and 

probab ly  f o r  impacted c a l c i n e  a1 so).  

The i n v e n t o r y  f r a c t i o n  s m a l l e r  than 10 l~ 

f o r  c o n t r o l  specimens t o  l o a 4  f o r  80 mph impact.  

Geometric c a l c u l a t i o n s  were made o f  t h e  s u r f a c e  area created.  The 

s u r f a c e  area t y p i c a l l y  inc reased by o n l y  a few percent  o f  t h e  i n i t i a l  sur -  

f a c e  area f o r  c o n t r o l  specimens, b u t  by a f a c t o r  o f  40 f o r  80 mph impact.  

W i t h i n  t h e  s c a t t e r  o f  t h e  l i m i t e d  da ta  obta ined,  no c o n s i s t e n t  d i f -  

fe rence was observed between t h e  e s s e n t i a l l y  g l a s s y  and t h e  p a r t i a l l y  d e v i t -  

r i f i e d  specimens n o r  between smal l  and l a r g e  c a n i s t e r s  when t h e  r e s u l t s  

were compared on a f r a c t i o n a l  breakup b a s i s .  T e s t i n g  o f  specimens which a r e  
more s e v e r e l y  d e v i t r i f i e d  migh t  l e a d  t o  observable d i f f e r e n c e s  between 

g l a s s y  and d e v i t r i f i e d  waste. 

t h e  q u a n t i t y  o f  l a r g e  p a r t i c l e s  produced, b u t  no s i g n i f i c a n t  e f f e c t  was 

observed on t h e  q u a n t i t y  o f  p a r t i c l e s  s m a l l e r  than about  20 t o  50 l ~ .  

T e s t i n g  a t  e l e v a t e d  temperature inc reased 

2 



2.0 INTRODUCTION 

MANAGEMENT OF HIGH-LEVEL NUCLEAR WASTE 

H i g h - l e v e l  waste o r i g i n a t e s  i n  aqueous form as a r e s u l t  o f  s o l v e n t  

e x t r a c t i o n  i n  t h e  reprocess ing  o f  spent  n u c l e a r  f u e l .  Cur ren t  r e g u l a t i o n s  

c a l l  f o r  s o l i d i f i c a t i o n  o f  commercial waste w i t h i n  5 years  o f  i t s  genera- 

t i o n  and shipment t o  a Federal  r e p o s i t o r y  w i t h i n  a t o t a l  o f  10 years .  The 

p r o d u c t  may be s t o r e d  f o r  up t o  100 years  i n  a R e t r i e v a b l e  Sur face Storage 

Faci  1 i t y  (RSSF) b e f o r e  permanent d isposa l  . 
s o l i d i f i c a t i o n  and f i x a t i o n  by reprocessors i n v o l v e s  producing a c a l c i n e  
f o l l o w e d  by f i x a t i o n  i n  a g lass/ceramic form. 

One poss i  b l  e scheme f o r  waste 

Dec is ions  r e g a r d i n g  management o f  h i g h - l e v e l  waste depend h e a v i l y  

upon p r o d u c t  comparisons o f  cand ida te  waste forms. 

f o r  such comparisons i s  t h a t  o f  system s a f e t y  s t u d i e s .  

An u l t i m a t e  framework 

WASTE FIXATION PROGRAM 

B a t t e l l e  P a c i f i c  Northwest L a b o r a t o r i e s  i s  conduct ing t h e  Waste F i x a -  

t i o n  Program (WFP) f o r  t h e  Energy Research and Development A d m i n i s t r a t i o n  
(ERDA). Pr imary  o b j e c t i v e s  a r e  development o f  improved p r o d u c t  forms and 

demonstrat ion o f  p r a c t i c a l  p r o d u c t i o n  on an eng ineer ing  sca le .  The program 

i s  expected t o  p r o v i d e  t e c h n o l o g i c a l  bases f o r  e a r l y  adopt ion  and imple-  
mentat ion,  by i n d u s t r y  o r  a Federal  f a c i l i t y ,  o f  techniques t o  c o n v e r t  h igh-  
l e v e l  waste t o  s o l i d  forms o f  s u p e r i o r  performance and s t a b i l i t y .  

S i l i c a t e  g lasses p r e s e n t l y  appear t h e  most p romis ing  i n  terms o f  low 

d i s p e r s i b i l i t y ,  ease o f  process ing,  and i n s e n s i t i v i t y  t o  changes i n  waste 

composi t ion.  However, o t h e r  p r o d u c t  forms a r e  a l s o  be ing  i n v e s t i g a t e d .  

O f  p a r t i c u l a r  i n t e r e s t  a r e  comparisons between these forms and c a l c i n e d  

waste. 

SAFETY AND SYSTEMS EVALUATION TASK OF THE WASTE FIXATION PROGRAM 

The purpose o f  t h e  s a f e t y  and systems e v a l u a t i o n  t a s k  i s  t o  d e f i n e  

and e v a l u a t e  parameters o f  waste management systems as r e l a t e d  t o  drrrs 
3 



conta inment  and r i s k .  
f o r m u l a t i o n  o f  waste p roduc t  c r i t e r i a ,  and comparisons o f  a l t e r n a t i v e  waste 

management schemes. 

The r e s u l t s  o f  t h e  t a s k  w i l l  gu ide  R&D e f f o r t s ,  

The c h i e f  t h r u s t  o f  t h e  t a s k  i s  t o  per fo rm a r i s k  a n a l y s i s  o f  a con- 

c e p t u a l  management scheme f o r  h i g h - l e v e l  waste. .4 r e p r e s e n t a t i v e  manage- 

ment scheme ( F i g u r e  1 )  i n v o l v e s  s to rage o f  l i q u i d  waste f o l l o w e d  by 

s o l i d i f i c a t i o n ,  encapsulat ion,  and c a n i s t e r  s torage,  a l l  a t  t h e  reprocess-  

i n g  p l a n t .  The waste i s  then shipped t o  a RSSF f o r  i n t e r i m  s to rage.  

T h i s  i s  f o l l o w e d  by s h i p p i n g  t o  and emplacement i n  u l t i m a t e  d isposa l  
f a c i l i t i e s .  As a f i r s t  a t tempt ,  t h e  t o t a l  annual r i s k  o f  system processes 

1 th rough 9 f o r  t h e  y e a r  2000 i s  be ing  est imated.  

REPROCESSING PLANT OPERATiON - - _ _ - _ - - - - - - _ - - - - - - - - . 
1. L l O U l  D STORAGE 
2. L I Q U I D  TRANSFER 
3. SOLID IF ICATION & CANNllUG 
4. CAN1 STER TRAlUSFER 
5. SOLID STORAGE 

I 6. CASK LOADING 
I 7. S H I P P I N G  

I 

I 

I 
8. CASK UluLOADlNG 

RETRl EVABLE SURFACE 
STORAGE FACIL ITY  (RSSF) 

ULTIMATE DISPOSAL 
PROCESS 

9. INTERIM STORAGE AT RSSF 
10. CASK LOADING 
11. S H I P P I N G  
12. EMPLACEMENT FOR ULTIMATE DISPOSAL 
13. ULTIMATE DISPOSAL 

FIGURE 1. Representa t ive  Year-2000 Waste Management System 
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NEED FOR IMPACT DATA 

I n  t h e  r i s k  a n a l y s i s  methodology, p o t e n t i a l  f a i l u r e  sequences a r e  

analyzed by r e l a t i n g  r e l e a s e  p r o b a b i l i t y  t o  r e l e a s e  consequences. T h i s  

r e l a t i o n s h i p  i s  expressed mathemat ica l l y  as t h e  produc t  o f  t h e  expected 
f requency o f  r e l e a s e  and t h e  r a d i o l o g i c a l  consequences. The r e l a t i o n s h i p s  

among t h e  v a r i o u s  i n f o r m a t i o n a l  i n p u t s  a r e  shown s c h e m a t i c a l l y  i n  F i g u r e  2. 

DEFINITION OF MANAGEMENT SYSTEM, 
CONTAINMENT/ CONFINEMENT BARRIERS DEFINITION OF CONFINED SOURCE 

* I  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

D 
I I 

I 
I 

I 
IDENTIFICATION OF I YOTENTIAL FA1 LURE SEQUENCES I 

CONSEQUENCES PROBABILITY 

I 
I 
I 
I 
I 
I 
I 

I 
I 
B 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 

I 

I 

FIGURE 2.  Risk A n a l y s i s  Methodology 



A key s tep i n  ascertaining release consequences i s  estimation of the 
quantity and  charac te r i s t ics  of material released by a postulated fa i lure  
sequence. This s tep ,  designated "Definition of Dispersed Source" in Fig- 
ure 2 ,  provides input t o  models describing radionuclide transport  from one 
environmental component t o  another. 
physical properties of the waste can be dras t ica l ly  a l tered during the 
release.  
can r e su l t  in release of  semivolatile consti tuents as submicron par t ic les .  
Obviously, such transformations a f fec t  transport  of radionuclides t h r o u g h  
the environment. 

Depending on the type of f a i lu re  event, 

For example, exposure of monolithic sol ids  t o  h i g h  temperature 

Three basic physical properties are  prominent in dispersed source 
descriptions:  v o l a t i l i t y ,  leachabi l i ty ,  and f rangib i l i ty .  These a re  per- 
t inent  to  release sequences involving the following respective events: 
f i r e s ,  contact with groundwater or  surface water, and mechanical forces 
such as those i n  impact. 

Studies of the leachabi l i ty  and  v o l a t i l i t y  of  waste sol ids  had been 
conducted (1 -4 )  before the r i sk  analysis was under way. 
1 iminary percussion t e s t s  had been c ~ n d u c t e d ' ~ )  on phosphate ceramics and 
glasses in the predecessor t o  the WFP. 
information on impact behavior of sol id  waste forms i n  terms of the s ize  
dis t r ibut ion of par t ic les  produced and the increase in surface area.  

However, only  pre- 

The need was evident for def in i t ive  

This need was the basis of the impact t e s t s  described here. 
have been related t o  potential f a i lu re  modes involving impact events such 
as  could be encountered i n  transportation, hand1 ing and  storage. 
of the quantity of extremely small par t ic les  (210 11) produced i s  important 
fo r  studies of airborne transport .  Knowledge of the glass surface area 
produced i s  important, along w i t h  leachabi l i ty ,  fo r  analysis of release 
t o  groundwater or surface water. 

The data 

Knowledge 
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3.0 REVIEW OF PREVIOUS WORK 

A1 though t h e  l i t e r a t u r e  on impact i s  voluminous, p u b l i c a t i o n s  c l o s e l y  

r e l a t e d  t o  t h i s  problem a r e  scarce. 

understanding impact  o f  g l a s s  i n  meta l  c a n i s t e r s  i s  b r i e f l y  reviewed here.  
Prev ious work which may a i d  i n  

CANISTER IMPACT BEHAVIOR 

Al though s h e l l  response has been s t u d i e d  a t  l e a s t  s i n c e  1828, most 
s t u d i e s  have assumed l i n e a r l y  e l a s t i c  systems, which a r e  n o t  r e p r e s e n t a t i v e  

o f  severe impact.  

e a r l y  1970s have p r o v i d e d  data and t h e  f i r s t  u s e f u l  s i m p l i f i e d  t h e o r i e s  f o r  

p l a s t i c  de format ion  and f a i l u r e  o f  s h e l l s  i n  impact.  (6) 
b u i l t  upon e f f o r t s  o f  Stoneking e t  a l . ,  ( 7 ’ 8 y 9 )  

p a r t i a l l y - f i l l e d  spheres and c y l i n d e r s  and fo rmula ted  t h e o r i e s  d e s c r i b i n g  

t h e  impact  behavior .  Most s t u d i e s  s i n c e  Stonek ing ’s  have concerned smal l  
h o l l o w  spheres. 

Aerospace nuc lear  s a f e t y  programs o f  the1960s and 

Much o f  t h a t  work 

who t e s t e d  h o l l o w  and 

Haske l l  (6) produced a s imp le  f a i l u r e  c r i t e r i o n  based on c o r r e l a t i o n s  

o f  t h e  Stoneking data.  

Stoneking da ta  and more r e c e n t  da ta  t o  c o r r e l a t e  de format ion  ( l o )  and 
f a i l u r e ( ” )  o f  h o l l o w  spheres. 
v e l o c i t i e s  o f  f i l l e d  c y l i n d e r s  and found o n l y  weak dependence o f  f a i l u r e  

v e l o c i t y  on t h e  L/D r a t i o  o f  t h e  c y l i n d e r ,  as l o n g  as L/D 
i s  more obv ious f r o m  H a s k e l l ’ s  t a b u l a t i o n  o f  t h e  Stoneking data,  presented 

i n  F i g u r e  3. 

p r e s e n t  program, i s  t h e r e f o r e  expected t o  have a smal l  e f f e c t  on c y l i n d e r  
d e f o r m a t i o n  and f a i l u r e .  However, t h e  e f f e c t  on f i n e s  produced c o u l d  n o t  

be p r e d i c t e d  and i s  d iscussed i n  S e c t i o n  10.0. 

Dal by. (I3) 
s p h e r i c a l  capsules,  compared w i t h  new data,  and m o d i f i e d  f o r  improved 
p r e d i c t i v e  c a p a b i l i t y .  

M o r r i s  used dimensional  a n a l y s i s  a long w i t h  t h e  

Bodenschatz ( ’*) c o r r e l a t e d  end-on f a i  1 u r e  

2. T h i s  r e s u l t  

Use o f  shor tened c y l i n d e r s ,  r e q u i r e d  i n  a p o r t i o n  o f  t h e  

Impact t e s t s  of r a d i o i s o t o p i c  f u e l s  and capsules were summarized by 

The above-mentioned t h e o r i e s  were rev iewed by B a r s e l l  (I4) f o r  

B a r s e l l  (l 5, a1 so analyzed f u e l e d  s p h e r i c a l  capsules 
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FIGURE 3. Dependence o f  F a i l u r e  V e l o c i t y  o f  F i l l e d  

Cy1 i n d e r s  on Len th/Diameter R a t i o  (Adapted 
from Reference 6 9 

u s i n g  a t i m e - i n t e g r a t e d  energy approach. Adap ta t i on  o f  B a r s e l l  ' s  method 

t o  c y l i n d r i c a l  capsules seems t h e  most p romis ing  t h e o r e t i c a l  approach 

f o r  p r e d i c t i o n  o f  c a n i s t e r  behavior.  

Considerable t e s t i n g  and a n a l y s i s  o f  s h i p p i n g  casks have been performed 

a t  Oak Ridge N a t i o n a l  Labora to ry  (e.g., Ref. 16). 

High s t r a i n - r a t e  mechanical p r o p e r t i e s  o f  Type 304 S t a i n l e s s  S tee l ,  
s i m i l a r  t o  t h a t  used i n  t h e  p r e s e n t  t e s t s ,  have been pub l i shed  by Ste ichen 
and Paxton. (17) 

DATA FOR POST-IMPACT PARTICLE S I Z E  DISTRIBUTION 

Capsules c o n t a i n i n g  238Pu02 f u e l  as pressed oxide, Pu02-Mo cermet and 
microspheres were impacted under aerospace nuc lea r  s a f e t y  programs. (18-21) 
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Par t ic le  s ize  dis t r ibut ions result ing from these t e s t s  were reviewed in 
Reference 22 as  par t  of the present impact program. 
References 18-20 were matched poorly by log-normal and Rosin-Rammler 
dis t r ibut ions.  
and 20 data showed considerable sca t t e r .  
normal f i t  in the 10 t o  100 p range were found fo r  the data of Reference 21.  

The dis t r ibut ions of 

Plots of s ize  f ract ion versus velocity for  Reference 19 
Less sca t t e r  and a bet ter  log- 

Preliminary percussion f ines  data were obtained in the Waste Sol id i f i -  
cation Program. ( 5 )  
waste or  stand-ins of these forms: 
borosi l icate  glass.  
~ 0 . 0 2  i n .  

A weight was dropped on bare samples of radioactive 
phosphate ceramic, phosphate glass ,  

Par t ic les  were screened only down to  the fraction 

A large body of l i t e r a t u r e  (e .g . ,  Ref. 23) concerns par t ic le  s ize  
Many publications d is t r ibu t ions  resul t ing from crushing and grinding. 

(e.g. ,  Ref. 24) deal with f ractures  produced in bare glass by impact. 
However, none of these study areas d i rec t ly  applies t o  the requirements of 
t h i s  program. 

SCALING LAWS 

( 2 5 )  Scaling laws fo r  impacted canis ters  have been formulated by Duffey 
and by Tsai. (26)  

9 
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4.0 TEST PROGRAM RATIONALE 

OBJECTIVES 

The o b j e c t i v e s  o f  t h e  program, i n  o r d e r  o f  p r i o r i t y ,  were t o  est imate,  
on a p r e l i m i n a r y  bas is ,  1 )  t h e  q u a n t i t y  o f  r e s p i r a b l e  f i n e s  produced f rom 

t h e  b o r o s i l i c a t e  waste g lass ;  2 )  t h e  inc rease i n  g l a s s  s u r f a c e  area; and 

3 )  t h e  impact  r e s i s t a n c e  o f  t h e  f i l l e d  c a n i s t e r s .  Suppor t ing o b j e c t  ves 
i n c l u d e d  t h e  f o l l o w i n g :  determine t h e  e f f e c t s  o f  severa l  parameters upon 
t h e  r e s u l t s ;  by means o f  c o r r e l a t i o n s ,  f a c i l i t a t e  p r e d i c t i o n  o f  r e s u  t s  f o r  

impact  environments n o t  tes ted ;  f a c i l i t a t e  comparisons o f  t h e  impact  

behav io r  o f  b o r o s i l i c a t e  g l a s s  w i t h  t h a t  o f  c a l c i n e .  

were t o  be addressed w i ' th in  t h e  c o n t e x t  o f  a c c i d e n t  environments i d e n t i f i e d  

i n  t h e  WFP r i s k  a n a l y s i s .  

A l l  o f  these o b j e c t i v e s  

A P P RO AC H 

The need f o r  t i m e l y  i n p u t  t o  t h e  WFP r i s k  a n a l y s i s  c o n s t r a i n e d  t h e  

program t o  use l o c a l l y  a v a i l a b l e  equipment. 
t i e s  a r e  a v a i l a b l e  a t  ORNL and Sandia. ( 2 7 y 1 3 )  

Hanford area were u t i l i z e d .  
operates a r o t a t i n g - a r m  impact  f a c i l i t y  capable o f  impact  a t  h i g h  v e l o c i t i e s  

and temperatures b u t  l i m i t e d  i n  t h e  specimen s i z e  i t  can accommodate. 

Opera t ion  o f  a l a r g e  m o b i l e  crane i s  p rov ided by t h e  A t l a n t i c  R i c h f i e l d  
Hanford Company (ARHCO) , and l a r g e  r e i n f o r c e d  concre te  s labs  s u i t a b l e  f o r  
drop t e s t s  a r e  l o c a t e d  nearby.  
specimens b u t  i s  n o t  capable o f  t e s t i n g  a t  h i g h  v e l o c i t i e s  nor  c o n t r o l l e d  

e l e v a t e d  temperatures.  

More e l a b o r a t e  impact  f a c i l i -  
Two f a c i l i t i e s  i n  t h e  

The Donald W. Douglas L a b o r a t o r i e s  (DWDL) 

T h i s  equipment can accommodate r a t h e r  l a r g e  

The approach combined t h e  c a p a b i l i t i e s  o f  b o t h  f a c i l i t i e s  so as t o  

p r o v i d e  maximum i n f o r m a t i o n .  

a c c i d e n t  environments.  The main s e r i e s  used t h e  crane and concre te  pad f o r  

t e s t i n g  o f  a l i m i t e d  number ( 6  i n c l u d i n g  c o n t r o l s )  o f  h a l f - s c a l e  specimens. 

To supplement t h i s  s e r i e s ,  a s e r i e s  o f  22 ( i n c l u d i n g  c o n t r o l s )  shor tened 

o n e - s i x t h  s c a l e  specimens was t e s t e d  a t  t h e  DWDL f a c i l i t y .  

The t e s t s  c o n s i s t e d  o f  two s e r i e s  o f  s imu la ted  

The s m a l l e r  u 
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c 
s i z e  p e r m i t t e d  more t e s t  runs  because o f  reduced c o s t s  o f  f a b r i c a t i o n  and 

of  f i n e s  a n a l y s i s .  

parameter v a r i a t i o n s ,  such as impact v e l o c i t y  and temperature,  n o t  a v a i l -  
a b l e  a t  tower drop f a c i l i t i e s .  Resu l ts  o f  t h e  two s e r i e s  were t o  be c o r -  

r e l a t e d  f o r  es t imates  o f  impact behav io r  under a wide range o f  c o n d i t i o n s .  

The DWDL f a c i l i t y ' s  f l e x i b i l i t y  a l lowed ranges o f  

I t  was recognized from t h e  o u t s e t  t h a t  1 )  t h e  d i f f i c u l t i e s  and c o s t  

o f  p r e c i s e l y  model ing impact c o n d i t i o n s  w i t h  a l a r g e  number o f  f u l l - s i z e  

specimens were p r o h i b i t i v e ;  2 )  compromises necessary t o  complete t h e  program 

a t  reasonable c o s t  would a f f e c t  t h e  r e s u l t s  t o  some e x t e n t ;  3 )  t h e  program 
was e s s e n t i a l l y  a p i o n e e r i n g  e f f o r t  i n  t e s t i n g  impact  behavior  o f  v i t r e o u s  

waste forms. 

magnitude es t imates  a t  bes t .  

be more r e l i a b l e  than a b s o l u t e  r e s u l t s .  

There fore  t h e  r e s u l t s  were expected t o  p r o v i d e  o r d e r - o f -  

Comparisons between va lues were expected t o  

SELECTION OF TEST CONDITIONS 

The b a s i c  c o n s i d e r a t i o n s  a r e  what 
Though such d e c i s i o n s  a r e  somewhat a r b  

f o r  t h e  d e c i s i o n s  made. 

t o  t e s t  and 

t r a r y ,  j u s t  

under what c o n d i t i o n s .  

f i c a t i o n  i s  g i v e n  here 

The waste fo rm ( n o n r a d i o a c t i v e  s i m u l a n t )  chosen was b o r o s i l i c a t e  

g lass ,  the pr ime WFP cand ida te .  

one g l a s s y  and t h e  o t h e r  purpose ly  d e v i t r i f i e d  by t ime- temperature exposure. 

The l a t t e r  was i n c l u d e d  because o f  p o s s i b l e  p o s t - f a b r i c a t i o n  d e v i t r i f i c a t i o n  

i n  t h e  waste management system of F i g u r e  1. No v a r i a t i o n s  i n  waste composi- 
t i o n ,  o t h e r  than l o c a l  e f f e c t s  w i t h i n  a batch, were inc luded.  

Two s t r u c t u r a l  v a r i a t i o n s  were s t u d i e d :  

A major  d e c i s i o n  concerned conta inment  o f  t h e  g l a s s  d u r i n g  t h e  t e s t s .  

P o s s i b l e  c o n f i g u r a t i o n s  were 1 )  bare  g lass ,  t e s t e d  b r i e f l y  i n  an e a r l i e r  

program; 2 )  g l a s s  formed i n s i d e  t h e  c a n i s t e r s  a n t i c i p a t e d  f o r  p r i m a r y  

conta inment  and use i n  h a n d l i n g  and water  b a s i n  s torage;  3 )  g l a s s / c a n i s t e r s  

p l a c e d  i n s i d e  heavy s h i p p i n g  casks o r  RSSF s to rage casks. 

were chosen t o  correspond t o . a c c i d e n t  sequences i d e n t i f i e d  i n  f a u l t  t r e e  

analyses o f  t h e  WFP s a f e t y  task .  Because bare nonmolten g l a s s  i s  n o t  

in tended t o  e x i s t  i n  t h e  waste management system, c o n f i g u r a t i o n  1 was 

e l i m i n a t e d .  T r a n s p o r t a t i o n  a c c i d e n t s  (Steps 7 and 11, F i g u r e  1 )  c o u l d  

Tes t  c o n d i t i o n s  

c 
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i n v o l v e  c o n f i g u r a t i o n  3, as c o u l d  RSSF s to rage (Step 9 ) .  
c o n f i g u r a t i o n  2 c o u l d  occur  i n  Steps 3, 4, 5, 6, 8, 10 and 12. 

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

management system and because o f  reduced c o s t  and complex i ty ,  t h e  impact  

t e s t s  used s imu la ted  g l a s s / c a n i s t e r  systems ( c o n f i g u r a t i o n  2 ) .  D e t a i l e d  

d e s c r i p t i o n s  o f  t h e  impact specimens a r e  g iven i n  S e c t i o n  5. I t  should 

be s t r e s s e d  t h a t  t h e  impact  behavior  o f  the  conta inment  was n o t  o f  pr ime 

i n t e r e s t  except  i n s o f a r  as i t  i n f l u e n c e d  f r a c t u r e  o f  t h e  waste s imu lan t .  

Acc idents  i ’nvolv ing 

Because t h i s  

The impact  v e l o c i t i e s  (25, 44, 66, and 117 f p s )  were s e l e c t e d  t o  

r e p r e s e n t  p o t e n t i a l  a c c i d e n t  c o n d i t i o n s  (Table 1 ) .  The smal l  specimens 

were t e s t e d  a t  a l l  f o u r  v e l o c i t i e s ,  w h i l e  t h e  l a r g e  specimens were t e s t e d  
o n l y  a t  25 and 44 f p s .  

TABLE 1. Impact Tes t  V e l o c i t i e s  

V e l o c i t y  Equ iva len t  Drop Small Large 
f p s  mph Height ,  f t  Specimens Specimens 

25 17 10 * x  X 

44 30 30 X X 

66 45 >68 X 

117 80 >213 X 

NOTE: A l a r g e  specimen was dropped o n t o  a p e n e t r a t o r  
f r o m  a he igh t  o f  40 i n .  (15  fps) .  

The two lower  v e l o c i t i e s  correspond t o  f r e e  drop d is tances  o f  10 

and 30 ft, r e s p e c t i v e l y .  
c o n s i d e r a t i o n ,  a 1 0 - f t  d i s t a n c e  would n o t  be unusual ,  whereas a 3 0 - f t  

d i s t a n c e  would be near  t h e  upper l i m i t .  
t r a n s p o r t a t i o n  packaging requi rement  of 10 CFR 71, Appendices B and D. 
The t e s t  t a r g e t s  were e s s e n t i a l l y  u n y i e l d i n g ,  a l t h o u g h  no a t tempt  was 

made t o  min imize  y i e l d i n g  e f f e c t s .  

The 66 and 117 f p s  va lues (45 and 80 mph) r e p r e s e n t  v e l o c i t i e s  

I f  a drop occur red  w i t h i n  t h e  f a c i l i t i e s  under 

The 3 0 - f t  drop a l s o  matches t h e  

a s s o c i a t e d  w i t h  severe t r a i n  acc idents .  Approx imate ly  90% and 99+%, 
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respectively,  of f re ight  t r a in  accidents occur a t  veloci t ies  lower t h a n  
these. (28)  
veloc i t ies  because aerodynamic d r a g ,  a function of canis ter  or ientat ion,  
becomes s igni f icant .  

Only lower l imi t  d rop  distances can be attached t o  the higher 

There a re  two cautions in re la t ing the higher velocity t e s t s  t o  r a i l -  
road accidents. F i r s t ,  the canis ters  tested were n o t  inside simulated 
shipping casks. 
much lower impact veloci t ies  t h a n  t h a t  of the t r a i n ,  because of cushioning 
provided by deformation of the cars and  mountings. 
present t e s t s  may be useful fo r  l imiting analyses. 
able re la t ing vehicle velocity t o  the e f fec t ive  impact velocity of cargo, 
the present resu l t s  may furnish crude estimates of expected behavior. 

Second, objects on board a t ra in  would generally experience 

However, resu l t s  of the 
When data become ava i l -  

The impact or ientat ion selected was edge-on. This orientation was 
I t  could also be the most probable 

An accidentally released canis ter  would generally experience 
hypothesized t o  be the most severe. 
or ientat ion.  
some rotation-producing moment, e i t he r  a t  release o r  during descent. 
small specimen was tested end-on t o  check the e f f ec t s  of or ientat ion.  

One 

Details of the t e s t  conditions a re  discussed in Section 6 .  This 
includes canis ter  or ien ta t ions ,  impact temperatures, glass  forms, ta rge t  
descriptions,  and uncertainties in t e s t  parameters. 
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5.0 SPECIMEN DESCRIPTION 

GLASS DESCRIPTION 

The p r e c i s e  compos i t ion  o f  h i g h - l e v e l  waste w i l l  depend on t h e  r e p r o -  

cess ing  scheme as w e l l  as on t h e  type  o f  spent f u e l  and i t s  r e a c t o r  expo- 

sure. 

composi t ion.  

I n  a d d i t i o n ,  many g l a s s  composi t ions c o u l d  r e s u l t  f rom a g i v e n  waste 

The g l a s s  used f o r  t h e  impact t e s t s  was made t o  s i m u l a t e  t h e  72-68 

g l a s s  compos i t ion  (") proposed f o r  h i g h - l e v e l  waste f i x a t i o n  s t u d i e s .  

It was prepared f rom 75 w t %  frit ( g l a s s  formers)  and 25 w t %  c a l c i n e  

( p a r t i c u l a t e  s imu la ted  h i g h - l e v e l  waste) prepared i n  a cont inuous spray 

c a l c i n e r .  (30) The s imu la ted  waste composi t ion,  des ignated PW-4b-2, o f  t h e  

c a l c i n e  i s  shown i n  Table 2. S u b s t i t u t i o n s  made f o r  reasons of c o s t  and 

a v a i l a b i l i t y  i n c l u d e  Fe f o r  Ru, Mo f o r  Tc, K f o r  Rb and Cs, Co f o r  Rh, and 

N i  f o r  Pd. 

o f  t h e  a c t u a l  Y and r a r e  e a r t h  d i s t r i b u t i o n .  A c t i n i d e s  a r e  n o t  i n c l u d e d  
n o r  s u b s t i t u t e d .  

A n a t u r a l  r a r e  e a r t h  mix c o n t a i n i n g  Y and Ce i s  used i n  p l a c e  

The premel ted and p r e s i z e d  f r i t  was added t o  t h e  m e l t e r  as p a r t i c l e s  
s i z e d  between 6-mesh and 20-mesh. 

as 73-1, i s  g i v e n  i n  Table 2. 

The compos i t ion  o f  t h e  frit, i d e n t i f i e d  

The f i n a l  g l a s s  compos i t ion  i s  a l s o  l i s t e d  i n  Table 2. The fr it and 

c a l c i n e  a r e  f e d  semicont inuously  i n t o  an Incone l  690 m e l t e r  (30) which forms 
batches of 35-40 l b  of g l a s s .  
low v i s c o s i t y  (%lo p o i s e ) .  

b r i n g  a l l  m a t e r i a l s  i n t o  t h e  g l a s s  s o l u t i o n .  

were n o t  100% glassy.  

The m e l t s  a r e  formed a t  1150°C and a r e  o f  
The m e l t i n g  temperature i s  n o t  s u f f i c i e n t  t o  

Thus t h e  "g lassy"  specimens 
Residue c r y s t a l s  o f  Ce02, Z i rcon,  and a s p i n e l  com- 

posed o f  Fey C r ,  N i ,  and Zn have been i d e n t i f i e d  i n  s i m i l a r  me l ts .  ( 1  1 

The g lass  has a s t r a i n  p o i n t  o f  475"C, annea l ing  p o i n t  o f  502"C, and 

average thermal expansion c o e f f i c i e n t s  o f  7.9 x 10-6/oC between room tem- 

p e r a t u r e  and 330°C and 10.0 x 10-6/oC between 330°C and 500°C. 

15 



Oxide 

Fe203 

Cr203 
N i  0 

'2'5 
Moo3 

SrO 

Ba 0 

K2° 

RE203 (a 1 
Zr02 

coo 

Te02 

Cd 0 

Si O2 

B2°3 
Na20 

ZnO 

Ca 0 

Mg 0 

TABLE 2. Chemical Compositions o f  Simulated Calcine, 
Frit and Glass 

Wt% i n  
PW-4b-2 Calcine 

9.50 

1 .oo 
3.01 

1.96 

18.44 

3.05 

4.52 

3.30 

37.65 

14.39 

0.81 

2.09 

0.28 

2.0 

2.0 

5.5 

Wt% i n  W t %  i n  
73-1 Frit Glass Formers 72-68 Glass 

2.38 

0.25 

0.75 

0.49 

4.61 

2.26 

2.63 

4.95 

37.0 

15.1 

5.5 

28.9 

2.0 

2 .0  

a.  A natural r a r e  ear th  mix containing Ce02 + Y203 

9.41 

3.60 

0.20 

0.52 

0.07 

27.75 

11.33 

4.13 

21.68 

1.50 

1.50 

c 

c 
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CANISTER DESCRIPTION 

1. Small Specimens 

The c a n i s t e r s ,  shor tened 1/6-scale models, were made f rom 304L s t a i n -  

l e s s  s t e e l  t u b i n g  machined t o  0.040- in.  w a l l  th ickness .  The tubes were 
approx imate ly  1.96 i n .  OD, w i t h  f l a t  end caps o f  0.0375 i n .  304L s t a i n l e s s  

s t e e l  welded t o  form a c losed c y l i n d e r  approx imate ly  4.04 i n .  long .  Exact 

dimensions o f  each specimen b e f o r e  and a f t e r  t e s t i n g  a r e  g i v e n  i n  Sec t ion  7.0. 

Welds were checked by dye p e n e t r a n t .  Specimen weight ,  i n c l u d i n g  g lass ,  

ranged f rom 540 t o  610 g (1.2 t o  1.35 l b ) .  

S e c t i o n  10.0. F i g u r e  4 i l l u s t r a t e s  t y p i c a l  p r e t e s t  dimensions. The depth  

Exact weights  a r e  g i v e n  i n  

-0.040 I N .  

o f  g l a s s  f i l l ,  d iscussed i n  t h e  n e x t  subsec t ion , is  a l s o  shown. 

0 . 0 3 7 5  I N .  

4 I N .  

I 

FIGURE 4. T y p i c a l  Pre-Impact Dimensions 
o f  Small Specimens 
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c 2. Large Specimens 

These c y l i n d r i c a l  specimens, 1 /2-scale models, were f a b r i c a t e d  f rom 

6- in .  schedule 10 (6.625-in. OD, 0,134-in. w a l l )  304L s t a i n l e s s  s t e e l  p ipe.  
The p i p e  had been formed by r o l l i n g  and had a cont inuous l o n g i t u d i n a l  weld. 

End p l a t e s  were 0.134-in. 304L s t a i n l e s s ,  a t tached by V-type f u l l -  

p e n e t r a t i o n  welds. 

62.2 i n .  F i g u r e  5 i l l u s t r a t e s  t y p i c a l  p r e t e s t  dimensions o f  t h e  l a r g e  

specimens. Dimensional changes accompanying t e s t i n g  a r e  g iven i n  Sec- 
t i o n  7. The depth o f  g lass  f i l l ,  d iscussed i n  t h e  n e x t  subsect ion,  i s  

inc luded.  

Exact  we igh ts  a r e  g iven i n  Sec t ion  10.0. 

-, 

Outs ide l e n g t h  o f  t h e  c y l i n d e r s  was approx imate ly  

Specimen weight ,  i n c l u d i n g  g lass,  ranged f rom 234 t o  246 l b .  

L i f t i n g  eyes which p r o t r u d e d  1-1/2 i n .  f rom t h e  o u t s i d e  w a l l  were 

welded 2 i n .  below t h e  t o p  o f  t h e  c a n i s t e r s .  A l l  welds were dye checked 

f o r  cracks o r  p i n  holes.  

1 . 5  I N .  
0 . 1 3 4  I N . -  

E 
0 . 1 3 4  1 N . -  

J 

- 0 . 1 3 4  I N .  
- 

H 
6 . 6 2 5  I N .  

. 2  I N .  

- 

FIGURE 5. T y p i c a l  Pre-Impact Dimensions o f  Large Specimens 

18 



3. Comparison o f  Tes t  Can is te rs  w i t h  F u l l - S i z e  Can is te rs  

The t e s t  c a n i s t e r s  a r e  s i m p l i f i e d  models of t h e  p r i m a r y  containment 

c a n i s t e r s  a n t i c i p a t e d  for  t h e  hand l ing ,  sh ipp ing,  and s t o r i n g  of h igh-  
l e v e l  waste. There i s  p r e s e n t l y  no o f f i c i a l  c a n i s t e r  design. Diameters 

from 6 t o  24 i n .  and l e n g t h s  f rom 2 t o  15 f t  a r e  under c o n s i d e r a t i o n  i n  

RSSF s t u d i e s .  

F i g u r e  6. The c a n i s t e r  i s  10 f t  l o n g  and 12.75 i n .  OD w i t h  a 0.375- in.  

w a l l  o f  300 s e r i e s  s t a i n l e s s  s t e e l .  The c a n i s t e r  c o n t a i n s  6.28 f t  o f  
waste, i m p l y i n g  a f i l l  depth o f  8 ft. F i l l e d  we igh t  would be on t h e  o r d e r  

o f  1700 l b .  The c a n i s t e r  has a neck s e c t i o n ,  which serves as a f i l l  p o r t ,  

and a connector  p i n  f o r  1 i f t i n g .  

A r e f e r e n c e  des ign (31)  f o r  c a l c i n e d  waste i s  shown i n  

3 

I N .  O D  x 1 2  I N .  ID 
R I E S  STAINLESS S T E E L  

FIGURE 6. Reference C a n i s t e r  f o r  Ca lc ined Waste (Ref.  31) 
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The des ign  o f  c a n i s t e r s  c o n t a i n i n g  g lass  i s  n o t  es tab l i shed.  The 

neck p o r t i o n  may be unchanged, l a r g e r ,  o r  even nonex is ten t .  

was made t o  model t h e  neck p o r t i o n  i n  des ign ing  t h e  t e s t  c a n i s t e r s .  For  

any impact  o r i e n t a t i o n  except  t h e  u n l i k e l y  impact on t h e  upper end, t h i s  
e f f e c t  i s  expected t o  be n e g l i g i b l e .  

No a t tempt  

The dimensions and dimension r a t i o s  o f  t h e  two t e s t  c a n i s t e r  des igns 

a r e  compared w i t h  those o f  t h e  f u l l - s i z e  re fe rence  c a n i s t e r  i n  Table 3. 

few comments a r e  i n  o rde r  rega rd ing  d i f f e r e n c e s  i n  t h e  dimension r a t i o s .  

To c o n t r o l  cos ts ,  t h e  t e s t  specimens were g e n e r a l l y  made f rom standard-  

A 

dimension p i p e  t u b i n g  and p l a t e .  

ness i s  a c l o s e  match. The r a t i o  o f  r a d i u s  t o  w a l l  th ickness  f o r  t h e  t e s t  

specimens r e f l e c t s  t h e  0.250- in.  w a l l  t h i ckness  o f  an e a r l i e r  re fe rence  

c a n i s t e r  a t  t h e  t ime o f  des ign o f  t h e  specimens. 
d iameter  f o r  t h e  l a r g e  specimens c l o s e l y  matches t h a t  o f  t h e  re fe rence.  

smal l  specimens were shortened cons ide rab ly  t o  a l l o w  use o f  t h e  DWDL 
r o t a t i n g - a r m  f a c i l i t y ,  which has a specimen l e n g t h  l i m i t  o f  about 4 i n .  

If t h e  smal l  specimens had been sca led  p r e c i s e l y  f rom t h e  e a r l i e r  re fe rence,  

t h e  w a l l  t h i ckness  would have been 8 m i l s ,  which o f  course i s  unreasonable 

f o r  f a b r i c a t i o n .  

t h e  proper  r a t i o ,  b u t  t h e  L/D r a t i o  was reduced. 

t h e  e f f e c t  o f  t h e  L/D va lue  on c a n i s t e r  behavior  i s  smal l  f o r  L/D?2. 

e f f e c t  on f i n e s  p roduc t i on  was n o t  known a t  t h e  t ime o f  design. 

n a t e l y ,  t h e  r e q u i r e d  use o f  shortened smal l  specimens r e s u l t e d  i n  t h e  

s imultaneous v a r i a t i o n  o f  two parameters- -s ize and L/D r a t i o .  Thus, i t  

i s  d i f f i c u l t  t o  separate these two e f f e c t s  i n  t h e  r e s u l t s  o f  t h e  t e s t s .  

The r a t i o  o f  head th ickness  t o  w a l l  t h i c k -  

The r a t i o  o f  l e n g t h  t o  
The 

Therefore,  t h e  d iameter  and w a l l  th ickness  were kep t  i n  

For  non-side-on impact,  

The 

Un fo r tu -  

CANISTER FILLING AND HEAT-TREATING PROCEDURES 

1. Smal l  Specimens 

The smal l  specimens were d i v i d e d  i n t o  two l o t s  f o r  f i l l i n g  w i t h  g lass ,  

The c a n i s t e r s  were h e l d  under each l o t  be ing  f i l l e d  f rom one m e l t e r  batch.  

t h e  m e l t e r  and f i l l e d  t o  80 t o  85% o f  t h e  i n t e r n a l  volume. However, t h e  
g lass  con t rac ted  about 6 v o l %  d u r i n g  coo l i ng ,  reduc ing  t h e  e f f e c t i v e  f i l l  
depth  t o  75 t o  80%. The upper su r face  became concave because o f  shr inkage. 
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ci.3 
TABLE 3. Comparison o f  Tes t  C a n i s t e r s  w i t h  F u l l - S i z e  

Reference C a n i s t e r  

F u l l  -S ize  
Small Large Reference 
C a n i s t e r  C a n i s t e r  C a n i s t e r  

Average(a) r a d i u s ,  R a y  i n .  0.96 3.245 6.1875 

Wall th ickness ,  tw, i n .  0.040 0.134 0.375 

Head th ickness ,  t h y  i n .  0.0375 0.134 0.375 

Average(a) l e n g t h ,  La, i n .  4.00 62.1 119.6 

24.0 24.2 16.5 

0.94 1 .o 1 .o 
Ra/tw 

th/tw 
La/(2Ra) = La/Da 2.1 9.6 9.7 

a. Average o f  i n s i d e  and o u t s i d e  dimensions 

The heat  c a p a c i t y  and low thermal c o n d u c t i v i t y  o f  t h e  g l a s s  a l lowed 

severa l  minutes f o r  h a n d l i n g  between f i l l i n g  and c o o l i n g  o f  t h e  o u t s i d e  

s u r f a c e  t o  t h e  annea l ing  p o i n t .  Dur ing  t h i s  per iod ,  t h e  samples were p u t  

i n t o  a fu rnace a t  530°C and a l lowed t o  s t a b i l i z e  a t  t h a t  temperature.  

fu rnace was then coo led  by h o u r l y  ad justments o f  a s e t  p o i n t  c o n t r o l l e r .  

The c o o l i n g  r a t e  was 5"C/hr t o  490°C, then 8"C/hr t o  436"C, and f i n a l l y  
44"C/hr t o  room temperature.  

equat ions (32) f o r  p r o d u c t i o n  o f  an annealed sample o f  g lass .  

The 

The above c y c l e  was c a l c u l a t e d  f r o m  

2. Large Specimens 

The l a r g e  specimens, be ing  3-1/2 t imes t h e  d iameter  and 15 t imes t h e  
l e n g t h  o f  t h e  s m a l l e r  specimens, r e q u i r e d  about  180 t imes as much g l a s s  p e r  

specimen. 

ba tch  f i l l e d  about  8 i n .  o f  t h e  c a n i s t e r .  To p r e v e n t  thermal shock t o  t h e  

g l a s s  as each ba tch  was added, t h e  c a n i s t e r s  were h e l d  i n  a 565°C furnace 

d u r i n g  f i l l i n g .  

T h i s  i n v o l v e d  s i x  batches o f  g l a s s  p e r  c a n i s t e r .  Each 35 t o  40 l b  

Four c a n i s t e r s  were h e l d  i n  t h e  f u r n a c e  a t  one t i m e  t o  
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c 
duplicate cooling ra tes  and allow higher production ra tes .  
f i r s t  canis ter  f i l l e d ,  therefore,  had a residence time of about 3 days a t  
565°C while subsequent canis ters  were being f i l l e d .  
were f i l l e d  to  the desired 4 - f t  depth, the furnace was cooled a t  5"C/hr t o  
53OOC and the temperature then maintained for  3 hr t o  allow the glass  t o  
approach equilibrium. 

The glass in the 

When the four canis ters  

The annealing was s ta r ted  a t  0.5"C/hr with temperature adjustments 
The 4°C a d j u s t -  of 4 O C  every 8 h r  unt i l  the temperature reached 490°C. 

ments were then made every 4 hr unt i l  the furnace temperature was 44OoC, 
a f t e r  which 5°C adjustments were made hourly until  the samples reached 
room temperature. The complete cooling required 9 days. 

The cooled castings appear monolithic. However, acoustic monitors 
coupled t o  the canis te rs  indicated tha t  some cracking may have occurred 
d u r i n g  cooldown below 4400C. T h i s  may represent metal-glass interact ions 
due t o  d i f f e ren t i a l  thermal expansion. 
during cooling, leaving a void i n  the top surface about 1-1/4 i n .  in diam 
and 5 i n .  deep. 

The glass contracted s igni f icant ly  

IMPOSED DEVITRIFICATION 

1 .  Background 

The metastable glassy or vitreous s t a t e  ex i s t s  only because i t s  high 
viscosi ty  re tards  the diffusion of ionic species necessary fo r  crystal  
nucleation and growth. A t  elevated temperatures, generally above 5 O O O C .  , 
the lowered viscosity permits c rys t a l l i za t ion ,  or devi t r i f ica t ion ,  t o  begin. 

This process i s  complex in re la t ive ly  simple glasses and even more so 
in the waste glass system. 
history.  
change i n  composition of the residual glass phase. 

I t  depends on composition and  on time-temperature 
A number of c rys ta l l ine  species can form, each of which leads t o  a 

Since canis ters  of waste glass will be self-heating, center l ine tem- 
peratures d u r i n g  handling, shipping, and storage may reach 7 0 0 O C .  , s u f f i -  
c ien t  fo r  some devi t r i f ica t ion  t o  occur. Centerline temperatures may be 
constrained t o  lower levels  by finning or other means. 
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Al though t h e  waste g lass  i s  r e l a t i v e l y  r e s i s t a n t  t o  d e v i t r i f i c a t i o n ,  

purposely  d e v i t r i f i e d  samples were i n c l u d e d  i n  t h i s  s tudy t o  assess t h e  

e f f e c t  on impact behavior.  E f f e c t s  o f  d e v i t r i f i c a t i o n  on o t h e r  g lass  

p r o p e r t i e s ,  such as leach r a t e ,  a r e  under s tudy  separa te ly .  

The thermal h i s t o r i e s  o f  t h e  d e v i t r i f i e d  specimens a r e  descr ibed i n  

t h e  f o l l o w i n g  sec t ions .  B a s i c a l l y ,  t h e  t ime-at - temperature was 3 t o  

4 days a t  700°C. 

was probab ly  s u f f i c i e n t  t o  aPproach a steady s t a t e  a t  t h a t  temperature,  i t  

I t  should be s t r e s s e d  t h a t  a l though t h e  d e v i t r i f i c a t i o n  

y s i s  o f  a g lass  sample h e l d  

c r y s t a l s  p resent  were SrMo04 
may a l s o  be p r e s e n t  b u t  were 

was n o t  100% complete. X-ray d i f f r a c t i o n  ana 

a t  700°C f o r  24 h r  i n d i c a t e d  t h a t  t h e  pr imary  

and a Ce02-Zr02 s o l i d  s o l u t i o n .  Plinor phases 
n o t  detected. 

S t r u c t u r a l  changes r e s u l t i n g  f rom d e v i t r  

more s i g n i f i c a n t  than those r e s u l t i n g ,  e i t h e r  

f i c a t i o n  a r e  expected t o  be 

d i r e c t l y  o r  i n d i r e c t l y ,  f rom 
r a d i a t i o n .  

a c t i n i d e s . ( 2 9 )  

t h e  g lass,  which has been p o s t u l a t e d  t o  r e s u l t  i n  s i g n i f i c a n t  s t r e s s  l e v e l s  
over  l o n g  t i m e  per iods .  (30)  

waste g lass  doped w i t h  244Cm t o  a c c e l e r a t e  p o s s i b l e  e f f e c t s  o f  a lpha damage. 

2. 

The major  damage i s  expected t o  occur  f rom a lpha decay o f  t h e  

One form o f  t h i s  damage may be f rom he l ium b u i l d u p  w i t h i n  

Experiments a r e  under way i n v o l v i n g  s i m u l a t e d  

Treatment o f  Small Specimens - 
The f i r s t  l o t  o f  samples was sub jec ted  t o  a d e v i t r i f i c a t i o n  process 

The specimens were 
a f t e r  f i l l i n g  and coo l ing .  
7C)OoC, w i t h  72 h r  a t  temperature f o r  c r y s t a l  growth. 

coo led  t o  530°C a t  25"C/hr then annealed i n  t h e  p r e v i o u s l y  descr ibed c y c l e .  
To l i m i t  o x i d a t i o n  o f  t h e  s t a i n l e s s  s t e e l ,  t h e  specimens were covered w i t h  

an atmosphere o f  f l o w i n g  argon w h i l e  t h e  temperature was above 500°C. To 

p r e v e n t  g l a s s  v a p o r i z a t i o n ,  t h e  c a n i s t e r s  were welded b e f o r e  d e v i t r i f i c a -  

t i o n .  

The process i n v o l v e d  a 25"C/hr h e a t i n g  r a t e  t o  

Dur ing  we ld ing  o f  t h e  upper end cap, t h e  samples were h e l d  i n  water  

t o  a v o i d  thermal shock o f  t h e  g lass.  

A group o f  t h e  smal l  specimens immediate ly  p r i o r  t o  impact  t e s t i n g  i s  

shown i n  F i g u r e  7. 
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FIGURE 7. Small Canisters Before Impact Testing 
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3. Treatment o f . L a r g e  Specimens 

Two a d d i t i o n a l  l a r g e  c a n i s t e r s  were f i l l e d  s i m i l a r l y  t o  those descr ibed 

above. A f t e r  f i l l i n g ,  however, t h e  furnace temperature was increased t o  

700°C and h e l d  f o r  88 h r  t o  i n i t i a t e  d e v i t r i f i c a t i o n .  The c a n i s t e r s  were 

coo led  a t  25"C/hr t o  565"C, then 10"C/hr t o  530°C. 

s t a r t e d  w i t h  5°C adjustments t w i c e  dai1.y t o  490°C. 

were made t h r e e  t imes d a i l y  down t o  440°C. 

h o u r l y  n i n e  t imes a day u n t i l  t h e  c a n i s t e r s  reached room temperature.  

t o t a l  c o o l i n g  c y c l e  f o r  these c a n i s t e r s  covered 3 weeks. 

Slow annea l i ng  was 

The 5°C adjustments 

Then 5°C adjustments were made 

The 

A f t e r  coo l i ng ,  t h e  c a n i s t e r s  t o  be impacted were welded c losed  w i t h  

t h e  upper s e c t i o n  kep t  wet t o  a v o i d  thermal  shock t o  t h e  g lass .  

COMPARISON OF GLASS PROCESSING OF SPECIMENS WITH PROPOSED LARGE-SCALE 

PROCESSING 

The c u r r e n t l y  proposed process f o r  l a rge -sca le  g l a s s i f i c a t i o n  o f  

c a l c i n e d  waste i s  in -can m e l t i n g  w i t h  a maximum temperature o f  about  

1000°C. (The m e l t  temperature f o r  t h i s  impact program g lass  was 1150°C.) 

T h i s  lower  p rocess ing  temperature would i nc rease  t h e  amount o f  c r y s t a l l i n e  

m a t e r i a l  n o t  s o l u b l e  i n  t h e  g lass  phase. The e f f e c t  on t h e  g lass  p roper -  
t i e s  i s  n o t  comp le te l y  cha rac te r i zed ,  b u t  t h e  behav io r  p robab ly  l i e s  

between t h e  p resen t  g lassy  and d e v i t r i f i e d  samples. 

A second d i f f e r e n c e  which c o u l d  have more e f f e c t  i s  t h e  f a s t e r  coo l -  
i n g  r a t e s  be ing  cons idered f o r  f u l l - s c a l e  c a n i s t e r s .  These c o o l i n g  r a t e s  

would l e a d  t o  some f r a c t u r i n g  o f  t h e  g lass  by  thermal  s t r e s s .  The impact  

behav io r  of such m a t e r i a l  i s  expected t o  be i n f e r i o r  t o  t h a t  o f  t h e  f u l l y  

annealed samples .used i n  these impact  t e s t s .  

, \  
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6.0 TESTING PROCEDURES AND CONDITIONS 

LARGE SPECIMENS 

S i x  l a r g e  specimens were f a b r i c a t e d  and sub jec ted  t o  t h e  heat  t r e a t -  

ments descr ibed i n  Sec t ion  5.0. 
sub jec ted  t o  t h e  same hand l ing  sequence except  f o r  impact and t h e  t r a n s -  

p o r t a t i o n  t o  and f rom t h e  impact s i t e .  

Two o f  these s e r v i n g  as c o n t r o l s  were 

The f o u r  t e s t  specimens were impacted a t  ambient temperature by 

dropping f r o m  a l a r g e  m o b i l e  crane. 

min imized changes i n  o r i e n t a t i o n  caused by t h e  r e l e a s e  process. V isua l  

o b s e r v a t i o n  and d e t a i l e d  a n a l y s i s  o f  high-speed f i l m s  revea led  no s i g n i f i -  

c a n t  e f f e c t  o f  r e l e a s e  on t h e  impact  angle.  A l i g h t w e i g h t  rope, marked a t  

t h e  10- and 3 0 - f t  p o i n t s ,  was taped t o  t h e  bottom o f  t h e  c a n i s t e r  t o  gage 

t h e  drop h e i g h t .  

A s p e c i a l  harness and r e l e a s e  system 

Drop h e i g h t  u n c e r t a i n t y  i s  es t imated  t o  be ~ 1 % .  

The c a n i s t e r s  were dropped o n t o  a r e i n f o r c e d  concre te  b l o c k  a t o p  

and p a r t  o f  a l a r g e ,  6 - in .  t h i c k  pad. The b l o c k  dimensions a r e  about  

7 ft by 5 f t by 18 i n .  i n . t h i c k n e s s .  The weight  o f  t h e  b l o c k  a lone i s  

approx imate ly  35 t imes t h a t  o f  a l a r g e  c a n i s t e r .  

b l o c k  r e s u l t e d  f rom t h e  t e s t i n g .  

No v i s i b l e  damage t o  t h e  

Two c a n i s t e r s  were dropped 10 ft and one dropped 30 ft, each o n t o  t h e  

bottom edge, w i t h  t h e  c e n t e r  o f  g r a v i t y  d i r e c t l y  above t h e  impact  p o i n t .  
A 40- in .  s ide-on drop ( c a n i s t e r  h o r i z o n t a l )  on to  a 3 - i n .  diam s t e e l  pene- 

t r a t o r  was a l s o  conducted. T h i s  was a l / Z - s c a l e  s i m u l a t i o n  o f  a f u l l - s i z e  

c a n i s t e r  undergoing t h e  punc ture  t e s t  o f  10 CFR 71 Appendix B. 

Impact c o n d i t i o n s  a r e  summarized i n  Table 4. A f t e r  impact the  
c a n i s t e r s  were dye checked, photographed, and c h a r a c t e r i z e d  d imens iona l l y .  

SMALL SPECIMENS 

Twenty-four smal l  specimens were f a b r i c a t e d  and sub jec ted  t o  t h e  heat  

t rea tments  descr ibed i n  Sec t ion  5.0. 
c o n t r o l s  were sub jec ted  t o  t h e  same f a b r i c a t i o n ,  hand1 ing ,  and t r a n s p o r t a t  

sequence as t h e  t e s t  specimens. 

t e s t e d  due t o  f a i l u r e  o f  t h e  i n j e c t i o n  dev ice.  

Three o f  these specimens s e r v i n g  as 

Two specimens were i n c o r r e c t l y  impact  G.$ 
on 
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TABLE 4. Test Conditions for Large Canisters 

Canister 
Number 

Glass 
Condi t ion  

G 
G 
G 
G 

DV 
D V  

Drop 
Height 

c o  
30 f t  
40 in. 
10 f t  

c o  
10 f t  

a .  Onto 3-in. diam s tee l  penetrator 
G 5 Glassy 

DV = Devitrif ied 

Impact 
Velocity 

N '  . T  R 
44 fps 
15 fps 
25 fps 

N T R  
25 fps 

Impact 
Orientation 

O L  
bottom edge 

bottom edge 

bottom edge 

side-on (a 1 

O L  

Early in the program two of the controls were taken t h r o u g h  the same 
pre-impact heatup and post-impact cooldown as the t e s t  specimens, b u t  
without impact. 
inducing suf f ic ien t  glass  breakage t o  obscure r e su l t s  from the impact. 
Such concern proved t o  be unwarranted. 

This was done because of the poss ib i l i ty  of thermal s t resses  

The DWDL impact f a c i l i t y ( 2 1 )  has a 75-lb grani te  block mounted on a 
counterbalanced rotat ing arm. 
The specimen i s  held a t  precisely controlled temperatures ( u p  to  1500°F) in 
an argon-purged furnace above the plane of rotat ion.  
precisely controlled by mounting the specimen i n  a t h i n  quartz holder 
attached to  an inject ion mechanism. 
of the rotat ing block between revolutions by means of a pneumatic cylinder 
timed by the position of the rotat ing arm shaf t .  Impact velocity i s  known 
to  within 1 fps.  
caught i n  a ceramic f i b e r  receiver t o  d i ss ipa te  the kinetic energy without 
secondary damage t o  the specimen. 
repeated secondary impact from multiple bounces. This i s  the more rea l -  
i s t i c  accident s i t u a t i o n  and i s  a small point of difference between t e s t  
procedures fo r  small and large' specimens. ) 

Specimens u p  t o  about 3 lb  can be tes ted 

The impact angle i s  

The specimen i s  injected into the path 

The specimen rebounds from the granite block and i s  

(Tests of the large specimens involved 

c 
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The arm, furnace,  and r e c e i v e r  a r e  i n  a r e i n f o r c e d  concre te  p i t  below 

ground l e v e l .  
d e b r i s .  Motor c o n t r o l ,  i n j e c t i o n  a c t u a t i o n  and fu rnace o p e r a t i o n  a r e  

accomplished remote ly  w i t h  r e c o r d i n g  c a p a b i l i t y  f o r  temperatures and 

v e l o c i t y .  High-speed photographic  coverage i s  a v a i l a b l e ,  b u t  was n o t  

i n c l u d e d  i n  t h e  c u r r e n t  t e s t  s e r i e s .  

The t e s t  area i s  covered w i t h  plywood t o  p rec lude r e l e a s e  o f  

The n ine teen noncont ro l  specimens were impacted accord ing  t o  t h e  con- 

d i t i o n s  i n  Table 5. ( 3 3 )  Approx imate ly  h a l f  were t e s t e d  a t  room temperature 

and t h e  o t h e r  h a l f  a t  800°F (425°C) i n  o rder  t o  s tudy e f f e c t s  o f  tempera- 

t u r e  on g l a s s  behavior .  The 800°F va lue  i s  t h e  approximate b u l k  tempera- 

t u r e  o f  t h e  waste i n  f u l l - s i z e  1 0 - f t  c a n i s t e r s  i n  t y p i c a l  sh ipp ing ,  
hand l ing ,  and s to rage c o n f i g u r a t i o n s .  

t o  1100°F; p e r i p h e r a l  temperature,  400°F.) Heatup p r i o r  t o  t e s t i n g  was 

performed s l o w l y  ($1 "F/min) t o  min imize thermal s t resses .  The c a l c u l a t e d  

temperature change d u r i n g  t h e  p e r i o d  between removal f rom t h e  fu rnace and 

impact  i s  n e g l i g i b l e .  

(The center1  i n e  temperature i s  1000 

Impact v e l o c i t i e s  were 25, 44, 66, and 117 f p s .  A l l  specimens were 

impacted edge-on ( th rough t h e  c e n t e r  o f  g rav i ty ,aan ang le  o f  about 2 3 " ) ,  
except  f o r  one end-on specimen t o  check f o r  o r i e n t a t i o n  e f f e c t s .  

The t e s t  m a t r i x  (Table 5 )  was designed t o  measure t h e  r e p r o d u c i b i l i t y  

o f  t h e  t e s t  r e s u l t s :  specimens 24, 23, and 4 were t e s t e d  under o s t e n s i b l y  
i d e n t i c a l  c o n d i t i o n s .  The m a t r i x  a l s o  p r o v i d e s  s i m p l e  checks on t h e  
e f f e c t s  o f  v a r i a b l e s .  P a i r s  o f  g l a s s y  and d e v i t r i f i e d  specimens a r e  

e v i d e n t  throughout ,  as a r e  p a i r s  o f  room temperature and e l e v a t e d  

temperature t e s t s .  

Specimens were weighed, measured, photographed and leak-checked a f t e r  

, \  

impact.  
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(33) TABLE 5. Test Conditions f o r  Small Canisters c 

4 

Specimen 

1 
24 
23 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

Waste 

G 
G 
G 
G 

DV 
G 
G 

DV 
G 

DV 
G 

DV 
DV 

G 
DV 

G 
DV 

G 

DV 
G 

DV 

Velocity , l a  

No Impact 

fps 

117 
11 7 
117 
117 
117 
66 
66 
44 
44 
25 

25 
No Impact 

114 
117 
66 
66 
44 
44 
25 
25 

22 G No Impact 

Ori en ta  t i  on 

- 
Edge-on 
Edge-on 
Edge-on 
Edge-on 
End-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 

Edge-on 

Edge-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 
Edge-on 

- 

- 

Temperature, 
O F ( b )  

802 
800 
800 
800 
7 96 
802 
802 
7 98 
800 
7 98 
800 

796 
7 98 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 
RT 

G E Glassy DV Devitrif ied RT z Room Temperature 

a .  Velocity of the impact block was checked w i t h  a stop watch a t  low speed 
and a strobe l i g h t  a t  higher speeds. Indicated veloci t ies  above were 
approximately 1% higher than actual t es t  veloci t ies .  This difference 
was neglected. 

g ramer  s e t  up t o  heat the specimen from room temperature t o  approxi- 
mately 8 O O O F  i n  a smooth ramp over a 10-hr period. Temperatures were 
sensed by a thermocouple i n  contact w i t h  the specimen unt i l  the specimen 
was ejected from the furnace. 
ranged between 796" and 812°F. 

b. Temperatures were control led by a Research Incorporated Data-Trak Pro- 

c Maximum temperatures pr ior  t o  injection 
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7.0 IMPACT EFFECTS ON THE CANISTERS 

Because t h i s  report i s  organized by procedural s teps ,  t h i s  section 
reviews the e f fec ts  of impact on the canis ters  (deformation and breach of 
containment), e f fec ts  of secondary in te res t  in th i s  study. The subject of 
primary i n t e r e s t ,  impact e f fec ts  on the glass within the canis ters  (pa r t i -  
c l e  s i ze  dis t r ibut ion and surface area increase) ,  i s  covered in Section 10.0.  

SMALL CANISTERS 

1 .  Deformation 

As shown in Figures 8-13, impact a t  25 o r  44 fps produced l i t t l e  
deformation. Impact a t  66 or 117 fps resulted in greater deformation, b u t  
the e f fec ts  were s t i l l  localized. 

I INCHES 

F I G U R E  8. Specimen 15 After Edge-On Impact a t  117 fps 

31 



FIGURE 9. Specimens 23 and 14 A f te r .  Edge-On Impact a t  117 and 114 fps ,  
Respect ive ly  

FIGURE 10. Specimen 6 A f t e r  End-On Impact a t  117 f p s  

! 
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F I G U R E  1 1 .  Specimen 8 After Edge-On Impact a t  66 fps 

i l  1 2 3 4 \ 

FIGURE 1 2 .  Specimen 18 After Edge-On Impact a t  44 fps 
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FIGURE 13. Specimen 21 After Edge-On Impact a t  25 fps 

Pre- and post-impact measurements are presented in Table 6 (Ref. 33). 
Three problems make exact comparisons between canisters impossible: 
1) Because the edge-on impact was n o t  a t  the same circumferential point 
( w i t h  reference t o  the 360" coordinate system in Table 6 )  for  every canis- 
t e r ,  i t  was d i f f i c u l t  t o  determine the maximum decrease i n  length, ALmax 

fo r  a given canis ter .  
by impact, especially a t  the higher veloci t ies .  The missing length mea- 

2 )  Measurement reference markings were obl i terated 

surements are generally those which would have shown the greatest  AL values. 
3) The postimpact end bulge of the specimens made i t  d i f f i c u l t  t o  define 
a minimum canis ter  length. However, representative ALmax values derived 
from post tes t  photographs are  0.4 i n .  f o r  117 fps ,  0.2 in .  for  66 fps ,  
0.1 i n .  fo r  44 fps ,  and 0.05 in .  fo r  25 fps.  

34 
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TABLE 6. Pre- and Post-Impact Measurements o f  Small Can is te rs  ( 3 3 )  

270" Uppero L o w e r  Mldpoint  0 '  Y O "  180' 
O o - i 8 0  0'- 180" 0"-  180" 90 ' -270"  

4 .037  4 .037  4.042 4 .037  1 .956  1 , 9 6 0  1.959 1.960 

No Measurements NO Measurements 

Diameters taken 1/4 i n .  f rom each end ( f rom 
0" t o  180") and a t  mid- length  ( f r o m  0" t o  

Upper end i s  where vo id  space remains. 

270" 0 - -- 90' 180" and f rom 90" t o  270"). 

0' 

W e i g h t  
(gm) 

593. 5 

593.5 

0 

Minor d i f f e r e n c e s  i n  lengths  a re  n o t  s i g n i f i c a n t  because measure- 
ments were made over  weld beads and vary  somewhat w i t h  smal l  changes 
o f  p o s t i o n  o f  t h e  v e r n i e r  c a l i p e r s .  

4.037 4 .038  4.036 4.028 

4. 036 4. 000 - ( 2 )  4 .922 

-0. 001 -0. 038 -0. 006 

4 .038  4 .036  4 .045  4 .046  

4 .025  4.041 

- 0 . 0 1  1 -0.004 _ _ ~ _ _  
4. 041 4.042 4.040 4 .040  

4.041 4.042 

0 0 .002  

4.052 4 .048  4.049 4.041 

4 .052  4 .045  

0 -0. 003 

4.049 4 . 0 4 6  4.031 4.031 

3 .914  3 .926  3.518 3 .906  
- 0 . 1 3 5  -0. 120 -0.113 -0. 125  

Specimen 

1.961 1 .960  1 .959  1 .961  602 .9  
1 .961  2. 184  1 .996  1 . 9 7 5  6 0 2 . 9  

0 _____ 0 0.224 0 . 0 3 7  0 . 0 1 4  

1 .962  1 .965  1 . 9 6 2  1 .3h4  58'3.9 
1 .963  2.042 1.97h 1.07( ,  iHO.9  

0.001 0 . 0 7 7  0 .014  0 . 0 1 2  0 

1 . 9 5 1  1.960 1 . 9 5 7  I . < I W  f , o j .  .I 

1 .951  2. 068 1 .976  1 . ' 1 H O  603.4 

0 0. i n 8  0. i o 9  0 .021  0 

1 .956  1 . 9 6 1  1 . 9 4 7  1 . 9 5 6  3(41.4 
1 .959  2 .047  1 .960  1 .960  5 9 i . 4  

________-.- 

0. 003 0. 086 0. 0 i 3  0. 013  0 

1 .959  1 .963  1 .963  1.961 595.9 

1.960 2 .105  1.576 1 . 9 6 4  595 .0  
0 .001  0. 142 0.013 0.003 0 

P r e  - 
1 P o s t -  

A 

P r e  - 
--- 

2 4  P o s t  

A 

4.040 4 .037  4.043 4 .046  

4.032 4 . 0 4 5  4.045 

-0 .005  0.002 -0 .001  

4 .055  4.060 4.052 4 .044  

Pre - 
23 P o s t -  

A 

P r e  - 
4 Post-  

-__--- 

A 

Pre - 
5 P o s t -  

-___ 

A 

P r e  - 
6 Post- 

' A  

1 .950  1 .959  1 . 9 5 7  1 . 9 5 5  594 .9  
1 .949  2.025 1 .966  1 . 9 6 0  5 0 4 . 9  

-0.001 0 .066  0.009 0 .005  0 

1 , 9 5 2  1 .961  1 .961  1 . 9 4 8  584. 1 

Pre - 
7 Post- 

a 

4. 051 4.051 4.043 , 1 .953  1 .961  1 .961  1 . 9 4 5  
-0 .004  -0.Ot31 -0.001 1 0 .001 0 0 -0. 003 

P r e  - 
8 P o s t -  

A 

P r e  - 
9 Post-  

A 

P r e  - 
10  Post- 

-- 

A 

584. 1 

0 

Length  (in. ) 1 D i a m e t e r  ( i n .  ) 

4.037 4 .035  4.0.!6 4.040 

4.039 4 .027  4.040 

0.004 0.001 0 
- 
4 . 0 4 2  4 .045  4 .037  4 .042  

4 . 0 4 3  -4.044 4. 042 

1.960 1 .962  1 .962  

1 . 9 5 9  2.006 1 .965  
-0.001 0.044 0.003 0 .003  

1 . 9 5 5  1 . 9 5 5  1.951 

1 . 9 5 6  2.001 1 .952  

0.001 0 . 0 4 6  0 .001  0 
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Length (in. ) 
specimen 0' Y O '  180" 270"  

TABLE 6. (contd) 

D1amete L' (111. ) 

Uppero Lower Mid po i n  t 
0 " - 1 8 0  0 " -  180"  0 ' - 1 8 0 "  ' ) 0 " - 2 7 0 '  

P r r -  

I I  Post-  

A _ _  

4.039 4 .635  4 . 0 3 4  1 . 9 5 8  1 . 9 5 6  l . r J 5 5  

+.O38 4. 031, 4. 024  1.986 1 . 9 5 9  1 .066  

-(I  n o 1  i?. 001 -0 .  o i ~  0.028 0 .  001 0. o i l  
-_I__ _ _ ~ -  - 

p r C -  

!.? f i<>sr -  

A 

P r c -  

13 P o s t -  

A 

Pre -  

14  P o s t -  

A 

P r e -  
1 5  Post- 

A 

P r c - '  

16 P o s t -  

A 

P r c -  

1 7  P o s t -  

4. 0 4 ~  i.n-14 i . ~ 5 0  1 . 9 6 6  1 . ~ 6 2  I .  j ~ :  

,). 002 , I .  rn: - 0 .  U ~ , L  -0. OOL. -I;. O O I  0.  0 0 2  0 .  1 ~ 0 2  0. O ( I I  

4.048 4. 046 -1. CJ-18 4.042 I 1 . 9 5 6  1 . 9 6 8  1.964 1 .  4 5 b  

4.031 4 . 0 3 2  4 . 0 4 0  4 .040  1 .952  1 . 9 6 3  1 . 9 6 0  1 . 9 6 0  

4 .031  4 . 0 3 1  4 . 0 3 8  4 .042  1 .952  1 . 9 6 3  1 , 9 6 0  1 . 9 6 1  
0 -0 .001  -0 .002  0 .002  0 0 0 0 .  mi 

4.041 4 .035  4 . 0 3 7  4 . 0 4 5  1 .959  1 .960  1 .960  1 . 0 6 1  

4 . 0 4 5  4 .036  4 .037  1 .959  1 .960  1 .961  1 . 9 6 0  

0 . 0 0 4  0 . 0 0 1  

4 . 0 5 0  4 . 0 4 8  1 . 0 5 3  4 . 0 5 2  1 .951  1 . 9 6 5  1 . 9 6 2  1 . 9 6 5  

0 0 0 .  001 -0. on1 
1 1 0  

4. 049 4.050 4.052 1 . 9 5 1  2.040 1 .962  1 . 9 6 4  

- 3 .  001 -0. 0113 0 0 0. 075 0 - 0 .  no1 

4.042 4.03[) 4.036 4.011 1 . 9 5 4  1 . 4 5 8  1 . 9 5 7  I . Y ? , 3  

4 . 0 4 2  4 . 0 4 1  4.035 1.953 1.9513 1.Y5h 1.4159 

0 0. 002 -0. O ( I 1  -0. 001 0. 001  - 0 .  001 ( I  

4 . 0 6 3  

Hyphens i n d i c a t e  t h a t  p o s t t e s t  l ength  measurements w e r e  omitted 
because impact deformation destroyed the  measurement re ference  
po in t .  

-~~~~ 

Pre -  

18 P o s t -  

A 

615. 0 

61 5. 0 

0 

4. 028  4. 022 4.033 4. 037 1 . 9 5 7  1 . 9 6 4  1 . ~ 6 0  i . ' ) 5 0  

4 . 0 2 7  4 .033  4 . 0 3 5  1 , 9 5 7  1 .963  1 . 9 6 0  I . Y h 0  
-0. 001  0 - 0 . 0 0 2  0 -0 .001  0 0. 001 

u1 .3 .  7 

h 1 7 .  7 

1) 
~- 

P r e r - 4 .  066 4 . 0 4 2  4. 046 

19 Post- 4. 045 4. 048 4. 048  

A - 0 . 0 0 1  0 .006  0 .002  

571. 0 

s 7 1 .  I1 

0 

1 . 9 5 8  I .  966 . 1 . 9 6 4  I.V66 

1 . 9 5 8  1.Y7h 1. 966 i . 9 6 6  

0 0 0 .010  0. on2 

605. 2 

605 .  L 
n 

P r e -  

L O P o s t -  

A 

Pre-  

2 1  P o s t -  

A 

22 

508. I 

5'18. I 

[I 

1 . 0 4 0  4 .043  $ . O h  4.045 1 . 9 4 7  1 . 9 5 6  1 . 1 5 2  1.048 

4.039 4.042 4.046 4.043 1.Y48 1 .956  1 .951  1.','48 

-0 .001  -0 .001  0 -0 .002  0 .001  0 0. 001 0 

4.046 4 .055  4. O S ?  4. 060 1 . 9 5 3  1.'165 1.Y57 1. "  I J  

4.044 4 . 0 5 3  4.052 4.061 1 . 9 5 3  1 . 9 7 4  1 . 0 5 3  1 . 9 - 2  

-11. 002 -0. no2 - 0 . 0 0 :  0.001 0 0. 009 - 0 .  004 11. 0 1 ) l  

N o  Measurements N o  Measurements 
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Comparisons of c a n i s t e r  d u c t i l i t y  w i t h  g l a s s y  versus d e v i t r i f i e d  waste 

a r e  i n c o n c l u s i v e  based on ALmax va lues.  

t e s t  r e s u l t s  f o r  room temperature and e l e v a t e d  temperature.  

The same i s  t r u e  f o r  comparisons o f  

O f  i n t e r e s t  a r e  t h e  s i m i l a r  AL values a t  a l l  measurement p o i n t s  f o r  

end-on impact (Specimen 6 ) .  
end-on o r i e n t a t i o n  a t  impact.  

Th is  s i m i l a r i t y  i n d i c a t e s  a n e a r l y  p e r f e c t  

Upper-end d iameter  changes were l e s s  than t h e  measurement u n c e r t a i n t y .  

Except f o r  c a n i s t e r  4, m id- length  d iameter  changes were very  smal l .  Lower 

d iameter  changes are  u n c e r t a i n  because o f  t h e  r o t a t i o n a l  o r i e n t a t i o n  o f  t h e  

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

0.06, and 0.04 i n .  f o r  impact  v e l o c i t i e s  o f  117, 66, 44, and 25 fps ,  

r e s p e c t i v e l y .  

2. C a n i s t e r  I n t e g r i t y  

Est imated maximum diameter  increases a r e  0.3, 0.1, 

P o s t t e s t  c a n i s t e r  i n t e g r i t y  was eva lua ted  by v i s u a l  o b s e r v a t i o n  and 

dye p e n e t r a n t  checks. 

g r e a t e r  than about 8 m i l s .  

0.04 m i l s .  

a l o w - l e a c h a b i l i t y  g lass  w i t h i n  a reasonable t ime.  

The former technique can d e t e c t  ho les  o f  dimensions 

The l a t t e r  technique i s  good down t o  about 

A s m a l l e r  breach c o u l d  n o t  r e l e a s e  s i g n i f i c a n t  q u a n t i t i e s  of  

No breaches were de tec ted  a f t e r  impact  a t  25 o r  44  f p s .  Impact s u r -  

faces o f  h i g h e r  v e l o c i t y  c a n i s t e r s  were obscured by d e b r i s  ( f ragments o f  

g r a n i t e  and p a i n t  f rom t h e  impact b l o c k )  ground i n t o  t h e  p o i n t  o f  impact.  
It was very  d i f f i c u l t  t o  d i s t i n g u i s h  between adherent d e b r i s  and c racks  i n  

the  c a n i s t e r s .  But  a f t e r  most o f  t h e  d e b r i s  was removed, t h e  breaches 

l i s t e d  i n  Table 7 were apparent.  

There seems t o  be no c o r r e l a t i o n  o f  breach frequency w i t h  waste f o r m  

o r  impact  temperature.  

no c a n i s t e r s  breached a t  25 o r  44 f p s ,  h a l f  breached a t  66 fps ,  and n e a r l y  
a l l  breached a t  117 f p s .  

The o n l y  observed c o r r e l a t i o n  i s  w i t h  v e l o c i t y :  

Sp2cimen 6, t h e  end-on u n i t ,  was damaged much l e s s  than i t s  edge-on 

c o u n t e r p a r t s .  

o r i e n t a t i o n  i s  t h e  most severe, a t  l e a s t  f o r  t h e  c a n i s t e r .  

T h i s  r e s u l t  suppor ts  the  hypothes is  t h a t  t h e  edge-on impact  
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TABLE 7. Breaches i n  Small Can is te rs  

Impact Impact Equ iva len t  T o t a l  ( a >  
V e l o c i t y ,  Temperature, Waste Crack Dimensions, 

Specimen f ps "F Form i n .  
7 66 80 2 G 0.01 x 0.3 

17 66 RT DV 0.01 x 0.2 

4 117 80 0 G 0.05 x 0.7 

5 117 796 DV 0.1 x 0.8 
14 114 RT G 0.01 x 0.5 

23 117 800 G 0.03 x 0.6 

24 117 800 G 0.1 x 0.5 

RT E Room temperature 

DV E D e v i t r i f i e d  
a. I n  a few ins tances ,  t h e r e  was more than one crack.  

G : Glassy 

Pre- and p o s t - t e s t  weights  were recorded t o  e s t i m a t e  t h e  q u a n t i t y ,  i f  

any, o f  g lass  l o s t  d u r i n g  impact. I n  no case was t h e r e  any measurable 

we igh t  change. 
obscured by t h e  adherent  d e b r i s .  

have e x i t e d  d u r i n g  impact,  t h e  c o n s i s t e n t  l a c k  o f  any measurable we igh t  

change i n d i c a t e s  t h a t  t h i s  q u a n t i t y  must have been ex t remely  smal l .  

The we igh ts  were u n c e r t a i n  t o  about kO.1 g and were f u r t h e r  
A l though a smal l  amount o f  g lass  c o u l d  

LARGE CANISTERS 

1. High-speed Photographic  Coverage 

Impact o f  t h e  l a r g e  c a n i s t e r s  was recorded by a Fastex high-speed 

(4000  frames p e r  second) 16 mm camera. Ektachrome E.F. D a y l i g h t  f i l m  

was used. 

f o r  two c a n i s t e r s .  

o f  p r i m a r y  and secondary impacts f o r  each c a n i s t e r .  It f a c i l i t a t e d  mea- 

surement o f  a c t u a l  impact  angle (as opposed t o  drop ang le)  t o  w i t h i n  l t o  

2" and a c t u a l  impact  v e l o c i t y  (as a check on drop h e i g h t )  t o  w i t h i n  5 t o  

10%. 

F igure  14 and 15 show every  t e n t h  frame near  the  t ime o f  impact  

The f i l m  coverage p r o v i d e d  a r e c o r d  o f  t h e  sequence 

I t  a l s o  f a c i l i t a t e d  e s t i m a t i o n  o f  t h e  impact  d u r a t i o n .  
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FIGURE 14. High-speed Photographic Coverage o f  3 0 - f t  Drop Impact. Every 
t e n t h  frame i s  shown. Camera speed i s  4680 frames/second. 
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FIGURE 15. High-speed Photographic Coverage of 
Every tenth frame i s  shown. Camera 
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Side-On Penetration Test. 
speed i s  3480 frames/second. c 



The impact  v e l o c i t y  o f  c a n i s t e r  2 was seen t o  be about  44 fps ,  matching 

t h e  in tended va lue.  

t h e  c e n t e r  o f  g r a v i t y  above impact p o i n t  i s  5", f o r  a c a n i s t e r  w i t h  no l i f t -  

i n g  eye. 

s i o n  t o  about 6". 

t o  change o r i e n t a t i o n  d u r i n g  r e l e a s e  and descent.)  
was 1 t o  2 1/2 msec. 

a t e  measurement. 

c o e f f i c i e n t  o f  r e s t i t u t i o n  o f  about 0.3. 
h i g h  w h i l e  c a n t i n g  over .  

c a n i s t e r  and on t h e  l i f t i n g  eye. 

Impact angle was 4 t o  5". (The i n t e n d e d  angle,  w i t h  

Adding t h e  l i f t i n g  eye increases t h e  e q u i l i b r i u m  angle o f  suspen- 

Thus t h e r e  was l i t t l e  apparent tendency o f  t h e  c a n i s t e r  

The d u r a t i o n  o f  impact  
Shadows and p a r a l l a x  e f f e c t s  p rec luded a more accur-  

Rebound v e l o c i t y  was approx imate ly  15 fps ,  g i v i n g  a 
The c a n i s t e r  bounced about  5 f t 

The second impact was on t h e  t o p  edge o f  t h e  

The impact  v e l o c i t y  o f  c a n i s t e r  4 was es t imated a t  24 fps ,  j u s t  below 
Impact angle was 7 t o  8" and impact  d u r a t i o n  was 2 t o  

Rebound v e l o c i t y  was about 6 fps,  f o r  a c o e f f i c i e n t  of r e s t i -  

The t h i r d  impact  

t h e  in tended 25 f p s .  

4 1/2 msec. 

t u t i o n  o f  0.2 t o  0.3. 

impact  was on t h e  bo t tom b u t  a t  a g r e a t l y  changed angle.  
was o i  t h e  t o p  and t h e  f o u r t h  on t h e  bottom. 

fo l lowed.  

The rebound h e i g h t  was abou? 9 i n .  The second 

Numerous smal l  seesaw bounces 

The impact  v e l o c i t y  o f  c a n i s t e r  6 was n o t  checked. The impact angle 

Rebound v e l o c i t y  was about  was 6 t o  7" and t h e  d u r a t i o n  was 2 t o  3 msec. 

10 fps and rebound h e i g h t  was 24 t o  30 i n .  

impacts was t h e  same as t h a t  o f  c a n i s t e r  4, which was dropped f rom t h e  
same h e i g h t .  

The sequence of  secondary 

C a n i s t e r  3 impacted the  p e n e t r a t o r  a t  an angle o f  3", compared w i t h  

t h e  in tended 0". Impact d u r a t i o n  was 10 t o  15 msec. Symmetric e l a s t i c  

bending o f  t h e  c a n i s t e r  about t h e  p o i n t  o f  impact was r e a d i l y  observable 

on t h e  f i l m .  The c a n i s t e r  bounced a lmost  d i r e c t l y  upward about 5 i n .  Suc- 

ceeding c o n t a c t s  w i t h  t h e  p e n e t r a t o r  were a t  i n c r e a s i n g l y  g r e a t e r  angles.  

2. Deformat ion 

Close v i s u a l  o b s e r v a t i o n  was r e q u i r e d  t o  d e t e c t  impact  areas o f  most 

l a r g e  c a n i s t e r s .  The p o i n t  o f  g r e a t e s t  de format ion  on t h e  edge-on c a n i s t e r s  

I 
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was near  t h e  l i f t i n g  eye. 

area o f  c o n t a c t  w i t h  no g lass  suppor t .  

changes accompanying impact.  

edge-on drop. 

Th is  r e s u l t e d  f rom secondary impact on a smal l  

Table 8 l i s t s  severa l  d imensional  

F igu re  16 shows specimen 2 f o l l o w i n g  a 3 0 - f t  

TABLE 8. Large Can is te r  Dimension Changes 

Maxi mum Radi a1 
Diameter Maximum I n d e n t a t i o n  Rad ia l  

Impact Increase Decrease a t  I n d e n t a t i o n  
Specimen V e l o c i t y ,  a t  Bottom, i n  Length, Mid- length,  Near L i f t i n g  

Number f ps i n .  i n .  i n .  Eye, i n .  
-- (C) 2 44 0.37 0.34 -- 

3 1 ,(a) -- -- ‘Lo.005 -- 
4 25 0.22 0.16 -- 0.62 

-- 0.54 6 25 0.04 0.13 ( b )  

a. Side-on on to  p e n e t r a t o r  
b. The bot tom face  was a l s o  bu lged outward i n  t h e  a x i a l  d i r e c t i o n ,  

w i t h  t h e  n e t  decrease i n  l e n g t h  be ing  o n l y  0.03 i n .  
c.  Blanks denote no measurement recorded.  

3. Can is te r  I n t e g r i t y  

V isua l  obse rva t i on  and dye pene t ran t  checks revea led  no pene t ra t i ons  
o f  c a n i s t e r  w a l l s .  
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Bottom Edge 

Bottom Sur face 

Top End Near 
L i f t i n g  Eye 

FIGURE 16. Large Can is te r  2 A f t e r  44 f p s  Edge-On Impact 

43 



6 



8 .0  CANISTER O P E N I N G  AND PARTICLE REMOVAL PROCEDURES 

LARGE CANISTERS 

Because of t h e i r  s ize  and weight as well a s  the shell  thickness, the 
large canis ters  were delivered t o  the J .  A .  Jones Company machine shop for  
i n i t i a l  opening i n  a large milling machine. 

1 .  Top Opening and Par t ic le  Removal 

The t o p  end was cut off j u s t  below the canis ter  t o p ,  a b o u t  1 2  in.  above 
the glass surface. Loose material was brushed i n t o  quart cartons. 

2. Impact Area Opening 

Impact areas were opened in two stages t o  minimize loss  of material. 
The bottom end was scored across a diameter almost t o  the glass surface,  
leaving a t h i n  sheath of s tee l  t o  be penetrated by hand cut t ing.  
approximately the depth of the wall was milled t h r o u g h  the canis ter  wall, 
up  each s ide a b o u t  8 in .  and then around half the circumference (Figure 1 7 ) .  
The section of canis ter  wall thus isolated included the impact area. In a 
few places the milling cu t t e r  did cut t h r o u g h  to  the glass.  

A groove 

' On the s ide impact canis te r ,  the side was milled t o  produce two longi- 
tudinal 8-in. scores 180" a p a r t .  The score ends were connected by milling 
halfway around the canis ter  (Figure 18). 
b o t h  on t h e  bottom and on t h e  s i d e  about midway up b u t  180" oppos i te .  

One control canis ter  was scored 

FIGURE 17. Wall Removal Scheme fo r  Large Canisters 
in Edge-On Impact 
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IMPACT A R E A  

J. 

FIGURE 18. Wall Removal Scheme for  Large Canister 
i n  Side-On Impact 

The canis ters  were then b r o u g h t  t o  the PNL Atmospheric Sciences Depart- 

Final cutt ing of the shell was done w i t h  a Dremel 

After the remaining t h i n  s teel  shell was cut t h r o u g h ,  i t  was tapped 

ment Laboratory t o  complete the opening and t o  remove the fragmented mate- 
r i a l  for  par t ic le  sizing. 
Moto-Tool, a hand-held, high-speed motor equipped with an abrasive cutt ing 
wheel. 
l i gh t ly  with a hammer and cold chisel unt i l  the cut metal was loose and 
could be removed. Aluminum f o i l  was placed under the canis ter  t o  catch 
par t ic les  tha t  f e l l  d u r i n g  opening. 

On canis ter  1 a small amount of glass adhered to  the  meta shell as 
i t  was removed. Breakage apparently occurred during opening. The same 
occurred wi€h canis ter  5. 
On canis ter  2 ,  as  the cut t ing tool cut almost through the canis te r ,  a 
cracking noise was heard and the cut began t o  open o f  i t s e l f  as i f  the 
material were under compression. Nothing unusual was noticed in opening 
of the other canis ters .  

In the other cases the metal came away cleanly. 

Photographs of the area exposed by removing the metal appear in 
Figures 19-25. 

3 .  Impact Area Part ic le  Removal 

Forceps were used t o  pick o u t  larger  pieces. This f ac i l i t a t ed  removal 
of smaller pieces which began f a l l i ng  o u t  when the shell was tapped. 
means of b r u s h i n g  and tapping, a l l  fragmented material tha t  could be removed 
was collected. 

By 
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FIGURE 19. Large Can is te r  1 A f t e r  Opening 
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FIGURE 20. Large Canister 2 After Opening 
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FIGURE 21. Large Canister 3 After Opening 

FIGURE 22. Large Canister 4 After Opening 

49 



FIGURE 23. Large Can is te r  5, Edge Area, A f t e r  Opening 

FIGURE 24. Large Can is te r  5 ,  Mid-Region, A f t e r  Opening 
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FIGURE 25. Large Canister 6 After Opening 
I 

SMALL CANISTERS 

After impact tes t ing ,  the small canis ters  were sent t o  the PNL Atmo- 
spheric Sciences Department Laboratory for  opening, par t ic le  removal and 
sieving. 

1 .  Top Opening and Part ic le  Removal 

The canis ters  were opened i n  the head space above the glass ,  just 
below the canis ter  top. The canis ter  was held i n  a padded vise t o  avoid 
fur ther  fracturing of material during opening. The canis ter  was cut with 
a sharp pipe cu t t e r  by slowly rotat ing the cu t te r  several times, avoiding 
deformation ar is ing from the contact pressure of the operation. 

All glass fragments were then removed from the top area by ro l l ing  and 
by brushing w i t h  a camel's hair  b r u s h .  
r i a l  out ,  b u t  some tha t  was loose and entrapped was picked o u t  with forceps. 

No attempt was made t o  force mate- 
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2. Bottom Opening and Par t ic le  Removal 

Because of the severe impact conditions, i t  had been expected t h a t  the 
glass  would be severely broken u p  and could be poured out the opened top. 
However, i n  a l l  b u t  one canis te r ,  a f t e r  removal of the small amount of 
broken material from the top, a glass  monolith remained between the top and 
the impact area. 
t e r s  i s  explained below. 

The stepwise scheme fo r  opening the bottom of the canis- 

~y means of a milling machine a 5/8-in. hole was cu t  i n  the bottom 
near the impact area. The rotodie cuts  through the s tee l  t o  a predetermined 
depth and avoids cut t ing the glass.  The glass was removed f i r s t  by ro l l ing  
the canis te r  then by tapping i t  and picking and removing a l l  loose material. 
A few of these two fract ions were sized individually,  b u t  l a t e r  th i s  sepa- 
ra t ion was considered unnecessary and discontinued. 

Because a fur ther  opening s tep  was needed on some canis te rs ,  a 1-3/4-in. 
hole was cut i n  the canis te r  bottom, extending the opening t o  encompass 
almost the complete bottom area. 
was the f ina l  step.  Other canis te rs  had broken material exposed by th i s  
step. 
i n g  out glass  fragments where necessary. By b r u s h i n g ,  tapping, shaking and 
inverting the canis te rs ,  a l l  material t h a t  could be removed was collected.  

For canis ters  yielding no material this 

This fractured material was removed by tapping the canis ter  and pick- 

Certain canis ters  (10, 11, 12, 19 ,  20, 21) required s t i l l  more opening 
t o  expose the impact area f o r  pa r t i c l e  removal. 
the impact area u s i n g  a Dremel Moto-Tool. 

They were cut  by hand around 

Figures 26-31 show several small can is te rs  a f t e r  opening. 

Canisters 19 and 20 were cut lengthwise from top t o  bottom w i t h  a 
gl’ass saw t o  reveal the in t e r io r  of the glass  monolith (Figure 32). 
r e su l t  and other observations suggested t h a t  the f rac t ion  o f  par t ic les  
recovered was close t o  unity. 

This 
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FIGURE 26. Small Canister 8 After Opening, Top View 

, 
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FIGURE 27. Small Canister 8 After Opening, Inverted 
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FIGURE 28. Small Canister 1 1  After Opening, Top View 

'ACT AREA 

FIGURE 29. Small Canister 1 1  After Opening, Inverted 
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FIGURE 30. Small Canister 14 After Opening, Top View 

c i , i 

" ,  
I '. 

FIGURE 31. Small Canister 14 After Opening, Inverted 
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F IGURE 32. Small Canister 1 9  After Opening and . - _ _  .~ ~ 

Longitudinal Sectioning 

ERRORS INTRODUCED BY THE PARTICLE REMOVAL PROCEDURES 

Ideally,  the metal canis ters  could be made t o  disappear t o  allow 
removal of  the glass par t ic les .  Nonidealities of the canis te r  opening 
and pa r t i c l e  removal procedures a re  discussed here. 

During opening and removal care was taken t o  avoid generation of new 
fragments. Handling was held t o  a minimum since the bare glass i s  subject 
t o  breakage. Despite these,precautions,  the procedures had a potential  for  
introducing errors  into the resu l t s  in several ways. 
operations can introduce new par t ic les  by 1 )  cut t ing too  deeply through 
the s tee l  and  g r i n d i n g  the glass;  2 )  introducing pieces o f  ground s tee l  
shell  into the sample; 3)  mechanically s t ress ing  the glass. 

C u t t i n g  and opening 

Though the milling machines used are  precise,  some material was s t i l l  
generated on a few canis ters .  I f  the material was obviously not from impact 
(as metal shavings), i t  was n o t  included in the material collection. L i t t l e  
e r ror  i s  expected here. 

c 
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The m i l l i n g  machine i s  equipped w i t h  a h o l d e r  t o  min imize  c a n i s t e r  

deformat ion.  Whi le  c u t t i n g  t h e  c a n i s t e r  w i t h  t h e  Dremel t o o l  , t h e  o p e r a t o r  

wiped t h e  area c l e a n  f r e q u e n t l y  t o  remove generated p a r t i c l e s .  

c a n i s t e r s  were h e l d  by a padded v i s e  w h i l e  t h e  t o p  was opened by a p i p e  

c u t t e r ,  thus  m i n i m i z i n g  deformat ion o f  t h e  s t e e l  s h e l l .  Th is  process i s  
n o t  expected t o  be a s i g n i f i c a n t  source o f  e r r o r .  

The smal l  

Loss o f  m a t e r i a l  was min imized i n  t h e  smal l  c a n i s t e r s  by t a p i n g  t h e  

t o p  back i n  p l a c e  a f t e r  opening. Bottom areas were p laced i n  a p l a s t i c  

bag a f t e r  opening. The smal l  c a n i s t e r s  were opened above a c l e a n  g lossy  

paper. F i n a l  opening o f  t h e  l a r g e  c a n i s t e r s  was done w i t h  aluminum f o i l  

suspended beneath t h e  c a n i s t e r  t o  c a t c h  m a t e r i a l .  For b o t h  l a r g e  and smal l  

c a n i s t e r s ,  t h e  m a t e r i a l  was immediate ly  removed t o  a t a r e d  c o n t a i n e r ,  which 

was reweighed and covered. 
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9.0 PARTICLE SIZING PROCEDURES 

- LARGE CANISTERS 

Broken material ,  top and bottom, was removed from the canis ters  and  
weighed. 
sieves w i t h  the following s i ze  numbers: 
70 (210 p), 100 (149 p), and 200 (74 p). A Tyler portable sieve shaker 
was used. 
sonic s i f t e r ,  w i t h  210 p, 1 4 9 y ,  74 p, 37 p, 20 p, 10 p, a n d  5 p sieves.  

Lots weighing more t h a n  100 g were sieved on standard Tyler 
12  (1,700 p), 20 (841 u), 

Lots of less  t h a n  100 g were sieved by means of an Allen-Bradley 

Sieving of the bottom material from canis ter  2 was i n i t i a l l y  done 
t h r o u g h  the s e t  of large sieves from No. 1 2  t o  No. 200. Since there was 
a large quantity of fractured material (2493.5 g ) ,  t h i s  l o t  was sieved in 
4 aliquots and the numerical r e su l t s  combined. After the large material 
had been removed, the material <74 1-1 remained t o  be sized. Two aliquots 
of t h i s  f ract ion were sieved through f ine  mesh screens using the Bradley 
sonic s i f t e r .  Since the l imi t  on sample s i ze  for  sonic sieving i s  3 g ,  i t  
was decided tha t  sieving the en t i r e  72.3 g of material <74 p would be too  
time consuming. Another separation was made using the large screens, and 
t h i s  f ract ion was'divided into fract ions >44 p and <44 p. 
<44 p f ract ion were then sieved t h r o u g h  the sonic sieves: 
10 p, and 5 p. 
sonic sieve analysis.  
no u n u s u a l  problems. 

Aliquots o f  the 
37 u, 20 p, 

About 1 g was the optimum quantity of material fo r  t h i s  
Bottom fract ions from the other  canis ters  presented 

Top material removed a t  J .  A. Jones was found to  have metal pieces 
inextricably incorporated with the sample. Top material from canis ter  2 
was so contaminated w i t h  metal pieces t h a t  the s iz ing resu l t s  were inac- 
,curate .  
the omission is n o t  serious.  

As there were no glass par t ic les  <37 p in any of the t o p  f rac t ions ,  
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SMALL CANISTERS 

Where t h e r e  was s u f f i c i e n t  sample, t h e  fragments were separated i n t o  

>74 u and <74 1-1 f r a c t i o n s ,  u s i n g  a s tandard No. 200 s i e v e  and shaking f o r  
h a l f  an hour.  On l a t e r  samples, t h i s  procedure was m o d i f i e d  because t h e  

a b r a s i v e ' g l a s s  dest royed t h e  s ieve .  

The >74 u s i z e  f r a c t i o n  was s ieved on T y l e r  s ieves  w i t h  t h e  f o l l o w i n g  

s i z e  numbers: 12 (1651 u), 20 (841 u), 40 (420 u), 70 (210 u), 100 (149 u), 
and 200 (74 u ) .  The samples were shaken on a T y l e r  mechanical s i e v e  shaker 

c 

f o r  1 h r .  

q u a n t i t y  c o l l e c t e d  i n  each s i z e  f r a c t i o n .  

smal l  amount o f  m a t e r i a l  i n  t h e  s o l i d  brass pan below t h e  74 1-1 screen. 

S ince t h e  sample had f i r s t  been d i v i d e d  i n t o  >74 u and <74 1.1 f r a c t i o n s  and 

t h e  <74 1-1 m a t e r i a l  removed f o r  separate s i z i n g ,  t h e  m a t e r i a l  i n  t h e  s o l i d  
pan was not considered a valid sample. 

newly generated p a r t i c l e s .  
n a t e  t h e  i n i t i a l  s p l i t  a t  7 4 . ~ ~  t h e  shaking t i m e  was shor tened t o  15 min 

t o  a v o i d  genera t ion  o f  new m a t e r i a l .  

The <74 1-1 s i z e  f r a c t i o n  was s i z e d  by s o n i c  s i e v i n g  i n  an A l len-Brad ley  

T h i s  procedure 

Since t h e  c a n i s t e r s  had 

Sieves were weighed before and a f t e r  shaking, which gave t h e  

A f t e r  shaking, t h e r e  was a 

It was considered to consist o f  

When t h e  procedure was l a t e r  m o d i f i e d  t o  e l i m i -  

s o n i c  s i f t e r ,  w i t h  s ieves  weighed b e f o r e  and a f t e r  s i f t i n g .  

separated t h e  37 1-1, 20 1-1, 10 1-1, and 5 u f r a c t i o n s .  

exper ienced d i f f e r e n t  impact v e l o c i t i e s  and conta ined d i f f e r e n t  q u a n t i t i e s  
o f  f i n e s ,  each c a n i s t e r  r e q u i r e d  i n d i v i d u a l  s i z i n g  c o n s i d e r a t i o n .  

S I Z E  SAMPLING WITH MICROSCOPE 

Two <5 1-1 f r a c t i o n s  ( s m a l l  c a n i s t e r  5 and l a r g e  c a n i s t e r  2 )  were 

s i z e d  f u r t h e r  u s i n g  a Bausch and Lomb Microscope w i t h  overhead pro-  

j e c t o r .  A r e p r e s e n t a t i v e  f i e l d  was s e l e c t e d .  Images o f  a l l  p a r t i c l e s  

w i t h i n  an area a long a pa th  were scanned and measured ( e q u i v a l e n t  c i r c u l a r  

dimension) u n t i l  200 p a r t i c l e s  had been s ized .  

i n  t h e  f o l l o w i n g  d i s t r i b u t i o n :  >5 p ,  3-5 1-1, 1-3 1-1, and <1 1-1. 

Appendix B. 

The r e s u l t s  were grouped 
See 

c 
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S I E V I N G  ACCURACY 

S i z i n g  by means o f  s ieves  i s  r a p i d  and r e l a t i v e l y  s t r a i g h t f o r w a r d .  

However, a s i e v e  cannot make a p e r f e c t l y  sharp separa t ion ,  e s p e c i a l l y  o f  

i r r e g u l  a r  p a r t i c l e s  . 
can pass through a s i e v e  opening i f  t h e  p a r t i c l e s  a r e  o r i e n t e d  end-on. 

Also smal l  p a r t i c l e s  may n o t  pass th rough a l a r g e r  opening because t h e y  

never  g e t  immediate ly  n e x t  t o  i t . 
through depends on mesh s i z e  and manner o f  shaking, q u a n t i t y  o f  sample, 

m o i s t u r e  conten t ,  percentage o f  p a r t i c l e s  c l o s e l y  s i m i l a r  i n  s i z e  t o  t h e  

s i e v e  openings, e l e c t r o s t a t i c  a t t r a c t i o n  and o t h e r  f a c t o r s .  However, i f  

s i e v i n g  procedures a r e  s tandard ized,  r e p r o d u c i b l e  r e s u l t s  w i t h  a s e r i e s  
o f  samples can be obta ined.  

Resul t s  can be d i s t o r t e d  because e l  ongated p a r t  i c l  es 

The f r a c t i o n  o f  p a r t i c l e s  pass ing  

The s ieves  used f o r  s i z i n g  t h e  >74 p f r a c t i o n  were t h e  s i e v e  s i z e  

d e s i  gnat ions  proposed by t h e  ASTM I n t e r n a t i o n a l  Standards. A mechanical 

shaker was used t o  s tandard ize  t h e  shaking a c t i o n .  The shaker frame ho lds  

up t o  13 s ieves  a t  a t i m e  and impar ts  bo th  a c i r c u l a r  and a t a p p i n g  mot ion 

t o  t h e  s ieves .  

on t h e  m a t e r i a l .  

generate new p a r t i c l e s ,  a 15-min shaking was used as a compromise between 

new p a r t i c l e  genera t ion  and complete separa t ion .  As t h e  s ieves  f i t  w e l l ,  

d u s t  1 oss was minimal.  

Recommended s i e v i n g  t imes range f rom 20 t o  45 min depending 

Because excess ive shaking w i t h  t h i s  m a t e r i a l  seemed t o  

I f  t h e  sample s ize  i s  too large,  agglomeration can occur, par t icu lar ly  
on t h e  s o n i c  s ieves.  
>44 u,  t h e  m a t e r i a l  seemed t o  b a l l  up, so s m a l l e r  a l i q u o t s  were chosen. 

The s o n i c  s i e v i n g  t i m e  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f r a c t i o n  o f  open 
s i e v e  area. F o r t y - f i v e  minutes shak ing  was found optimum. To a v o i d  

we igh ing  e r r o r s ,  t h e  screens were e q u i l i b r a t e d  t o  room temperature b e f o r e  
and a f t e r  s i e v i n g .  ~ 

I n  one case o f  an a l i q u o t  f rom l a r g e  c a n i s t e r  2, 

There i s  some loss d u r i n g  m a t e r i a l  t r a n s f e r  r e l a t e d  t o  s i e v i n g .  The 

s i g n i f i c a n c e  o f  t h i s  u n c e r t a i n t y  i s  addressed i n  S e c t i o n  10.0. 
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10.0 GLASS IMPACT RESULTS 

FRACTION OF INVENTORY BROKEN 

1. Large Specimens 

Table 9 p resents  m a t e r i a l  balances f o r  t h e  l a r g e  specimens. The pre-  
impact  we igh t  o f  t h e  n e a r l y - m o n o l i t h i c  g l a s s  i s  g iven,  a long w i t h  t h e  

q u a n t i t i e s  o f  broken g l a s s  c o l l e c t e d  f rom v a r i o u s  l o c a t i o n s  on t h e  c a n i s t e r .  
Broken m a t e r i a l  r e t r i e v e d  f rom a l l  l o c a t i o n s  was c o n s e r v a t i v e l y  t o t a l e d  f o r  

c a l c u l a t i o n  o f  t h e  maximum p o t e n t i a l  r e l e a s e  f r a c t i o n  as a d i r e c t  r e s u l t  o f  

impact.  

The t e s t s  showed t h a t ,  even i f  a c a n i s t e r  f a i l e d ,  g e n e r a l l y  o n l y  a smal l  

p a r t  o f  t h e  broken waste g l a s s  c o u l d  move because t h e  remainder o f  t h e  

c a n i s t e r  and unbroken g l a s s  would p r o v i d e  b a r r i e r s .  

T h i s  approach ignores  post - impact  containment by t h e  c a n i s t e r .  

Table 9 i n d i c a t e s  t h a t ,  f o r  edge-on impact specimens 2, 4 and 6, most 

o f  t h e  broken g l a s s  came f rom t h e  (bot tom) impact end. A smal l  f r a c t i o n  

( v e r y  smal l  f o r  h i g h e r  v e l o c i t y  specimen 2 )  came f rom t h e  top, caused by 

s p a l l a t i o n  o r  by secondary impact  on t h e  top .  

a g a i n s t  t h e  p e n e t r a t o r  r e s u l t e d  i n  s u r p r i s i n g l y  l i t t l e  g l a s s  breakup near  

t h e  impact  area. Cont ro l  specimens 1 and 5 i n d i c a t e  t h e  amount o f  g l a s s  

breakup d u r i n g  f a b r i c a t i o n ,  hand1 i n g  and opening. 

Side-on impact o f  specimen 3 

2. Small Specimens 

Table 10 summarizes m a t e r i a l  balances f o r  t h e  smal l  specimens. Sec- 

t i o n  8.0 descr ibed how t h e  bottoms o f  these c a n i s t e r s  were opened i n  

s t a g e s - - f i r s t  a 5/8- in .  ho le,  then a 1-3 /4- in .  ho le,  then ( i f  necessary) 

removal o f  t h e  e n t i r e  bottom and lower  edge. 
how much broken g l a s s  would m i g r a t e  th rough v a r i o u s - s i z e d  ho les .  As t h e  

r e s u l t s  were n o t  d e f i n i t i v e ,  t h e  procedure was changed t o  combine a l l  mate- 

r i a l  gathered from t h e  bottom o f  t h e  c a n i s t e r .  However, i n  a l l  cases b u t  

one t h e  amount o f  broken m a t e r i a l  which passed th rough a 5 /8 - in .  h o l e  was 

1 /2  t o  2 o r d e r s  o f  magnitude l e s s  than t h e  t o t a l  q u a n t i t y  o f  broken bottom 

m a t e r i a l .  

The o b j e c t i v e  was t o  e s t i m a t e  

I n h i b i t i o n  o f  f l o w  i s  a t t r i b u t e d  t o  compression o f  t h e  broken 
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TABLE 9. Large Specimen M a t e r i a l  D i s t r i b u t i o n  c 
O r i g i n a l  

G1 ass Weight, 
Can i s t e r  1 bm 

1 189 

2 191 

3 193 
4 193 

5 190 

6 182 

Top M a t e r i a l  , Bottom M a t e r i a l  , 
1 bm 1 bm 

QO 0.0169 

QO.01 ( e )  5.50 

0.051 0.0011 ( b )  

0.105 0.216 

0.0394(d) 0.0676 

0.122 0.740 

T o t a l  F r a c t i o n  
Broken 

0.000089 

0.029 

0.00027(c) 

0.0017 

0.00056 

0.0047 

a. A t , t h e  c a n i s t e r  end c o n t a i n i n g  t h e  v o i d  space. 

b. A t  impact 'area (on s i d e  o f  c a n i s t e r )  f o r  s ide-on drop onto p e n e t r a t o r .  
c .  Th is  number i s  l e s s  than t h e  t o t a l  f r a c t i o n  broken. See notes a and b. 
d. P lus an a d d i t i o n a l  0.046 l b  i n  one v e r y  l a r g e  chunk ( c h a r a c t e r i s t i c  

e. Exact q u a n t i t y  n o t  known because o f  con taminat ion  o f  t h e  sample by 

The o t h e r  end was n o t  
Less broken m a t e r i a l  i s  expected t h e r e  than t h a t  a t  t h e  v o i d  opened. 

end. 

dimension o f  2.4 cm = 24,008 p). 

metal  shavings. 

g l a s s  by t h e  c a n i s t e r .  

compression was much reduced and t h e  broken g l a s s  e a s i l y  removed. 

Once t h e  c a n i s t e r  was opened p a s t  t h e  edge, t h i s  

Tab le  10 shows t h a t  f o r  o n l y  f o u r  o f  t h e  impacted specimens was t h e  

t o p  p o r t i o n  o f  broken g l a s s  g r e a t e r  than 10% o f  t h e  bottom p o r t i o n .  T h i s  

p a t t e r n  cou l  d be c o r r e l a t e d  n e i t h e r  w i t h  .impact v e l o c i t y  n o r  g l a s s  condi  - 
t i o n .  The smal l  c a n i s t e r s  d i d  n o t  exper ience secondary impact.  

3. Comparisons 

Genera 1 

F i g u r e  33 p l o t s  t h e  "Tota l  F r a c t i o n  Broken'' columns o f  Tables 9 and 

10 versus impact  v e l o c i t y .  

specimens. The genera l  dependence on v e l o c i t y  i s  e v i d e n t .  

and t h e  d i f f e r e n t  types o f  specimens a r e  considered,  a l i n e a r  f i t  i s  seen 

t o  be a c r e d i t a b l e  approx imat ion.  

P o i n t s  a t  zero  v e l o c i t y  r e p r e s e n t  c o n t r o l  

I f  data  s c a t t e r  
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TABLE 10. Small Specimen Material D i s t r ibu t ion  

Specimen 

1 

24 

23 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18  

19 

20 

21 

22 

Original  Glass TOP 
Weight, g ( a )  Mater ia l ,  y 

442.5 

451.9 

439.1 

452.5 

440.3 

444.8 

443.9 

433.4 

458.6 

427.3 

439.0 

432.0 

392.4 

463.8 

439.0 

447.4 

429.0 

462.4 

419.9 

454.4 

447.3 

445.0 

0.203 

6.384 

196. 9 ( b )  

3.097 

3.877 

10.083 

1.437 

0.387 

1.772 

0.358 

1.967( b, 

0.18 

0.025 

0.096 

0.036 

0.043 

0.051 

0.017 

0.118 

0.055 

0.34 

0.026 

( b) 

(b )  

Bottom 
Mater ia l ,  g 

- 

321.1 

236.8 

297.1 

351.2 

271.3 

66.8 

11.577 

3.550 

5.236 

1.454 

4.61 

- 

14.95 

14.1 

7.51 

5.52 

0.246 

1.78 

, 5.337 

0.208 

- 

Total Frac t ion  
Broken 

0.00046 

0.72 

0.99 

0.66 

0.81 

0.63 

0.15 

0.028 

0.012 

0.013 

0.0078 

0.01 1 

0.00006 

0.032 

0.032 

0.017 

0.013 

0.00057 

0.0045 

0.012 

0.0012 

0.00006 

a .  Obtained by sub t r ac t ing  the average c a n i s t e r  weight from the specimen 

b. Top por t ion  210% of bottom por t ion ,  excepting control  specimens 1 ,  13, 
we igh t  and assuming 0.0 g o f  g l a s s  exited d u r i n g  impact. 
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FIGURE 33. F r a c t i o n  o f  Glass Broken 

E f f e c t s  o f  Glass Cond i t i on  and Tes t  Temperature 

For  t h e  smal l  specimens, n i n e  p a i r s  o f  p o i n t s  were compared on t h e  

bas i s  o f  g lassy  versus d e v i t r i f i e d  breakup under i d e n t i c a l  c o n d i t i o n s .  

I n  four  p a i r s ,  t h e  g lass  broke up more; i n  two p a i r s ,  t h e  d e v i t r i f i e d ;  

i n  t h r e e  p a i r s ,  e s s e n t i a l l y  no d i f f e r e n c e .  

more than one o r d e r  o f  magnitude. Thus no s i g n i f i c a n t  e f f e c t  o f  g lass  

c o n d i t i o n  was apparent.  

e leva ted  temperature.  

I n  no case was t h e  d i f f e r e n c e  

The conc lus ion  ho lds  a t  bo th  room temperature and 
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Two p a i r s  o f  p o i n t s  f o r  t h e  l a r g e  specimens i n d i c a t e d  g r e a t e r  breakup 

f o r  t h e  d e v i t r i f i e d  waste, b u t  t h e  sample s i z e  was t o o  smal l  t o  draw con- 

c l u s i o n s .  

Comparison o f  smal l  c a n i s t e r  da ta  a t  low and a t  e l e v a t e d  temperatures 

leads  t o  a r a t h e r  s u r p r i s i n g  conc lus ion .  

breakup a t  e l e v a t e d  temperature because o f  increased d u c t i l i t y .  However, 

g r e a t e r  breakup (by  up t o  1-1/2 o r d e r s  o f  magnitude) was observed a t  e l e -  

vated temperature i n  e i g h t  o f  t h e  n i n e  p a i r s  o f  p o i n t s  compared. ( I n  t h e  

n i n t h  case, t h e  d i f f e r e n c e  was v e r y  s m a l l . )  T h i s  e f f e c t ,  whose magnitude 

das g e n e r a l l y  a f a c t o r  f rom 3 t o  10, was independent o f  impact  v e l o c i t y  

3nd o f  g l a s s  c o n d i t i o n .  

One m i g h t  expect  l e s s  waste 

I t m i g h t  be suspected t h a t  thermal t rea tment  i n  t h e  impact  i n j e c t i o n  

furnace o r  thermal shock upon e j e c t i o n  and cooldown was r e s p o n s i b l e  f o r  

t h i s  g r e a t e r  breakup. I f  t i m e  

3 t  temperature were respons ib le ,  d e v i t r i f i e d  specimens, which exper ienced 

3 more severe t rea tment  than t h e  specimens impacted a t  e l e v a t e d  tempera- 

t u r e  (700°C f o r  4 days versus 425°C f o r  a few hours) ,  would e x h i b i t  g r e a t e r  

breakup than g l a s s y  specimens. 

t e n t  d i f f e r e n c e  between g l a s s y  and d e v i t r i f i e d  specimens. 

The evidence i s  a g a i n s t  t h i s  e x p l a n a t i o n .  

As noted p r e v i o u s l y ,  t h e r e  was no cons is -  

I f  t h e  e j e c t i o n  

m d  cooldown t r a n s i e n t  were respons ib le ,  one would expect  c o n s i d e r a b l e  

breakup i n  t h e  e levated- temperature c o n t r o l  specimens. However, specimens 
1 and 13 e x h i b i t e d  v e r y  low breakup f r a c t i o n s .  The c o n t r o l  specimens f a l l  
i b o u t  where one would expect  t o  f i n d  them by e x t r a p o l a t i n g  back t o  zero 

J e l o c i  ty. 

Another p o s s i b l e  e x p l a n a t i o n  i s  t h a t  t h e  g l a s s  s t r e n g t h  may be s i g n i -  
However, t h e  modulus o f  e l a s t i c i t y  f i c a n t l y  l e s s  a t  e l e v a t e d  temperature.  

it 425OC i s  w i t h i n  5% o f  i t s  room temperature va lue .  (34) 

f o r  high-speed l o a d i n g  i s  expected t o  be o n l y  s l i g h t l y  changed. T h i s  waste 

y lass r e t a i n s  i t s  b r i t t l e  na ture ,  e s p e c i a l l y  a t  h i g h  l o a d i n g  r a t e s ,  f rom 

-oom temperature t o  above 425"C, t h e  maximum temperature o f  the  impact  
tes ts .  

The f a i l u r e  s t r a i n  

The " d u c t i l e - b r i t t l e ' '  t r a n s i t i o n  i s  about 500°C. (35) 
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Another exp lanat ion ,  suppor ted by c a l c u l a t i o n s ,  can be p o s t u l a t e d  f rom 

r e v i e w  o f  t h e  g l a s s  process ing s teps.  

c a n i s t e r s  which a r e  h e l d  a t  ( o r  soon increase t h e i r  temperature t o )  a t  

l e a s t  550°C. On c o o l i n g  a f t e r  g l a s s  s o l i d i f i c a t i o n  ( t h e  g l a s s  becomes 

f a i r l y  r i g i d  a t  500"C), t h e  s t a i n l e s s  s t e e l  c o n t r a c t s  more than t h e  g lass ,  
p l a c i n g  t h e  g l a s s  i n  compression and t h e  s t e e l  i n  tens ion .  

expansion c o e f f i c i e n t s  o f  t h e  g l a s s  and s t a i n l e s s  s t e e l  between 500°C and 

room temperature a r e  approx imate ly  9 x 10-6/"C and 17 x 10m6/"C, respec- 

t i v e l y .  The precompressed room-temperature g l a s s  i s  more r e s i s t a n t  t o  

t e n s i l e  s t resses  which m i g h t  cause f r a c t u r e  on impact.  

425°C f o r  e l e v a t e d  temperature t e s t s ,  

a r e  g r e a t l y  reduced, i f  n o t  e l i m i n a t e d ,  w i t h  a corresponding r e d u c t i o n  i n  

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

Viscous mol ten  g l a s s  i s  poured i n t o  

Average thermal 

On h e a t i n g  back t o  

t h e  p r e e x i s t i n g  compressive s t resses  

The mismatch in glass and steel radii upon cooling is 3.6 mils for 
smal l  specimens and 12 m i l s  f o r  l a r g e  specimens. The c a l c u l a t e d  ( 3 6 )  con- 

t a c t  p ressure  a t  room temperature i s  s u f f i c i e n t  t o  y i e l d  t h e  c a n i s t e r s  

and i s  expected t o  be l i m i t e d  t o  approx imate ly  1700 p s i  because o f  t h e  

y i e l d i n g .  Thus t h e  g l a s s  i s  s t r e s s e d  t o  1700 p s i  compressive and t h e  

c a n i s t e r  i s  s l i g h t l y  i n t o  y i e l d  w i t h  a hoop s t r e s s  o f  about  42,000 p s i .  

Upon r e h e a t i n g  t o  425"C, t h e  c o n t a c t  p ressure  and g l a s s  precompression a r e  

e l i m i n a t e d  because o f  t h e  y i e l d i n g  which occur red  d u r i n g  t h e  i n i t i a l  c o o l -  

down. ( W i t h  no i n t e r v e n i n g  cooldown t o  room temperature t h e  c o n t a c t  
p ressure  a t  425°C i s  c a l c u l a t e d  t o  be about  600 p s i .  ) 

Thus room-temperature precompression i s  o f  such magnitude t h a t  a 

The t e n s i l e  s i g n i f i c a n t  e f f e c t  on impact  behav io r  would be expected. 
s t r e n g t h  o f  b o r o s i l i c a t e  g l a s s  i s  t y p i c a l l y  9,000-10,000 p s i .  

e f f e c t  was i n  t h e  p r e d i c t e d  d i r e c t i o n  and, q u a l i t a t i v e l y ,  o f  t h e  expected 

magnitude. 

The observed 

Large Versus Small Specimens 

The smal l  c a n i s t e r s  a r e  n o t  sca led  r e d u c t i o n s  o f  t h e  l a r g e  c a n i s t e r s .  

Because o f  specimen s i z e  l i m i t a t i o n s  on t h e  DWDL impact  equipment, t h e  

smal l  specimens were shor tened f r o m  t h e  l a r g e  specimen L/D v a l u e  o f  9.6 t o  

a v a l u e  o f  2.1, a f a c t o r  o f  4.6. 
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C a n i s t e r  behav io r  has been shown t o  be almost independent o f  L/D, b u t  
t h e  L/D e f f e c t  on g l a s s  behavior  was expected t o  l i e  between two extremes 

( t e m p o r a r i l y  d i s r e g a r d i n g  e f f e c t s  o f  specimen s i z e ) .  F igures  34 and 35 
show two extreme models o f  breakup f o r  c y l i n d e r s  o f  d i f f e r e n t  L/D r a t i o s .  

I n  one extreme, i f  g l a s s  breakup were a comple te ly  l o c a l i z e d  phenomenon 

( F i g u r e  34), t h e  amount o f  g l a s s  broken would be expected t o  be independent 

o f  specimen l e n g t h .  The f r a c t i o n  o f  g lass  broken would be i n v e r s e l y  pro-  

p o r t i o n a l  t o  specimen length ,  and t h e  shortened specimen breakup f r a c t i o n  

would be 4.6 t imes t h a t  o f  t h e  f u l l - l e n g t h  specimen. 

( F i g u r e  35), t h e  L/D va lue  would n o t  be r e l e v a n t ,  and shortened and f u l l -  

l e n g t h  specimens would e x h i b i t  i d e n t i c a l  f r a c t i o n a l  breakup o f  t h e  g lass .  

I n  t h e  o t h e r  extreme 

n 
FIGURE 34. Glass Breakup i s  a 
Local  Phenomenon. Q u a n t i t y  o f  

r 
1 I 

FIGURE 35. 
Mass/Volume/Area Phenomenon such 

Glass Breakup i s  a 

g l a s s  broken i s  i d e n t i c a l  f o r  t h e  
two equa l - rad ius  c y l i n d e r s .  i s  I d e n t i c a l  f o r  t h e  Two C y l i n d e r s  

t h a t  t h e  F r a c t i o n  o f  Glass Broken 

I n  the  v a r i o u s  p a r t s  of Sect ion  10, sma l l  and l a r g e  specimen r e s u l t s  

a r e  compared on t h e  bases o f  t h e  f r a c t i o n a l  breakup, t h e  f r a c t i o n  <10 1-1, and 

t h e  s u r f a c e  area produced. 

b a s i s  o f  f r a c t i o n a l  breakup. 

The comparison i n  t h i s  subsec t ion  i s  on t h e  

A t  25 and 44 fps ,  F i g u r e  33 shows g r e a t e r  f r a c t i o n a l  breakup o f  t h e  

l a r g e  specimens i n  two ins tances  and o f  t h e  smal l  specimens i n  one ins tance.  

C o n t r o l  r e s u l t s  show l i t t l e  d i f f e r e n c e .  I n  these very  l i m i t e d  comparisons, 

t h e  model o f  F i g u r e  35 appears t o  be t h e  more r e p r e s e n t a t i v e  f o r  f r a c t i o n a l  

breakup. 
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PARTICLE S I Z E  DISTRIBUTION 

1. Resu l ts  

Tables o f  t h e  s i z e  d i s t r i b u t i o n  o f  p a r t i c l e s  recovered f rom each 

specimen.appear i n  Appendix A. 
For  o r d e r  o f  magnitude est imates,  t h e  da ta  a r e  r e p r e s e n t a t i v e  o f  p a r t i c l e  

s i z e .  
s i e v i n g  e f f e c t i v e n e s s ,  which a r e  d iscussed i n  d e t a i l  i n  t h e  n e x t  subsect ion.  

The da ta  a r e  g i v e n  i n  terms o f  s i e v e  s i z e .  

More p r e c i s e  es t imates  r e q u i r e  knowledge o f  p a r t i c l e  shape and o f  

The da ta  f o r  t h e  l a r g e  specimens a r e  p l o t t e d  i n  F i g u r e  36. Small 

specimen data f o r  117 f p s  impact  and f o r  c o n t r o l s  appear i n  F i g u r e  37. 

I n t e r m e d i a t e  v e l o c i t y  da ta  show s i m i l a r  behav io r  b u t  a r e  n o t  p l o t t e d  

because t h e  l a r g e  number o f  i n t e r t w i n e d  curves makes v i s u a l  c o r r e l a t i o n  

d i f f i c u l t .  

10, ow 

1000 

W‘ : 100 2 80 

40 

- 60 ul 
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10 
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G 44 I- 

- 
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6 DV 25 
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WT% OF INVENTORY < STATED SIEVE S I Z E  

FIGURE 36. P a r t i c l e  S i z e  D i s t r i b u t i o n s  
f o r  Large Specimens 
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FIGURE 37. P a r t i c l e  S ize  D i s t r i b u t i o n s  
f o r  Small Specimens ( C o n t r o l s  
and 117 f p s  Specimens Only)  

For  completeness, t h e  curves were extended beyond t h e  data (genera l  l y  
>1700 1-1 and <5 u )  of  Appendix A. Crude e x t r a p o l a t i o n  t o  larger sieves 

was made assuming t h e  t o t a l  breakup f r a c t i o n s  o f  Table 9 r e p r e s e n t  t h e  
sum o f  a l l  p a r t i c l e s  l e s s  than some s i z e ,  Lmax. The s i z e ,  Lmax, o f  t h e  

l a r g e s t  f ragment l i e s  between t h e  l a r g e s t  s i e v e  s i z e  (1700 u )  and, say, 

t h e  c a n i s t e r  r a d i u s  (G30,OOO p). For  t h e  smal l  specimens, v e r y  few 
p a r t i c l e s  were l a r g e r  than 1 cm (10,000 w ) .  
f o r  Lmax a l though a number o f  p a r t i c l e s  i n  t h e  l - i n .  range were found i n  

t h e  l a r g e  specimens. 

a f a c t o r  o f  3,. Extens ion t o  p a r t i c l e s  <5 p was performed u s i n g  t h e  d a t a  

o f  t h e  two mic roscop ic  s i z i n g  samples (Appendix B) tempered w i t h  g r a p h i c a l  

T h i s  was t h e  va lue  chosen 

The u n c e r t a i n t y  i n  t h e  v a l u e  o f  Lmax i s  approx imate ly  

e x t r a p o l a t i o n .  

o n l y  smal l  samples o f  m a t e r i a l  f rom o n l y  two specimens. 

T h i s  ex tens ion  i s  h i g h l y  u n c e r t a i n  because i t  i s  based on u 
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2. Comparisons 

D e t a i l e d  comparisons o f  specimens a r e  d i f f i c u l t  w i t h  t h e  complete 
s i z e  d i s t r i b u t i o n  curves.  

i n t e r e s t  i n  a i r b o r n e  t r a n s p o r t ,  comparisons were made o n l y  f o r  t h e  <20 p 

f r a c t i o n .  

o f t e n  obscures t h e  e f f e c t s  o f  parameter v a r i a t i o n s .  

Because p a r t i c l e s  S O  1-1 a r e  n o t  g e n e r a l l y  o f  

These can be drawn from F i g u r e  38 a l though t h e  da ta  s c a t t e r  

Because few o f  t h e  
s i z e  d i s t r i b u t i o n  curves c ross  between 10 p and 20 1-1, t h e  q u a l i t a t i v e  
conc lus ions  drawn from F i g u r e  38 a r e  g e n e r a l l y  t r u e  f o r  t h e  < l o  1-1 f r a c t i o n  

a1 so. 

Three p a i r s  o f  p o i n t s  ( p l u s  a p a i r  o f  c o n t r o l s )  i n  F i g u r e  38 f a c i l i -  
t a t e  l i m i t e d  comparison o f  smal l  and l a r g e  specimen r e s u l t s .  As i n  t h e  
preced ing  subsect ion,  no c o n s i s t e n t  d i f f e r e n c e  was observed between t h e  

two s e r i e s ,  s c a t t e r  between specimens masking any e f f e c t s  o f  L/D r a t i o  and 
specimen s i z e .  

Comparisons o f  g l a s s y  versus d e v i t r i f i e d  f o r  11 p a i r s  o f  p o i n t s  i n  
F i g u r e  38 i n d i c a t e  no c o n s i s t e n t  d i f f e r e n c e s  e i t h e r  a t  room temperature 

o r  a t  e l e v a t e d  temperature.  The o n l y  t r e n d  i s  f o r  a l a r g e r  sub-20 1-1 
f r a c t i o n  f rom t h e  d e v i t r i f i e d  form than f rom g l a s s  i n  t h e  l a r g e  specimens. 

However, t h i s  t r e n d  i s  based on comparison o f  o n l y  two p a i r s  o f  da ta  

p o i n t s .  

Nine p a i r s  of da ta  p o i n t s  i n  F i g u r e  38 were compared on t h e  b a s i s  o f  

room temperature versus e l e v a t e d  temperature r e s u l t s .  

d e v i t r i f i e d  specimens t h e  r e s u l t  a t  low impact  v e l o c i t i e s  was f o r  g r e a t e r  

breakup a t  e l e v a t e d  temperature than a t  room temperature.  

p a c t  v e l o c i t i e s  t h e r e  was no c o n s i s t e n t  temperature e f f e c t .  

For  bo th  g l a s s y  and 

A t  h i g h e r  i m -  

The g r e a t e r  t o t a l  breakup a t  e l e v a t e d  temperature,  d iscussed e a r l i e r ,  
r e s u l t s  f r o m  g r e a t e r  q u a n t i t i e s  o f  l a r g e  ( z  100 p) p a r t i c l e s .  

e v i d e n t  f rom F i g u r e  37 i f  t h e  r e s u l t s  f o r  specimens 14 and 15 a r e  compared 

w i t h  t h e  band f o r  specimens 4, 5, 6, 23, and 24. 

f o r  impact  a t  66 and 44 f p s .  

T h i s  i s  

The same e f f e c t  i s  seen 
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c 
3. A Consideration Regarding Uncertainty 

If the sub-5 1-1 area of the curves of Figure 37 is  observed, an uncer- 
ta in ty  potent ia l ly  much more important than tha t  o f  extrapolation i s  
evident. As mentioned in Section 9.0,  i f  the weight of material recovered 
from a canis ter  i s  compared w i t h  the total  weight of material collected 
on the s ieves ,  generally a small quantity of material i s  unaccounted for .  
I t  r e su l t s  from material not transferred from containers and from pa r t i c l e  
d u s t  l o s t  d u r i n g  agi ta ted sieving. The quantity of unaccounted-for mate- 
r i a l  (UFM) i s  usually greater  than the weighing uncertainties.  

Representative values of parameters re la ted to  UFM a re  g iven  i n  
Table 11 .  Considered by themselves, the values of UFM and of the fract ion 
of material unaccounted fo r  (UFM/QW) a r e  well w i t h i n  the l imi t s  of accept- 
able laboratory procedures. However, Figure 37 shows tha t  fo r  par t ic les  
<5 1-1 the sieving r e su l t s  a r e  not highly re l iab le .  The control specimens 
a re  pictured a s  having nearly the same 4 1-1 f ract ion as  the high-velocity 
impact specimens. 
paring the l a s t  column of Table 11  (UFMIInventory) with the bottom scale  
of Figure 37. 

This uncertainty may be p u t  in to  perspective by com- 

TABLE 11 .  Representative Values of Parameters i n  Considering 
Unaccounted-For Material (UFM) 

Estimated 
Weighing Unaccounted- Quantity - UFM U FM 

Specimen Uncertainties, fo r  Material Weighed QW Inventory 

Large 
Canisters 

% Q W ,  g - % No. Description g UFM, g 

2 Moderate 1 . 2  4.7 2500 0.2 0.005 
Vel oci t y  

1 Control 0.003 0.044 8 0.6 0.00005 

Small 
Canisters 

4 High  1 . 2  2.5 300 0.8 0.6 
Vel oci ty  

22 Control 0.001 0.002 0.026 8 0.0005 & 
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The s i z e  d i s t r i b u t i o n  of t h e  UFM i s  unknown. If i t  were i d e n t i c a l  t o  

t h a t  o f  t h e  remain ing m a t e r i a l ,  t h e  u n c e r t a i n t y  f rom t h i s  f a c t o r  would be 

n e g l i g i b l e .  ' I f  t h e  UFM were a l l  < l o  1.1, a h i g h l y  unreasonable s i t u a t i o n ,  
t h e  e f f e c t  on t h e  measured <10 1.1 f r a c t i o n  would be g r e a t .  

l i m i t i n g  case can be proposed. 

s i m i l a r l y  t o  t h e  sub-60 p f r a c t i o n  o f  t h e  remain ing m a t e r i a l ,  t h e  e f f e c t  

on t h e  r e s u l t s  i s  n o t  s u b s t a n t i a l .  I f  60 p i s  r e p l a c e d  by l a r g e r  dimen- 
s ions,  t h e  u n c e r t a i n t y  i n  p a r t i c l e  s i z i n g  becomes smal le r ,  and v i c e  versa. 

A reasonable 

I f  t h e  UFM i s  a l l  <60 p and d i s t r i b u t e d  

Al though v a r i a b l e  f rom one specimen t o  another ,  t h e  UFM e f f e c t  i s  

g e n e r a l l y  n o t  cons idered i m p o r t a n t  f o r  p a r t i c l e  s i z e s  > l o  p. 
i s  thought  t o  be of some importance a t  5 1.1 and p o s s i b l y  o f  major  importance 

a t  s i z e s  4 1.1. 

4. 

The e f f e c t  

Recommended Assumptions f o r  Sub-lO p F r a c t i o n  and I t s  S i z e  D i s t r i b u t i o n  

I n  t h e  absence o f  a d d i t i o n a l  data,  recommended assumptions f o r  t h e  
sub-10 1.1 f r a c t  on a s  a f u n c t i o n  o f  impact  v e l o c i t y  a r e  g i v e n  i n  F i g u r e  39. 

O p t i m i s t i c  and p e s s i m i s t i c  bounds a r e  shown, corresponding t o  t h e  da ta  

s c a t t e r  l i m i t s  

It i s  r e c a l l e d  t h a t  t h e  s t a t e d  impact  v e l o c i t i e s  r e p r e s e n t  impact on to  an 

e s s e n t i a l l y  u n y i e l d i n g  t a r g e t .  

s i g n i f i c a n t l y ,  such as impact i n t o  s o i l  o r  impact i n  a p r o t e c t i v e  package, 

t h e  f o r c e - t i m e  h i s t o r i e s  may be g r e a t l y  changed. 
accordingly reduced t o  t h a t  r e s u l t i n g  from grani te  impact a t  a m u c h  lower 
e q u i v a l e n t  v e l o c i t y .  

Est imated magnitudes o f  p o s s i b l e  UFM e f f e c t s  a r e  inc luded.  

F o r  cases i n  which o t h e r  bodies deform 

Glass breakup may be 

I n  t h e  absence o f  a d d i t i o n a l  data,  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  
sub-10 p f r a c t i o n  may be taken f rom F i g u r e  36 o r  F i g u r e  37. 

a r e  seen t o  be n e a r l y  l i n e a r  on l o g a r i t h m i c  p r o b a b i l i t y  coord ina tes  i n  t h i s  

s i z e  range. 

The curves 

P a r t i c l e  shape f a c t o r s  and s i e v e  s i z e  t o  p a r t i c l e  s i z e  convers ion  

f a c t o r s  f o r  use i n  connect ion  w i t h  F i g u r e  39 a r e  d iscussed i n  t h e  n e x t  
s e c t i o n .  
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REPRESENTATIVE PARTICLE SHAPE; SURFACE AREA I N C R E A S E  

1 .  Representative Part ic le  Shape 

Precise interpretat ion of the foregoing s ize  dis t r ibut ion curves 
requires an assumption of par t ic le  shape. 
face area calculat ions.  

The shape also enters into sur- 

The glass par t ic les  produced by impact varied in shape from nearly 
spheric or cubic t o  plate- l ike.  
based on visual and photomicrographic observation. Photomicrographs of 
samples from two sub-5 1-1 f ract ions appear in Appendix B. 
dimensional representations,  the r a t i o  L 1 / L 2 ,  (longest dimension/inter- 
mediate dimension) was determined for  64 par t ic les  in the 2 t o  30 1-1 range 
of dimensions. The average r a t io  was 1 .7 : l .  The third dimension ( in to  
the photograph), L 3 ,  was assumed to  be the smallest (pa r t i c l e s  assumed t o  
be lying f l a t ) .  
visual examination of small par t ic les  t o  be 0.5. This average could con- 
ceivably range from 0.3 t o  0.7. For purposes of modeling the par t ic les  as 
a group, a l l  par t ic les  will subsequently be treated as smooth, rectangular 
parallelepipeds having dimensions in the r a t i o  of 1.7:l :0.5. 

A representative shape was formulated 

From these two- 

The average value of the r a t i o  L3/L2  was estimated from 

Surface areas calculated by means of t h i s  assumption of shape will be 
This i s  in dis t inct ion to  the termed herein "geometric surface a reas ."  

actual surface areas,  which include contributions of surface i r r e g u l a r i t i e s ,  
roughness, and porosity. Actual surface areas o f  common materials,  a s  
measured by means of gas  adsorption techniques, may be orders of magnitude 
higher t h a n  geometric surface areas.  However, because the glass par t ic les  
a re  re la t ive ly  smooth and nonporous, cognizant personnel project a r a t i o  
of from 2 to  10, with the lower value more probable. 

2 .  Relation of Par t ic le  Size t o  Sieve Size 

The essent ia l ly  continuous d is t r ibu t ion  of par t ic le  s ize  (not a log- 
normal d is t r ibu t ion)  will be approximated by a d iscre te  dis t r ibut ion in 
which a l l  the material which passes one sieve and i s  retained on the next 
smaller sieve i s  considered t o  be uniform in s ize .  The s i ze  representing 

/ \  
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t h i s  group o f  p a r t i c l e s  i s  taken t o  be t h e  a r i t h m e t i c  mean, L, o f  these two 

(square) s ieve  openings. (37y39) 
which i s  n o t  expected t o  i n t r o d u c e  s i g n i f i c a n t  e r r o r .  [The dimensions o f  

most consecut ive  s i e v e  openings a r e  i n  t h e  r a t i o  o f  2:1, g i v i n g  an a r i t h -  

m e t i c  mean o f  1.5. 

t h e  l oga r i t hms)  i s  1.41.1 

F i g u r e  40 i l l u s t r a t e s  t h e  assumption, 

The geometr ic  mean (based on t h e  a r i t h m e t i c  mean o f  

0 
V E I G H T  OF P A R T I C L E S  

FIGURE 40. I l l u s t r a t i o n  o f  S iev ing  Approx imat ion 

Re la ted  t o  t h e  above d i scuss ion  i s  t h e  f a c t  t h a t  a s ieve  cannot make 

a p e r f e c t l y  sharp separa t i on  The f r a c t i o n  o f  p a r t i c l e s  pass ing through 

Two s i m p l i f i e d  extreme cases w i l l  be examined t o  r e l a t e  p a r t i c l e  s i z e  

t o  t h e  s i z e  o f  t h e  square ho es i n  t h e  s ieve .  
h ighes t  p o s s i b l e  s i e v i n g  and shaking e f f e c t i v e n e s s .  Th is  case assumes 

t h a t  a1 1 o f  t he  r e c t a n g u l a r  para1 l e l e p i p e d  p a r t i c l e s  e v e n t u a l l y  become 

o r i e n t e d  so t h a t  t hey  can pass end-on through t h e  ( a r i t h m e t i c  mean) 

depends, among o t h e r  f a c t o r s  on t h e  d u r a t i o n  and manner o f  shaking. (38) 

One,extreme i n v o l v e s  t h e  
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s i e v e  opening o f  s i z e  L x L. 

w i l l  thus  b a r e l y  pass an RPEO p a r t i c l e  o f  dimensions 1.7L x L x 0.5L. 

The p a r t i c l e  s u r f a c e  area i s  6.1L2; t h e  mass i s  0.85 pL3; and t h e  r a t i o  

o f  these i s  7.2/(pL).  

T h i s  case i s  des ignated RPEO. The s i e v e  

The o t h e r  case i n v o l v e s  an ext remely low s i e v i n g  and shaking e f f e c -  

t i veness .  I n  t h i s  case, none o f  t h e  p a r t i c l e s  becomes o r i e n t e d  end-on. 

Instead,  a l l  p a r t i c l e s  a r e  assumed t o  pass through t h e  L x L s i e v e  opening 

sideways. For  t h i s  case, des ignated RPSW, t h e  s i e v e  w i l l  j u s t  b a r e l y  pass 

an RPSW p a r t i c l e  o f  dimensions L x 0.59L x 0.29L. 
area i s  2.1L2; t h e  mass i s  0.17pL3; and t h e  r a t i o  i s  12.4/ (pL) .  

The p a r t i c l e  s u r f a c e  

Because t h e  s i e v i n g  was accompanied by mechanical shak ing f o r  p e r i o d s  

on t h e  o r d e r  o f  an hour, t h e  a c t u a l  mode o f  p a r t i c l e  passage through t h e  

s ieves  was much c l o s e r  t o  t h e  RPEO case than t o  t h e  RPSW case. Both cases 

w i l l  be c a r r i e d  th rough t h e  a n a l y s i s ,  however, t o  p r o v i d e  p e r s p e c t i v e  on 

p o s s i b l e  e f f e c t s  o f  incomplete s e p a r a t i o n  i n  s i e v i n g .  

3. Procedure f o r  C a l c u l a t i n g  Geometric Sur face Area 

Approximate c a l c u l a t i o n s  o f  geometr ic  s u r f a c e  area were made, based 
on t h e  preceding approx imat ions and on t h e  concept  o f  s p e c i f i c  sur face,  

t h e  s u r f a c e  area p e r  u n i t  mass (A/M). 
a l l  o f  s i z e  1.7L x L x 0.5L, 

For any number, n, o f  RPEO p a r t i c l e s ,  

A - n 6.1 L2 - 7.2 - -  - -  
n 0.85pL PL 

as shown e a r l i e r .  The v a l u e  o f  L i s  t h e  a r i t h m e t i c  mean o f  t h e  two s i e v e  

dimensions bounding t h e  group o f  p a r t i c l e s .  
RPSW p a r t i c l e s  o f  s i z e  L x 0.59L x 0.29L, A/M = 12.4/(pL). 

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

S i m i l a r l y ,  f o r  any number o f  
I f  t h e r e  a r e  
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Each f r a c t i o n  i would have a d i f f e r e n t  va lue  o f  A/M; and f o r  a g i v e n  

f r a c t i o n ,  t h e  va lues o f  A/M d i f f e r  f o r  RPEO and RPSW p a r t i c l e s .  

For specimens e x h i b i t i n g  r e l a t i v e l y  l i t t l e  breakup, t h e  s u r f a c e  area 
o f  t h e  remain ing  unbroken m o n o l i t h  must be i n c l u d e d  i n  assessing post impact  

s u r f a c e  area. T h i s  q u a n t i t y  i s  approximated g e o m e t r i c a l l y  by 

2fy1*) + TD L MUB 
I I F  

AUB - 

where DI i s  t h e  pre impact  d iameter  o f  t h e  g l a s s  c y l i n d e r ,  LI and MI a r e  i t s  

i n i t i a l  l e n g t h  and weight ,  and MUB i s  t h e  we igh t  o f  unbroken g l a s s .  

r a t i o  o f  s u r f a c e  areas a f t e r  and b e f o r e  impact  i s  
The 

Anew - 1 A + AUB -- - 
*I A I  A I  

where 

AI = 2(':12)t - rDILI . 

4. Geometric Sur face Area Resu l ts  and Discuss ion 

F r a c t i o n a l  inc reases  i n  s u r f a c e  area, (Anew - AI)/AI, were c a l c u l a t e d  . 

f o r  a l l  l a r g e  specimens except  No. 3. Small specimens whose p a r t i c l e  

s i z e  d i s t r i b u t i o n  curves i n d i c a t e d  e i t h e r  t h e  g r e a t e s t  o r  t h e  l e a s t  breakup 

among specimens t e s t e d  a t  a g i v e n  v e l o c i t y  were a l s o  inc luded.  

a r e  presented i n  F i g u r e  41. 
men. 

model, w h i l e  t h e  RPEO model i s  represented  by t h e  lower  l i m i t .  

model more c l o s e l y  r e p r e s e n t s  a c t u a l  s i e v i n g  e f f e c t i v e n e s s .  

Resu l ts  I 

Each v e r t i c a l  da ta  l i n e  represents  one spec i -  

The upper l i m i t  o f  each l i n e  r e p r e s e n t s  t h e  area found w i t h  t h e  RPSW 
The l a t t e r  

Curves r e p r e s e n t i n g  p e s s i m i s t i c  and o p t i m i s t i c  p r e d i c t i o n s  bound t h e  

wide spread o f  data.  

about  which t h e  da ta  appeared t o  c l u s t e r .  

A bes t -es t imate  curve  was p l o t t e d  through p o i n t s  

Geometric area inc reases  a r e  

s t r o n g l y  a f f e c t e d  by v e l o c i t y ,  r a n g i n g  f rom a few percent  f o r  t h e  c o n t r o l s  

t o  f a c t o r s  o f  10 t o  100 a t  117 f p s .  
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0 LARGE SPECIMENS 

SMALL SPECIMENS I (DATA EXTREMES AT EACH VELOCITY) 
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FIGURE 41. F r a c t i o n a l  Increase i n  Geometric Sur face Area 

Comparisons on t h e  bases o f  t e s t  temperature,  waste form and c a n i s t e r  

s i z e  l e a d  t o  t h e  same con'c lusions reached f o r  p a r t i c l e  s i z e  d i s t r i b u t i o n .  
No c o n s i s t e n t  e f f e c t  of waste form was observed f o r  t h e  smal l  specimens. 

D e v i t r i f i e d  waste produced s l i g h t l y  more su r face  than d i d  g lassy  waste 

i n  t h e  l a r g e  specimens. E levated- temperature t e s t i n g  l e d  t o  c o n s i s t e n t l y  

h ighe r  su r face  areas.  Th is  r e s u l t e d  f rom t h e  inc reased q u a n t i t y  o f  p a r t i -  

c l e s  < lo0  p; t he  q u a n t i t y  o f  p a r t i c l e s  $100 1-1 was n o t  markedly a f f e c t e d  by 
t e s t  temperature.  F i n a l l y ,  no c o n s i s t e n t  e f f e c t  o f  specimen s i z e  was 

apparent  when t h e  da ta  were p l o t t e d  on a f r a c t i o n - o f - i n v e n t o r y  bas i s .  
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5. Scaling 

Extensive theoretical  derivations o r  predictions of impact behavior 
are beyond the scope of t h i s  report .  
t e s t  r e su l t s .  Theoretical models, especially those n o t  incorporating 
empirically determined constants, have generally had limited success in 
predicting complex impact phenomena. 
ably i n  t he i r  predictions.  Furthermore, d a t a  presented herein indicate 
t h a t  specimens fabricated and tested under supposedly identical  conditions 
can give resu l t s  which vary s ignif icant ly .  However, dimensio’nal analysis 
incorporating empirical determination of the constants which a r i s e  has had 
some success i n  predicting impact behavior. ( l o y l l  y 1 4 y 1 5 )  For t h i s  reason 
scaling i s  br ie f ly  discussed i n  terms of t h i s  analytical too l .  

The objective i s  only t o  report the 

Available theories d i f f e r  consider- 

Duffey (25)  performed a dimensional analysis for  mu1 t i layered fuel 
capsules subjected t o  impact and  other mechanical loadings, as well as  
thermal loading. 
the requirements for  scaling t e s t  conditions and r e su l t s  from small models 
to fu l l - s i ze  specimens. 
b u t  are constructed of identical  materials matches the present t e s t s .  Under 
such conditions, i t  appears possible t o  s a t i s f y  a l l  of the TI-number require- 
ments except the one involving s t r a in  r a t e  e f f ec t s ,  which resu l t s  i n  con- 
t radictory requirements unless the specimens are  identical  in s ize .  The 

A s e t  of 19 dimensionless IL-numbers was derived t o  express 

The s i tua t ion  in which specimens d i f f e r  in s ize  

strength of 304L s ta in less  i s  n o t  highly sensi t ive t o  s t r a in  r a t e  a t  the 
temperatures of i n t e r e s t  fo r  t h i s  study. (17)  The s t ra in- ra te  dependence of 
the glass behavior i s  unknown. 

In certain respects,  the two impact t e s t  models differed from the 
representative ful l - s i ze  canis ter  a f t e r  which they were designed. I n  
these respects the IL-numbers for  the two t e s t  models would not match the 
corresponding values for  fu l l  -size specimens. The d i f f i cu l ty  of elevated- 
temperature, high-speed tes t ing  of small specimens of the proper L / D  r a t io  
has been mentioned. The small specimens were impacted a t  a somewhat d i f -  
ferent  angle than t h a t  fo r  the large specimens. 
scaled. 
port or the temperature prof i le  of a self-heating, fu l l - s i ze  canis ter .  

Targets were not precisely 
Neither smal 1 nor large specimens dupl icated e i the r  the f i l l  i n g  
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However, t h e  r e s u l t s  o f  t h e  c o n t r o l  t e s t s  and o f  comparisons between s m a l l  

and l a r g e  c a n i s t e r  data i m p l y  t h a t  these d e f i c i e n c i e s  were probab ly  n o t  

s e r i o u s  w i t h i n  t h e  c o n t e x t  o f  t h e  present  t e s t s .  The s c a t t e r  e v i d e n t  i n  

t h e  r e p r o d u c i b i l  i ty t e s t s  suppor ts  t h i s  i n f e r e n c e  (compare smal l  spec i -  

mens 4, 23 and 24  i n  Appendix A) .  

A d d i t i o n a l  ' d i f f i c u l t i e s  a r i s e  i f  t h e  dimensional  a n a l y s i s  i s  extended 

t o  focus on the  g lass  breakup. Tsa i  (26) has no ted  a II-number i n v o l v i n g  

t h e  g lass  s u r f a c e  energy which a p p a r e n t l y  cannot be s a t i s f i e d  unless bo th  

models a r e  t h e  same s i z e .  However, t h e  o v e r l a p  o f  s u r f a c e  area data o f  

t h e  l a r g e  and smal l  t e s t  specimens ( F i g u r e  41) i n d i c a t e s  aga in  t h a t  t h i s  

d e f i c i e n c y  was probab ly  n o t  s e r i o u s  compared w i t h  t h e  data s c a t t e r .  

T s a i ' s  hypothes is  i l l u s t r a t e s  t h e  d i f f i c u l t i e s  of  s c a l i n g  p a r t i c l e  

r e s u l t s .  

and they  a r e  m u t u a l l y  c o n t r a d i c t o r y .  ( 2 3 )  The o l d e r  and more w i d e l y  accepted 
i s  t h e  R i t t i n g e r  theory ,  which s t a t e s  t h a t  t h e  work consumed f o r  r e d u c t i o n  

o f  p a r t i c l e  s i z e  i n  homogeneous m a t e r i a l s  i s  d i r e c t l y  p r o p o r t i o n a l  t o  the  
new s u r f a c e  produced. 

hav ing  few s i g n i f i c a n t  h e t e r o g e n e i t i e s  :l p i n  s i z e .  

t h e  s c a l e  of s i g n i f i c a n t  h e t e r o g e n e i t y  would be smal le r . )  The K ick  t h e o r y  
s t a t e s  t h a t  t h e  work r e q u i r e d  f o r  c r u s h i n g  a g i v e n  q u a n t i t y  o f  homogeneous 

m a t e r i a l  i s  c o n s t a n t  f o r  t h e  same s i z e  r e d u c t i o n  r a t i o ,  r e g a r d l e s s  o f  the  
o r i g i n a l  s i z e .  A u n i f y i n g  t h i r d  theory ,  i n t e r m e d i a t e  between these, has 

been proposed (23) more r e c e n t l y .  

There a r e  two b a s i c  t h e o r i e s  o f  comminution, o r  p u l v e r i z a t i o n ,  (391 

(The d i v i t r i f i e d  g l a s s  c o u l d  be c h a r a c t e r i z e d  as  

I n  t h e  g l a s s y  s t a t e  

I t can be shown t h a t  t h e  t h e o r i e s  o f  K ick  and o f  R i t t i n g e r  have q u i t e  
d i f f e r e n t  i m p l i c a t i o n s  f o r  s c a l i n g  p a r t i c l e  s i z e  r e s u l t s  f rom smal l  t e s t  

specimens t o  l a r g e r  f u l l - s i z e  specimens o f  i d e n t i c a l  geometry under i d e n t i -  

c a l  t e s t  c o n d i t i o n s .  For  i l l u s t r a t i n g  t h i s ,  i t  i s  assumed t h a t  t h e  impact 

i s  severe and t h a t  a l l  p a r t i c l e s  produced f rom breakup o f  a g i v e n  specimen 

a r e  i d e n t i c a l  i n  s i z e  and shape. 

specimens i s  taken t o  be X E Lfs/Lt, where Lfs  and Lt a r e  dimensional  mea- 
sures o f  t h e  f u l l - s i z e  and, t e s t  specimens, r e s p e c t i v e l y .  Under these con- 

d i t i o n s  R i t t i n g e r ' s  Law p r e d i c t s  t h a t  t h e  p a r t i c l e s  f rom t h e  t e s t  specimcn 

w i l l  be t h e  same s i z e  as those f rom t h e  f u l l - s i z e  specimen, b u t  t h a t  t h e  

The s c a l e  r a t i o  o f  t h e  l a r g e  and smal l  
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The f a c t  t h a t  c o n f l i c t i n g  behav io r  i s  i m p l i e d  i n  t h e  two comparisons 

above leads  one t o  b e l i e v e  t h a t  conc lus ions  r e g a r d i n g  s c a l i n g  laws a r e  n o t  

j u s t i f i e d  on t h e  b a s i s  o f  t h e  l i m i t e d  and s c a t t e r e d  da ta  a v a i l a b l e .  ( I t  i s  

u n l i k e l y  t h a t  t h e  e f f e c t s  o f  d i f f e r e n c e s  i n  geometry and s i z e  o f  t h e  two 

t e s t  models would j u s t  c o u n t e r a c t  each o t h e r ,  bo th  i n  p a r t i c l e  s i z e  d i s t r i -  

b u t i o n  and i n  s u r f a c e  area inc rease. )  

any e r r o r  i n  s c a l i n g  t h e  r e s u l t s  up t o  f u l l - s i z e  specimens w i l l  be smal l  

compared w i t h  t h e  s c a t t e r  among specimens o f  t h e  same s i z e .  

However, i t  seems s a f e  t o  say t h a t  

I 

c 
3 l a t t e r  specimen w i l l  have A t imes as many p a r t i c l e s .  

e s s e n t i a l l y  t h e  o p p o s i t e  s c a l i n g  e f f e c t :  equal numbers o f  p a r t i c l e s  w i l l  

r e s u l t ,  b u t  each p a r t i c l e  f rom t h e  f u l l - s i z e  specimen w i l l  be h t imes t h e  

s i z e  o f  t h e  p a r t i c l e s  f rom t h e  t e s t  specimen. 

K i c k ' s  Law p r e d i c t s  

P a r t i c l e  s i z e  d i s t r i b u t i o n s  f rom t h e  smal l  and l a r g e  specimens o f  t h e  

p r e s e n t  t e s t s  have been p l o t t e d  t o g e t h e r  on a we igh t  f r a c t i o n  b a s i s .  

W i t h i n  t h e  u n c e r t a i n t y  o f  t h e  data,  t h e r e  was no apparent e f f e c t  o f  spec i -  

men s i z e  on t h e  r e s u l t s .  T h i s  conc lus ion  would t e n d  t o  suppor t  t h e  v a l i d -  

i t y  o f  R i t t i n g e r ' s  Law f o r  these t e s t  c o n d i t i o n s  and m a t e r i a l s .  (As men- 

t i o n e d  p r e v i o u s l y ,  t h e  l a r g e  and smal l  specimens were i d e n t i c a l  i n  r a d i u s /  

t h i c k n e s s  r a t i o ,  b u t  n o t  i n  length /d iameter  r a t i o . )  

r e s u l t s  f o r  f u l l - s c a l e  specimens would n o t  be expected t o  show s i g n i f i c a n t  
e f f e c t s  of specimen s i z e .  
much g r e a t e r  s i z e  d i f f e r e n c e  between smal l  and l a r g e  t e s t  specimens than 

between l a r g e  t e s t  specimens and f u l l - s i z e  specimens. 

On t h i s  bas is ,  t h e  

T h i s  i s  e s p e c i a l l y  t r u e  because t h e r e  was a 

I t  can a l s o  be shown t h a t  K i c k  and R i t t i n g e r  p r e d i c t  d i f f e r e n t  s c a l i n g  

laws f o r  p a r t i c l e  surface areas. 

(Afs/Afso)/(A /A  ) i s  u n i t y .  t t o  
r e s p e c t i v e l y ,  f u l l - s i z e  specimen, t e s t  specimen, and pre,impact c o n d i t i o n s .  

R i t t i n g e r  p r e d i c t s  a v a l u e  of  X f o r  t h i s  r a t i o .  Again, common p l o t t i n g  o f  
t h e  l i m i t e d  comparable da ta  from l a r g e  and smal l  t e s t  specimens shows no 

c o n s i s t e n t  d i f f e r e n c e  w i t h i n  t h e  da ta  s c a t t e r .  T h i s  c o n c l u s i o n  tends t o  

suppor t  t h e  v a l i d i t y  o f  t h e  K i c k  theory .  

K i c k  p r e d i c t s  t h a t  t h e  s u r f a c e  area r a t i o ,  

Here t h e  s u b s c r i p t s  fs, t, and o denote, 
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6. Shape Conversion Fac tors  f o r  Use w i t h  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  Curves 

The r e s u l t s  o f  subsect ions 1 and 2 immediate ly  p reced ing  can be used 
t o  i n t e r p r e t  more p r e c i s e l y  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  curves.  

p a r t i c l e s  a r e  taken t o  be 1.7 x 1.0 x 0.5 r e c t a n g u l a r  p a r a l l e l e p i p e d s .  

The f i n e s  f r a c t i o n  r e t a i n e d  between two consecut ive s i e v e  s i z e s  (e.g., 
20 p and 10 11) i s  based on t h e  a r i t h m e t i c  mean, L, o f  t h e  two s i e v e  dimen- 

s ions  (e.g., 15 p). See F i g u r e  40. The RPEO model o f  p a r t i c l e s  pass ing  

end-on th rough t h e  s ieves  i s  t h e  b e t t e r  o f  t h e  extreme cases and g i v e s  

p a r t i c l e s  o f  dimensions 1.7L x L x 0.5L. The RPSW sideways passage model 
leads  t o  p a r t i c l e s  o f  dimensions L x 0.59L x 0.29L. 

A l l  

In t h e  case o f  t h e  f i n e s  f r a c t i o n  s m a l l e r  t h a n  t h e  s m a l l e s t  s i e v e  

s i z e ,  say 1 0  1-1, t h e  above procedure f o r  c a l c u l a t i n g  L f a i l s .  

m o d i f i c a t i o n  i s  t h i s  procedure:  

d i s t r i b u t i o n  curve  i n  t h e  smal l  p a r t i c l e  r e g i o n ,  then e x t r a p o l a t e  t h e  

curve; 2 )  imagine t h e  i m p o s i t i o n  o f  success ive s ieves  o f  s m a l l e r  and 

s m a l l e r  s i z e  (e.g., 5 p, 2.5  1.1, 1.25 1-1, . . . ) ;  3)  app ly  t h e  prev ious  r u l e  

f o r  c a l c u l a t i n g  L; 4 )  read o f f  t h e  curve t h e  we igh t  f r a c t i o n  between t h e  

two h y p o t h e t i c a l  s i e v e  s izes ;  5 )  con t inue t h e  process u n t i l  t h e  d e s i r e d  

l o w e r  l i m i t  o f  dimensions o r  we igh t  o f  p a r t i c l e s  <s s a t i s f i e d .  See a l s o  

Reference 39. T h i s  procedure r e q u i r e s  no assumption o f  p a r t i c l e  s i z e  
d i s t r i b u t i o n .  Instead,  e x t r a p o l a t i o n s  of  t h e  a c t u a l  p a r t i c l e  data (which 

w i t h i n  t h e  exper imenta l  accuracy, do n o t  appear t o  f o l l o w  c l o s e l y  any 
common mathematical f o r m u l a t i o n )  a r e  used. 

A p o s s i b l e  

1 )  examine t h e  s lope and c u r v a t u r e  o f  t h e  
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11.0 USE OF THE RESULTS'IN ANALYSIS OF RADIOLOGICAL HAZARDS 

The u l t i m a t e  o b j e c t i v e  o f  t h e  impact s tudy was t o  p r o v i d e  i n f o r m a t i o n  

f o r  e s t i m a t i n g  r a d i o l o g i c a l  hazards o f  p o t e n t i a l  a c c i d e n t  sequences. How- 

ever,  t h e  da ta  f rom t h i s  s tudy a r e  n o t  immediate ly  usab le  f o r  d i r e c t  c a l c u l a -  
t i o n  o f  r a d i o l o g i c a l  hazards. Many impor tan t  processes must occur  f o l l o w i n g  

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

r a d i o l o g i c a l  exposure o f  man can r e s u l t .  Th is  s e c t i o n  enumerates these 

i n t e r m e d i a t e  processes, b r i e f l y  descr ibes a n a l y t i c a l  techniques f o r  model ing 

them and d iscusses post - impact  g l a s s  c h a r a c t e r i s t i c s  which i n f l u e n c e  t h e  
r e s u l t i n g  exposure. Pathways i n v o l v i n g  a i r b o r n e  t r a n s p o r t  and groundwater 

t r a n s p o r t  a r e  inc luded.  

CONSIDERATIONS I N  ANALYSIS OF THE AIRBORNE PATHWAY 

1. R e l a t i o n s h i p s  Between t h e  P r o p e r t i e s  o f  A i rborne  P a r t i c l e s  and t h e  

P h y s i o l o g i c a l  A t t r i b u t e s  o f  Man 

Al though r a d i a t i o n  damage can r e s u l t  f rom h i g h l y  r a d i o a c t i v e  a i r b o r n e  

p a r t i c l e s  which s e t t l e  on to  t h e  s k i n ,  t h i s  p o t e n t i a l ' i s  g e n e r a l l y  secondary 

i n  importance t o  i n h a l a t i o n .  From t h e  lung,  t h e  p a r t i c l e s  o r  a f l u i d  con- 
t a i n i n g  t h e  d i s s o l v e d  p a r t i c l e s  can move t o  o t h e r  body s i t e s .  

Man's r e s p i r a t o r y  system has a complex s t r u c t u r e  which tends t o  t r a p  
The system i s  b a s i c a l l y  composed o f  nasopha- p a r t i c l e s  o f  c e r t a i n  s i z e s .  

ryngeal  (N-P) , t racheobronch ia l  (T-B) , and pulmonary ( P )  compartments. The 

N-P i n c l u d e s  nose, mouth, and a i r  passageways t o  t h e  t r a c h e a l  entrance; t h e  
T-B i n c l u d e s  t rachea and bronchi ;  and P i n c l u d e s  bronch io les ,  a l v e o l a r  duc ts  

and a l v e o l a r  sacs. Because t h e  dimensions, a i r  f l o w  r a t e s ,  and f u n c t i o n s  a r e  
d i f f e r e n t  i n  each compartment, t h e  f a t e  and e f f e c t s  o f  a p a r t i c l e  e n t e r i n g  

t h e  r e s p i r a t o r y  system depend on i t s  s i z e ,  mass, s o l u b i l i t y  and o t h e r  chemi- 

c a l  p r o p e r t i e s ,  and t h e  i s o t o p e s  present .  
r e t e n t i o n  and t r a n s f e r  t o  c r i t i c a l  body organs. The h a l f - l i f e  o f  t h e  r a d i o -  

n u c l i d e s  i n  t h e  p a r t i c l e ,  energy p e r  d i s i n t e g r a t i o n ,  and r a d i a t i o n  t y p e  a r e  

i m p o r t a n t  i n  de termin ing  b i o l o g i c a l  s i g n i f i c a n c e .  

c l e  s i z e  o n l y  i s  addressed here. 

These p r o p e r t i e s  a f f e c t  d e p o s i t i o n ,  

The s i g n i f i c a n c e  o f  p a r t i -  
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Figure 42 shows the lung deposition s i t e  and the estimated fract ion 

of various s ize  par t ic les  deposited. (40) Aerodynamic equivalent diameter 
(diameter of a unit  density sphere with the same se t t l i ng  velocity and 
other aerodynamic properties as the par t ic le  in question) i s  the abscissa. 
Par t ic les  of the same geometric diameter may d i f f e r  greatly in aerodynamic 
behavior due t o  differences in density. 
larger  than 7 1-1 a re  trapped i n  the N-P region, whereas most of the submicron 
par t ic les  a re  retained in the two lung compartments. Thus i t  i s  important 
i n  the hazard evaluation to know the s ize  d is t r ibu t ion ,  density, and shape 
of airborne par t ic les  which are  susceptible to inhalation. 

Figure 42 shows t h a t  par t ic les  
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FIGURE 42. Calculated Deposition of Par t ic les  in Nasopharyngeal 
(N-P)  , Tracheobronchial ( T - B ) ,  and Pulmon r ( P )  c Compartments, Relative to  Number Inhaled. ‘1411 1 
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Once in the lung, radioactive par t ic les  i r r ad ia t e  local t i s sue  and  
adjacent organs. The par t ic les  may be dissolved and transferred t o  the 
b lood  and other organs, be swept o u t  of the l u n g  by the c i l i a t ed  epithelium 
and delivered t o  the GI t r a c t ,  or be engulfed in phagocytes and moved into 
the lymph systeni. 

2 .  Par t ic le  Resuspension, Transport ,  Modification, and  Removal by 
Atmospheric Processes 

Between the accident s i t e  and man's location, atmospheric processes 
may markedly change the concentration and nature of par t ic les  released in 
an accident. 

If a severe impact were t o  breach a waste container,  material could 
be quickly sent into the a i r  in the near vicini ty .  
c les  ( S O  11) will soon s e t t l e  back t o  the ground. Attempts t o  quantitatively 
assess entrainment i n  the in i t i a t ing  event wi l l  be f rus t ra ted  by lack o f  

information of par t ic le  behavior a s  well as the gross assumptions needed for  
the accident scenario. 

Dense and coarse p a r t i -  

Small par t ic les  airborne in the accidental release will remain a i r -  
borne, a t  l ea s t  for  a period, and permit the wind t o  carry and  diffuse them 
downwind. Par t ic le  concentration will decrease with distance due t o  t u r b u -  
l en t  diffusion. Models are  available fo r  estimating ground-level concen- 
trations downwind. (41 Depending on atmospheric stability and windspeed, 
downwind concentrations can vary several orders of magnitude. 
fore  necessary t o  specify the location and atmospheric conditions prevailing 
a t  the time and place of the accident, and the distance downwind a t  which 
an individual i s  located. 

I t  i s  there- 

Par t ic les  deposited on surfaces may subsequently become airborne and 
cons t i tu te  a secondary source. Resuspension ra tes  of lom8 t o  10-l' per 
second a re  typical , depending on wi ndspeed. (42 1 

Precipitation will clean the a i r  of par t ic les  and must be considered 
as a possible modifier of par t ic le  s i ze  and concentration. 
t ions in the atmosphere may involve gas-particle interact ions,  solution in 

Other modifica- 
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ra indrops ,  condensat ion o f  mo is tu re ,  p a r t i c l e - p a r t i c l e  c o l l i s i o n s ,  s u b l i -  

mat ion,  and e l e c t r i c a l  charge e f f e c t s .  

Aerodynamic and o t h e r  p r o p e r t i e s  of p a r t i c l e s  a t  t he  source d u r i n g  an 

acc iden t  a r e  impor tan t ,  y e t  t h e  fo rego ing  discu'ssion shows t h a t  mod i f i ca -  

t i o n s  w i l l  occur p r i o r  t o  c o n t a c t  w i t h  man. Measurement o f  g lass  p a r t i c l e  
s i zes  i n  t h i s  s tudy  prov ides  e s s e n t i a l  i n f o r m a t i o n  f o r  t h e  u l t i m a t e  conse- 

quences assessment, b u t  i s  o n l y  one o f  many necessary elements. Source 
p a r t i c l e s  l a r g e r  than 10 1-1 can be l a r g e l y  ignored as an a i r b o r n e  hazard 

f o r  p h y s i o l o g i c a l  reasons and f rom r e c o g n i t i o n  t h a t  p a r t i c l e s  l a r g e r  than 
t h i s  a r e  r a p i d l y  removed i n  atmospheric processes. 

CONSIDERATIONS I N  ANALYSIS OF THE GROUNDWATER PATHWAY 

The groundwater pathway of  r a d i o n u c l i d e s  t o  man i n v o l v e s  t h r e e  phases 

which ove r lap  i n  t ime.  
water  a f t e r  containment f a i l u r e ,  w i t h  consequent l each ing  and d i s s o l u t i o n .  

The second i s  m i g r a t i o n  o f  d i s s o l v e d  n u c l i d e s  th rough t h e  s o i l  t o  su r face  

water.  

a c t i o n  w i t h  man. 

The f i r s t  i s  c o n t a c t  o f  t h e  waste by f l o w i n g  ground- 

The t h i r d  i n c l u d e s  pathways o f  n u c l i d e s  f rom sur face  water t o  i n t e r -  

1. Leaching and D i s s o l u t i o n  o f  Nuc l ides  

A p o s t u l a t e d  i n c i d e n t  may i n v o l v e  breach o f  con ta ine rs  o f  s o l i d i f i e d  
Groundwater con tac ts  t h e  waste and leach ing  

Leaching can then r e s u l t  f rom c o n t a c t  w i t h  t h e  su r face  

waste deep w i t h i n  t h e  ea r th .  

begins.  

i n  su r face  water .  

water  o r  w i t h  p r e c i p i t a t i o n  and r u n o f f .  

way i n t o  t h e  groundwater e i t h e r  by way o f  su r face  water  o r  by f l o w  down 

th rough t h e  s o i l .  

A1 t e r n a t i v e l y ,  a c o n t a i n e r  may be breached, above ground, p o s s i b l y  

The d i s s o l v e d  n u c l i d e s  f i n d  t h e i r  

The leach ing  o f  n u c l i d e s  f rom t h e  waste m a t e r i a l  i s  governed by two 

mechanisms. The f i r s t ,  which accounts f o r  a h i g h  i n i t i a l  l each  r a t e ,  i s  

d i f f u s i o n  o f  i n d i v i d u a l  n u c l i d e s  f rom t h e  i n t e r i o r  o f  t h e  waste t o  t h e  sur -  

face, where they  a r e  r i n s e d  o f f  and d i s s o l v e d  by water.  

slows due t o  fo rma t ion  o f  a su r face  boundary l a y e r ,  d e f i c i e n t  i n  f r e e  

n u c l i d e  i ons ,  which r e t a r d s  subsequent m i g r a t i o n  t o  t h e  sur face.  

Th is  process soon 

When t h i s  
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boundary layer has effectively halted nuclide diffusion, the second mecha- 
nism, dissolution of the waste material i t s e l f ,  controls the leach rate .  
For periods during which the re la t ive  change in surface area i s  small, the 
cumulative amount leached a t  time t i s  approximated by At’’2 + B t ,  where 
A i s  considerably greater than B. 
the l inear  term, dissolution. The required time for  leaching of nuclides 
varies from a very short period t o  thousands of years. I t  depends on the 
groundwater composition: the waste incorporation material (borosi 1 i ca te  
glass ,  calcine,  e t c . ) ,  and the degree of fracturing of the waste material 
prior t o  or during the incident. 
surface area a re  thus important parameters. 

The square roo t  term represents diffusion; 

The par t ic le  s ize  dis t r ibut ion and to ta l  
l9 

The release r a t e  of nuclides into groundwater may o r  may n o t  s ign i f i -  
cantly a f fec t  the intensi ty  of exposure of man, depending on the second 
phase of the pathway. 

2. Migration of Nuclides T h r o u g h  Soil t o  the Surface Water 

Migration of nuclides t h r o u g h  the s t r a t a  and soi l  column t o  surface 
water i s  controlled by convection, dispersion, adsorption, and radioactive 
decay. 
a t  the same speed and direction as the water. Dispersion refers  t o  mixing 
of the waste solution with the solution located ahead of and behind i t  in 
the so i l  column. Adsorption refers  t o  ion-exchange interaction between the 
nuclides and the s t r a t a  or  so i l  par t ic les .  
the par t ic le  surfaces until  displaced by fur ther  ion exchange and dissolved 
back in to  the groundwater. Radioactive decay occurs continuously t h r o u g h o u t  
the en t i r e  process. Effective transport  ra tes  of radionuclides t o  surface 
water can be reduced s ignif icant ly  by retardation from adsorption and dis-  
persion and by disappearance due t o  radioactive decay. 

One dimensional migration of the i t h  member of a radionuclide chain 
i s  described by a s e t  of i l inear  par t ia l  d i f fe ren t ia l  equations (43  ) ba sed 
on a material balance of the i t h  chain member and of a l l  preceding chain 
members j over a d i f fe ren t ia l  volume o f  the soil column. Each equation 

Convection re fers  t o  bulk flow of nuclides dissolved in groundwater, 

The nuclides a re  retained on 
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j (where 1 I j 5 i )  of  the s e t  includes terms representing the net change 
i n  j inventory from dispersion, convection, adsorption, disappearance by 
decay and appearance from decay of the preceding chain member. The equa- 
tions are  solved subject t o  proper boundary conditions. 
describes the inventory of nuclides a t  any time and a t  any point along the 
so i l  column, i'ncluding the point of release t o  surface water. 

The solution 

3. Pathways o f  Nuclides from Surface Water t o  Man 

Entrance of nuclides into surface water begins the third phase. This 
phase involves an in t r i ca t e  biological network of retention and concentra- 
t ion i n  plants and animals in man's food'chain, as well as a d i rec t  route 
to  man via consumption of surface o r  well water and via recreational ac t iv i -  
t i e s  such a s  swimming and boating. 
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APPENDIX A 

PARTICLE SIZE DISTRIBUTION TABLE 

LARGE SPECIMEN 
Percent o f  Inventory < Stated Sieve S i z e  

S i  eve 
S ize ,  p 

1700 
841 
420 
210 
149 
74 
44 
37 
20 
10 
5 

3= 
d 

Specimen Number 
1 2 3(aI 4 5 6 

0.00377 1.35 - 0.071 0.027 0.112 
- - - - 0.87 - 

- 0.51 - - - 
0.00024 0.27 0.00056 0.00066 0.00059 0.016 
0.0001 4 0.18 0.00029 0.00032 0.00034 0.010 
0.000037 0.083 0.000137 0.000075 0.00011 0.0044 

- - - - - 0.048 
0.00000023 0.040 0.000024 0.0000021 0.000016 0.0018 

0.013 0.0000027 0.0000029 0.00042 
0.0025 O.OOOO42 
0.000065 0.000001 7 

SMALL SPECIMENS 

Percent o f  Inventory < Sta ted  Sieve Size 
Sieve Specimen Number 

S ize ,  p 1 4 5 6 7 8 9 10 
1651 - 15.3 19.9 23.3 - - - - 
84 1 - 10.2 13.0 13.6 - - - - 
420 - 7.6 9.7 8.5 
210 0.0025 2.8 3.1 3.4 0.33 0.61 0.20 0.19 
149 0.0019 2.2 2.2 2.3 0.22 0.43 0.14 0.13 
74 0.001 1 1.4 1.2 - -  1.2 0.10 -0.20 - 0.076 0.061 
37 0.00057 0.49 0.36 0.44 0.029 0.054 0.024 0.015 
20 0.17 0.12 0.18 0.0019 0.0051 0.0013 0.0008 
10 0.000068 0.0022 0.017 0.0022 0.00092 

- - - - 

5 0.0012 0.00077 0.00030 
Sieve 

S ize ,  p 
1651 
841 
420 
210 
149 
74 
37 
20 
10 
5 

Specimen Number 
1 1  12 13 14 15 16 17 18 

- - - - - - - 
0.047 0.030 0.00087 0.72 1.20 0.42 0.31 0.015 
0.038 0.021 0.00084 0.56 0.94 0.35 0.24 0.01 1 
0.026 0.010 0.00051 0.33 0.57 
0.017 0.0017 0.00033 0.13 0.24 0.088 
0.0072 0.00009 3 - 0.036 0.076 0.029 0.0098 
0.00041 0.00018 0.0028 0.0083 0.0017 0.00056 

0.21 0.14 0.0052 
0.00097 0.052 

0.00055 
-. ___-Ci..e_v_e __ . . -. Speci_mn_N umber - 

Size,  p 19 20 21 22 2 3 W  24(b) 
1651 - 
841 - 
420 - 
210 0.054 
149 0.036 
74 0.015 
37 0.0019 
20 0.00062 
10 0.0001 
5 

- 
- 
- 

0.055 
0.037 
0.016 
0.0012 
0.00013 

- - 17.2 

- - 10.7 
- - 7.1 

0.013 0.00076 4.6 
0.0092 0.00047 3.6 
0.0038 0.0001 4 1.8 
0.00004 0.66 

0.18 
0.025 
0.0023 

18.5 

10.5 
6.4 
3.5 
2.5 
1.3 
0.4 
0.11 
0.018 
0.0026 

a. Results incomplete - f i n e s  a t  bottom end n o t  included. 
b. Large sieve s izes  were 1700, 850, 425, and 212 p, r a t h e r  than 1651, 

841, 420, and 210 p. 
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APPENDIX B 

DATA FROM S I Z E  SAMPLING WITH MICROSCOPE 

LARGE SPECIMEN 2 ,  <5 1-1 SIEVE FRACTION 

P a r t i c l e  
Size,(a) 1-I 

>5 
3- 5 

1-3 
<1 

SMALL SPECIMEN 5, <5 1-1 SIEVE FRACTION 

P a r t i c l e  
Size,(a) 1-1 

>5 

3-5 
1-3 
il 

Number o f  
P a r t i c l e s  

54 
73 

57 
16 

200 

Number o f  
P a r t i c l e s  

61 

80 

52 

7 

200 
- 

~ ~~ 

a. Equ iva len t  c i r c u l a r  dimension. 

B. 1 



300X 

1 ooox 

FIGURE B . l .  Photomicrographs of a Sample from the <5 p Fraction 
of Large Test Specimen 2 
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FIGURE 8.2. Photomicrographs o f  a Sample from the <5 Fraction 
of  Small Test Specimen 5 
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