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ABSTRACT 

I n  s i t u  v i t r i f i c a t i o n  ( ISV) i s  a  process whereby j o u l e  hea t i ng  immob i l i zes  

contaminated s o i l  i n  p l ace  i n t o  a  durab le  g lass and c r y s t a l l i n e  waste form. 

Numerous t echno log i ca l  advances made d u r i n g  t h e  pas t  t h r e e  years  i n  t h e  design, 

f a b r i c a t i o n ,  and t e s t i n g  o f  t h e  ISV process a r e  discussed. Performance 

a n a l y s i s  of I S V  focuses on process equipment, element r e t e n t i o n  ( i n  t h e  

v i t r i f i e d  s o i l  d u r i n g  p rocess ing) ,  me l t  geometry, depth moni tors ,  and 

e lec t rodes .  The types  o f  s o i l  and waste processed by I S V  a re  eva lua ted  as 

process parameters. Economic data p rov ide  t h e  p roduc t i on  cos ts  of t h e  l a r g e -  

sca le  u n i t  f o r  r a d i o a c t i v e  and hazardous chemical wastes (wet and d ry ) .  The 

p rocess ing  o f  t r a n s u r a n i  c-contami nated s o i  1  s  a re  d iscussed w i t h  respec t  t o  

occupat iona l  and p u b l i c  sa fe t y .  A l t e r n a t i v e  a p p l i c a t i o n s  and ope ra t i ng  

sequences f o r  v a r i  ous waste s i t e s  a re  i d e n t i f i e d .  The techno1 og i  c a l  data base 

warrants  conduc t ing  a  l a rge -sca le  r a d i o a c t i v e  t e s t  a t  a  contaminated s o i l  s i t e  

a t  Hanford t o  p rov ide  a  r e p r e s e n t a t i v e  waste fo rm t h a t  can be eva lua ted  t o  

determine i t s  s u i t a b i  1  i t y  f o r  i n -p l ace  s t a b i  1  i z a t i o n  of  t r a n s u r a n i c -  

contaminated s o i  1  s. 
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EXECUTIVE SUMMARY 

I n  s i t u  v i t r i f i c a t i o n  ( ISV)  i s  an emerg ing t e c h n o l o g y  t h a t  c o n v e r t s  

con tamina ted  s o i l s  i n t o  a  d u r a b l e  g l a s s  and c r y s t a l l i n e  waste  form i n  p l a c e .  

I n  s i  t u  v i t r i f i c a t i o n  i s  based on t h e  j o u l e - h e a t i n g  p r i n c i p l e  used b y  e l e c t r i c  

me1 t e r  t e c h n o l o g y  deve loped a t  P a c i f i c  Nor thwest  L a b o r a t o r y  (PNL) f o r  t h e  

immobi l i z a t i o n  o f  h i g h - l e v e l  n u c l e a r  waste ( B u e l t  e t  a1 . 1979).  I n  s i t u  v i t r i -  

f i c a t i o n  was i n i t i a l l y  t e s t e d  by r e s e a r c h e r s  a t  PNL i n  August 1980. S ince  t h e n  

ISV has grown f rom a  concept  t o  an emerg ing t e c h n o l o g y  t h r o u g h  a  s e r i e s  of  

4  bench-sca le  t e s t s ,  24 e n g i n e e r i n g - s c a l e  t e s t s ,  14 p i l o t - s c a l e  t e s t s ,  and 

4  l a r g e - s c a l e  t e s t s .  The p rocess  has been b r o a d l y  p a t e n t e d  (U.S. Pa ten t  

4.,376,598--Bronns, B u e l t ,  and Bonner 1983) d o m e s t i c a l l y  and abroad,  and 

B a t t e l l e  Memoria l  I n s t i t u t e ,  who opera tes  PNL, has been g r a n t e d  e x c l u s i v e  

w o r l d w i d e  r i g h t s  t o  a l l  ISV t e c h n o l o g y  excep t  f o r  ISV o f  r a d i o a c t i v e  wastes.  

The program has been sponsored by  t h e  U.S. Department o f  Energy (DOE) f o r  

p o t e n t i a l  a p p l i c a t i o n  t o  con tamina ted  s o i  1  s i t e s .  

The ISV development program i s  u s i n g  f o u r  development v i t r i f i c a t i o n  sys -  

tems. The d i s t i n g u i s h i n g  c h a r a c t e r i s t i c s  o f  each system a r e  power l e v e l ,  e l e c -  

t r o d e  spac ing ,  and mass o f  b l o c k  produced,  as shown below: 

System Power E l e c t r o d e  Spac ing B lock  Mass 

Bench Sca le  10 kW 11 cm 1 t o  10 k g  

Engi  n e e r i  ng Sca le  30 kW 30 cm 50 t o  1000 k g  

P i  l o t  Sca le  500 kW 1.2 m 10 t o  40 t 

Large Sca le  3750 kW 5 m 400 t o  800 t 

One o f  t h e  more p rominen t  p i l o t - s c a l e  t e s t s ,  comple ted i n  June 1983, v i t -  

r i f i e d  a  makeup s i t e  i n  wh ich  25 kg o f  s o i l  c o n t a i n i n g  600 n C i / g  o f  t r a n s u r a n i c  

(TRU) waste  s i m u l a t e d  a  h i g h l y  r a d i o a c t i v e  a rea  ( o r  " h o t  s p o t " ) .  The made-up 

sou rce  a l s o  c o n t a i n e d  mixed f i s s i o n  p r o d u c t s  w i t h  a  t o t a l  a c t i v i t y  of 

30,000 n C i / g  and e x h i b i t e d  a  s u r f a c e  exposure  r a t e  o f  100 R/h b e f o r e  i t  was 

emplaced a t  t h e  t e s t  s i t e .  No r a d i o n u c l i d e s  were r e l e a s e d  t o  t h e  e n v i  ronment 

d u r i n g  t h e  v i t r i f i c a t i o n  process.  Subsequent t o  t h i s  t e s t ,  one o f  t h e  m a j o r  

accompl ishments o f  t h i s  t a s k  was t h e  des ign ,  f a b r i c a t i o n ,  and s u c c e s s f u l  



t e s t i n g  of  t h e  l a r g e - s c a l e  u n i t  (shown i n  F i g u r e  1 w i t h  t h e  p i l o t - s c a l e  

u n i t ) .  Four n o n r a d i o a c t i v e  t e s t s  have been conducted, and t h e  system and t e c h -  

n o l o g y  a r e  ready t o  be t e s t e d  i n  a  l a r g e - s c a l e  r a d i o a c t i v e  t e s t  (LSRT) a t  an 

a c t u a l  con tamina ted  s o i  1  s i t e .  

M a j o r  advantages o f  ISV as a  means o f  s t a b i l i z i n g  r a d i o a c t i v e  waste  a r e :  

l o n g - t e r m  d u r a b i l i t y  o f  t h e  waste f o r m  

c o s t  e f f e c t i v e n e s s  

s a f e t y  i n  te rms o f  m i n i m i z i n g  worke r  and p u b l i c  exposure  

a p p l i c a b i l i t y  t o  d i f f e r e n t  k i n d s  o f  s o i l s  and b u r i e d  wastes.  

T h i s  document d e s c r i b e s  t h e  ISV techno1 ogy and i t s  p rocess  capab i  1 i t i e s  

and l i m i t a t i o n s  as a n o t h e r  v i a b l e  t o o l  f o r  i n - p l a c e  s t a b i l i z a t i o n  of waste  

s i t e s .  The f o l l o w i n g  s e c t i o n s  co r respond  t o  t h e  c h a p t e r s  i n  t h e  body o f  t h i s  

document : 

d e s c r i p t i o n  o f  t h e  ISV development u n i t s  

a n a l y s i s  o f  t h e  per formance o f  t h e  ISV t e s t s  conducted 

process parameters  o f  ISV 

economic a n a l y s i s  

a n a l y s i s  o f  o c c u p a t i o n a l  and p u b l i c  exposure 

assessment of waste s i t e  a p p l i c a t i o n s .  

PROCESS DESCRIPTION 

To i n i t i a t e  t h e  ISV process,  e l e c t r o d e s  a r e  i n s e r t e d  v e r t i c a l l y  i n  t h e  

con tamina ted  s o i l  i n  a  square a r r a y  as shown i n  F i g u r e  2. A m i x t u r e  of g raph-  

i t e  and g l a s s  f r i t  i s  p l a c e d  i n  5-cm x  5-cm t r e n c h e s  on t h e  s u r f a c e  of  t h e  s o i l  

between t h e  e l e c t r o d e s  t o  fo rm a  c o n d u c t i v e  path .  An e l e c t r i c a l  c u r r e n t  i s  

passed between t h e  e l e c t r o d e s ,  c r e a t i n g  tempera tu res  h i g h  enough t o  m e l t  t h e  

s o i l .  The g r a p h i t e  i s  consumed by o x i d a t i o n  as t h e  m o l t e n  zone grows downward, 

i n c o r p o r a t  i ng t h e  s o i  1  contami n a n t s  and p r o d u c i  ng a  v i t r e o u s  mass. Convect i ve 

c u r r e n t s  w i t h i n  t h e  m e l t  d i s t r i b u t e  t h e  wastes even ly .  D u r i n g  t h e  process,  o f f  

gases e m i t t e d  f rom t h e  m o l t e n  mass c a r r y  a  sma l l  pe rcen tage  o f  r a d i o n u c l i d e s  

( t y p i c a l l y  0.01% o f  t h e  i n v e n t o r y  b e i n g  v i t r i f i e d ) .  The gases a r e  c o l l e c t e d  by 

a  hood o v e r  t h e  area and r o u t e d  t o  a  t r e a t m e n t  system. When power t o  t h e  





FIGURE 2. Sequence o f  t h e  ISV Process 

system i s  t u r n e d  o f f ,  t h e  m o l t e n  volume b e g i n s  t o  c o o l ,  p r o d u c i n g  a  b l o c k  of  

g l  ass and c r y s t a l  1  i ne m a t e r i  a1 t h a t  resembl es n a t u r a l  o b s i d i a n  o r  b a s a l t  . The 

subs idence t h a t  occu rs  can be cove red  w i t h  uncontaminated b a c k f i l l  t o  t h e  

o r i  g i  n a l  g rade l e v e l  . 
The p r i n c i p l e  o f  ISV o p e r a t i o n  i s  based on j o u l e  h e a t i o g ,  wh ich  occu rs  

when an e l e c t r i c d l  c u r r e n t  passes t h r o u g h  t h e  m o l t e n  mass. As t h e  m o l t e n  mass 

grows, r e s i s t a n c e  decreases,  so t o  m a i n t a i n  t h e  power l e v e l  h i g h  enough t o  con- 

t i n u e  m e l t i n g  t h e  s o i l ,  t h e  c u r r e n t  must be i nc reased .  T h i s  i s  accompl ished by  

a t r a n s f o r m e r  equ ipped  w i t h  m u l t i p l e  v o l t a g e  t a p s  and a  s a t u r a b l e  r e a c t o r  power 

c o n t r o l l e r .  The m u l t i p l e  t a p s  a l l o w  f o r  more e f f i c i e n t  use o f  t h e  power sys tem 

by m a i n t a i n i n g  t h e  power f a c t o r  ( t h e  r e l a t i o n s h i p  between c u r r e n t  and v o l t a g e )  

nea r  maximum. The p rocess  c o n t i n u e s  l ~ n t i l  t h e  a p p r o p r i a t e  d e p t h  i s  reached.  

M e l t  d e p t h  i s  l i m i t e d  as t h e  h e a t  l o s s e s  f r o m  t h e  m e l t  approach t h e  energy  

l e v e l  t h a t  i s  d e l i v e r a b l e  t o  t h e  m o l t e n  s o i l  by t h e  e l e c t r o d e s .  

A more d e t a i l e d  sys tem d e s c r i p t i o n  o u t l i n i n g  t h e  power sys tem and t h e  o f f -  

gas t r e a t m e n t  sys tern f o l  1  ows. 

Power System D e s i y n  ------ 

The power sys tem c o n s i s t s  o f  a t r a n s f o r m e r  c o n n e c t i o n  t h a t  c o n v e r t s  t h r e e -  

phase a l t e r n a t i n g - c u r r e n t  e l e c t r i c a l  power t o  two s i n g l e - p h a s e  l o a d s .  Each 



e l e c t r i c a l  phase i s  connected t o  one d i a g o n a l l y  opposed p a i r  of e l e c t r o d e s  i n  a  

square  p a t t e r n ,  c r e a t i n g  a  ba lanced e l e c t r i c a l  l o a d  on t h e  secondary.  The even 

d i s t r i b u t i o n  o f  c u r r e n t  w i t h i n  t h e  m o l t e n  s o i l  produces a  v i t r i f i e d  p r o d u c t  

t h a t  i s  a lmos t  square i n  shape t o  m i n i m i z e  o v e r l a p  among a d j a c e n t  s e t t i n g s .  

M u l t i p l e  v o l t a g e  t a p s  and a  ba lanced l o a d  a l l o w  f o r  a  nea r -cons tan t  power o p e r -  

a t i o n ,  wh ich  sho r tens  run  t i m e  and t h u s  m in im izes  cos t .  

Off-Gas Treatment System 

I n  b o t h  t h e  l a r g e - s c a l  e  and t h e  p i  l o t - s c a l e  systems, t h e  o f f  -gas c o n t a i n -  

ment and e l e c t r o d e  suppor t  hood c o l l e c t s  t h e  o f f  gas, p r o v i d e s  a  chamber f o r  

t h e  combust ion o f  p y r o l y z e d  o r g a n i c s ,  and s u p p o r t s  t h e  f o u r  e l e c t r o d e s  embedded 

i n  t h e  s o i l .  Much o f  t h e  heat  genera ted d u r i n g  t h e  ISV process i s  r e l e a s e d  t o  

t h e  o f f -gas  stream. The heat  i s  removed i n  t h e  o f f - g a s  t r e a t m e n t  system so 

t h a t  t h e  tempera tu re  o f  t h e  gas t h a t  e x i t s  a f t e r  t r e a t m e n t  i s  c l o s e  t o  ambient .  

There  a r e  t h r e e  m a j o r  k i n d s  o f  t r e a t m e n t  f o r  t h e  o f f - g a s  system (see  F i g -  

u r e  3) .  F i r s t ,  t h e  gases a r e  scrubbed i n  two s tages,  w i t h  a  quencher and 

tandem n o z z l e  scrubber .  These sc rubbers  remove p a r t i c l e s  down t h r o u g h  t h e  sub- 

m i c r o n  range. Second, t h e  wa te r  a e r o s o l s  i n  t h e  s a t u r a t e d  gas s t ream a r e  

removed by a  vane s e p a r a t o r  f o l l o w e d  by a  condenser and a  second vane separa-  

t o r .  The gases a r e  t h e n  reheated,  t o  ensure  t h a t  t h e r e  i s  an u n s a t u r a t e d  gas 

s t r e a m  a t  a  tempera tu re  w e l l  above t h e  dewpoint .  I n  t h e  t h i r d  t r e a t m e n t  phase, 

t h e  o f f  gas i s  f i l t e r e d  w i t h  two s tages o f  h i g h - e f f i c i e n c y  p a r t i c u l a t e  a i r  

(HEPA) f i l t e r s .  Both  l a r g e -  and p i l o t - s c a l e  systems a r e  t r a i l e r  mounted and 

t h e r e f o r e  mob i l e .  

The o f f  gases from t h e  e n g i n e e r i n g -  and bench-sca le  systems a r e  t r e a t e d  by 

t h e  a i r  h a n d l i n g  system o f  t h e  f a c i l i t y  i n  wh ich  t h e y  a r e  l o c a t e d .  

PERFORMANCE ANALYSIS 

The a b i l i t y  o f  t h e  waste f o r m  t o  r e t a i n  t h e  i n c o r p o r a t e d  r a d i o n u c l i d e s  

(some w i t h  v e r y  l o n g  h a l f  -1 i ves) and t h e  d e s t r u c t i o n / i m m o b i  1  i z a t i o n  o f  haza rd -  

ous chemica l  wastes t h a t  may be a s s o c i a t e d  w i t h  TRu-contaminated s o i l  s i t e s  a r e  

of p r ime  impor tance  i n  e s t a b l i s h i n g  t h e  usefu lness  of t h e  ISV process.  



FIGURE 3. Schemat ic f o r  t h e  Large-Sca le  Off-Gas System 
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V i t r i f i e d  s o i  1  b l o c k s  were ana lyzed  t o  de te rm ine  t h e i  r chemica l  d u r a b i  1  i t y  

w i t h  a  s e r i e s  o f  t e s t s  i n c l u d i n g  24-h s o x h l e t  l e a c h  t e s t s ,  M a t e r i a l s  Charac- 

t e r i z a t i o n  Center  t e s t s  (MCC-1) (MCC 1981), and h y d r a t i o n .  The s o x h l e t  l e a c h  
2 r a t e  f o r  a l l  r a d i o n u c l i d e s  was l e s s  t h a n  1 x  g/cm /day, which i s  an 

a c c e p t a b l e  va lue.  A 28-day M C C - 1  t e s t  was a l s o  conducted on a  con tamina ted  

s o i l  sample t h a t  was v i t r i f i e d  i n  t h e  l a b o r a t o r y  a t  1600°C. The o v e r a l l  l e a c h  

r a t e  of t h e  v i t r i f i e d  s o i  1  was comparable t o  s p e c i a l l y  deve loped h igh -1  eve1 

waste  (HLW) g lasses  and o t h e r  TRU waste forms. However, t h e  no rma l i zed  r e l e a s e  

r a t e  of Pu f r o m  t h e  v i t r i f i e d  s o i l  ( 2  x  l o e 7  g/cm2/day) was h i g h e r  t h a n  t h e  

r a t e s  f o r  t h e  b o r o s i  1  i c a t e  and a l u m i n o s i  1  i c a t e  g lasses.  Longer v i t r i f i c a t i o n  

t i m e s  a t  t empera tu res  l i k e  t h o s e  exper ienced  i n  t h e  f i e l d  a r e  expected t o  l o w e r  

t h e  observed Pu l e a c h  r a t e  making i t  more comparable t o  HLW g lasses.  As an 

example o f  t h e  exce l  l e n t  l e a c h  c h a r a c t e r i s t i c s  o f  f i e l d  samples, TRU l e a c h  

r a t e s  f rom t h e  v i t r i f i e d  b l o c k  produced d u r i n g  t h e  p i  l o t  - s c a l e  r a d i o a c t i v e  t e s t  

(PSRT) were t o o  l o w  t o  be d e t e c t a b l e .  

Another  i n d i c a t i o n  o f  t h e  d u r a b i l i t y  o f  t h e  ISV waste f o r m  i s  found  i n  a  

s t u d y  of t h e  wea the r ing  o f  o b s i d i a n ,  a  g l a s s l i k e  m a t e r i a l  t h a t  i s  p h y s i c a l l y  

and c h e m i c a l l y  s i m i l a r  t o  t h e  ISV waste  f o r m  (Ewing and Hoaker 1979). I n  t h e  

n a t u r a l  env i ronment ,  o b s i d i a n  weathers a t  a  r a t e  o f  1 t o  20 pn2/1000 y r  

(Laursen and L a n f o r d  1978). The r e l e a s e  o f  v a r i o u s  s o l u b l e  spec ies ,  whose 

r e l e a s e  i s  a  measure o f  t h e  depth  o f  h y d r a t i o n ,  has been de te rm i  ned t o  be 

2  p n ~ z / y r  a t  90°C. The a c t i v a t i o n  energy o f  o b s i d i a n  o f  20 k c a l  /mole (Fr iedman 

and Long 1976) i s  used t o  de te rm ine  t h e  h y d r a t i o n  r a t e  of  1 w2 /1000  y r  BIO°C 
2  (e.g., b u r i e d  i n  t h e  s o i l ) .  A  c o n s e r v a t i v e  v a l u e  o f  10 pn / 1 0 0 0 y r  y i e l d s  an 

e s t i m a t e  o f  1 mm of weathered ISV waste fo rm f o r  a  10,000-yr t i m e  span. T h i s  

sugges ts  e x t r e m e l y  l o n g  l i f e t i m e s  f o r  ISV waste  forms, i n  excess o f  one m i l l i o n  

y e a r s  . 
Another  i m p o r t a n t  f a c t o r  t o  c o n s i d e r  i n  t h e  waste fo rm e v a l u a t i o n  i s  t h e  

m i g r a t i o n  o f  t h e  r a d i o n u c l i d e s  once t h e y  a r e  a  p a r t  o f  t h e  m o l t e n  waste  form. 

I n  t h e  PSRT t h e  r a d i o n u c l i d e s  d i d  n o t  m i g r a t e  beyond t h e  v i t r i f i e d  b l o c k .  

Fur thermore,  a n a l y s i s  of t h e  b l o c k  from t h e  t e s t  r e v e a l e d  t h a t  t h e  

r a d i o n u c l i d e s  d i d  n o t  c o n c e n t r a t e  i n  t h e  b l o c k ,  b u t  i n s t e a d  were u n i f o r m l y  

d i s t r i b u t e d .  T h i s  s u b s t a n t i a t e s  t h e  r e s u l t s  f rom s e v e r a l  n o n r a d i o a c t i v e  t e s t s .  



A l s o  s t u d i e d  was t h e  r e l e a s e  o f  r a d i o n u c l i d e s  t o  t h e  o f f  gas. R e t e n t i o n  

of e lements  w i t h i n  t h e  v i t r i f i c a t i o n  zone has been h i g h  d u r i n g  t h e  p i  l o t  - s c a l e  

and l a r g e - s c a l  e t e s t s .  R e t e n t i o n  d u r i n g  1 a rge -sca l  e ISV o p e r a t  i o n s  has matched 

o r  exceeded (up t o  a f a c t o r  o f  35 t o n s )  t h e  p i  l o t - s c a l e  per formance and l a r g e -  

s c a l e  p r e d i c t i o n s  based on p i  1 o t  - s c a l e  d a t a  because t h e  waste  e lements  a r e  

n o r m a l l y  b u r i e d  deeper. D u r i n g  1 a r g e - s c a l e  ISV, s o i  1 - t o - o f f  -gas decontamina- 

t i o n  f a c t o r s  ( D F S ) ( ~ )  f o r  l e s s  v o l a t i l e  e lements such as Pu, Sr ,  and U a r e  

expected t o  be g r e a t e r  t h a n  1 x l o 4 .  More v o l a t i l e  e lements such as Cs have 
2 been measured w i t h  DFs g r e a t e r  t h a n  1 x 10 . R e t e n t i o n  o f  f l u o r i d e s  i n  t h e  

v i t r i f i e d  p r o d u c t  has been measured a t  98.8% (DF = 83) ,  and ISV has been shown 

t o  be an e x c e l  l e n t  d e s t r u c t o r  o f  n i t r a t e s ,  w i t h  a minimum d e s t r u c t i o n  e f f i  - 
c i e n c y  of 99.6% (DF = 250). These va lues  va ry  depending on waste b u r i a l  depth ,  

t h e  presence o f  a c o l d  cap, and t h e  presence o f  gas g e n e r a t o r s  w i t h i n  t h e  m e l t  

zone. Element r e t e n t i o n  i n c r e a s e s  w i t h  b u r i a l  dep th  and t h e  presence o f  a 

subs ided  c o l d  cap, and i t  decreases w i t h  t h e  presence o f  gas genera to rs .  

The h i  gh r e t e n t  i o n j d e s t  r u k t  i on o f  r a d i  onuc l  i d e s  and hazardous chemi c a l  s  

r e s u l t s  i n  o n l y  s m a l l  percentages r e l e a s e d  t o  t h e  o f f - g a s  system. The o f f -gas  

sys tem f o r  ISV has proven t o  be e x t r e m e l y  e f f e c t i v e  i n  p r o v i d i n g  a d d i t i o n a l  

d e c o n t a m i n a t i o n  t o  meet env i  ronmental  re1  ease c r i t e r i a .  F o r  t h e  1 a rge -sca l  e 
5 4 system, t h e  o f f -gas  system DFs f o r  Sr and Cs a r e  4.4 x 10 and 2.6 x 10 , 

r e s p e c t i v e l y .  The per formance o f  TRUs i s  expected t o  be s i m i l a r  t o  Sr. The 

mass d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  e x i t i n g  t h e  sc rubber  c o n f i r m s  t h e  

e f f i c i e n c y  of t h e  wet sc rubber  system below 0.5 pn. The s m a l l  pe rcen tage  o f  

p a r t i c u l a t e s  g e t t i n g  t h r o u g h  t h e  s c r u b b e r  system i s  g e n e r a l l y  between 0.2 and 

0.8 pm, wh ich  can be e a s i l y  removed by one bank o f  HEPA f i l t e r s  by a f a c t o r  o f  

99.97% ( D F > ~ o ~ ) .  The h i g h  removal e f f i c i e n c y  o f  t h e  o f f - g a s  system r e s u l t s  i n  

o v e r a l l  p rocess  DFs, when combined w i t h  t h e  r e t e n t i o n  i n  t h e  m o l t e n  s o i l ,  o f  

1.2 x 10" f o r  Sr and 3.4 x l o 6  f o r  Cs. 

A s i  g n i  f i c a n t  development e v o l  ved f r o m  1 a rge -sca l  e and p i  1 o t  - s c a l  e 

t e s t i n g .  To enhance t h e  subs idence o f  t h e  r i s i n g  c o l d  cap exper ienced  w i t h  

5-cm-di a Mo e l  e c t  rodes , a Mo jg raph i  t e  comb ina t ion  e l  e c t  r o d e  was deve l  oped. 

( a )  The d e c o n t a m i n a t i o n  f a c t o r  i s  d e f i n e d  as t h e  o u t p u t  o r  f i n a l  mass o f  an 
e lement  d i v i d e d  by t h e  i n p u t  o r  i n i t i a l  mass o f  t h e  e lement .  



T h i s  e l e c t r o d e  des ign,  w i t h  s u r f a c e  i n s u l a t i o n ,  a l l o w s  f o r  t h e  subs idence of  

t h e  c o l d  cap below t h e  o r i g i n a l  grade w i t h o u t  o x i d a t i o n  damage t o  t h e  e l e c -  

t r o d e .  The use o f  30-cm-dia g r a p h i t e  c o l l a r s  around a  5-cm-dia Mo c o r e  c o a t e d  

w i t h  o x i d a t i o n  i n h i b i t o r s  i s  expected t o  exceed t h e  s h o r t - t e r m  performance c r i  - 
t e r i a  of 150 hours and approach t h e  l o n g e r  t e r m  per formance c r i t e r i a  of  

400 hours.  T h i s  e l e c t r o d e  d e s i g n  i s  p lanned t o  be t e s t e d  d u r i n g  t h e  LSRT. 

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

t r a n s m i t t e r  system f o r  m o n i t o r i n g  v i t r i f i c a t i o n  dep th  d u r i n g  p rocess ing .  The 

f i b e r  o p t i c  dep th  sensor  t e c h n i q u e  was developed because moni t o r i  ng  v i  t r i  f i c a -  

t i  on dep th  by tempera tu re  probes i s  i m p r a c t i c a l .  L a b o r a t o r y  t e s t s  i d e n t i  f i e d  

t h e  a p p r o p r i a t e  f i b e r  o p t i c  m a t e r i a l s  and s e n s i t i v i t y  ad jus tmen ts - - two  impor -  

t a n t  f a c t o r s  t h a t  ensure  r e l i a b i l i t y .  The f i b e r  o p t i c  des ign  was t h e n  v e r i f i e d  

d u r i n g  t h e  most r e c e n t  l a r g e - s c a l e  t e s t .  

PROCESS PARAMETERS 

Parameters t h a t  a f f e c t  t h e  ISV process have been eva lua ted ,  i n c l u d i n g  s o i l  

p r o p e r t i e s ,  s i t e  geometry, and waste t ype .  The h i  g h l  i g h t s  o f  t h e s e  e v a l  u a t i  ons 

a r e  d i s c u s s e d  below. 

S o i l  samples f rom n i n e  waste s i t e s  were ana lyzed and found t o  have 1  i t t l e  

v a r i a t i o n .  Soi  1s were t e s t e d  f r o m  Barnwe l l ,  South C a r o l i n a ;  Hanford,  Washing- 

t o n  ; Idaho N a t i o n a l  E n g i n e e r i n g  L a b o r a t o r y  ( INEL), Idaho;  Los A1 amos N a t i o n a l  

L a b o r a t o r y  (LANL), New Mexico;  Maxey F l a t s ,  Kentucky;  Nevada Test  S i t e  (NTS), 

Nevada ; Oak Ridge N a t i o n a l  L a b o r a t o r y  (ORNL), Tennessee; S h e f f  i e l d ,  I 1  1  i n o i s  ; 

and West V a l l e y  Nuc lea r  S e r v i c e s  Co., I nc .  (WVNS), New York. The fused  s o i l  

p r o p e r t i e s  t h a t  a r e  most i m p o r t a n t  t o  t h e  o p e r a t i o n  of t h e  ISV process a r e  

f u s i o n  tempera tu re ,  s p e c i f i c  hea t ,  t he rma l  c o n d u c t i v i t y ,  and e l e c t r i c a l  

c o n d ~ ~ c t i v i t y .  These p r o p e r t i e s  were s i m i l a r  t o  t h o s e  o f  Hanford  s o i l s ,  wh ich  

have been s u c c e s s f u l l y  v i t r i f i e d  d u r i n g  m u l t i p l e  e n g i n e e r i n g - ,  p i  l o t - ,  and 

l a r g e - s c a l e  t e s t s .  Fo r  t h e  s o i l s  t e s t e d ,  no ISV l i m i t a t i o n s  due t o  f u s e d  s o i l  

p r o p e r t y  v a r i a t i o n s  have been i d e n t i f i e d .  

A  mathemat ica l  model was deve loped as a  t o o l  t o  p r e d i c t  ISV process p e r -  

formance f o r  d i f f e r e n t  s o i  1  c o n d i t i o n s  and geometr ies .  The model p r e d i c t s  t h a t  

m e l t  depths  of 10 t o  20 m a r e  p o s s i b l e  w i t h  a  3750-kW l a r g e - s c a l e  process,  



depend ing on t h e  magni tude o f  assumed s u r f a c e  heat  l osses .  These dep ths  a r e  

p o s s i b l e  a t  a  c l o s e r  e l e c t r o d e  s e p a r a t i o n  o f  3.5 m. As e l e c t r o d e  s e p a r a t i o n  i s  

i n c r e a s e d ,  t h e  a t t a i n a b l e  m e l t  d e p t h  becomes 1  i m i t e d  by t h e  i n c r e a s e d  s u r f a c e  

h e a t - l o s s  area.  A t  a  w i d e r  s e p a r a t i o n  o f  6.5 m, t h e  a t t a i n a b l e  dep th  ranges 

f r o m  4 t o  10 m, aga in  b e i n g  dependent on t h e  hea t  l osses .  

The model p r e d i c t s  t h a t  an i n c r e a s e  i n  t h e  m o i s t u r e  c o n t e n t  o f  u n s a t u r a t e d  

s o i l  above t h e  w a t e r  t a b l e  wi 11 n o t  reduce t h e  a t t a i n a b l e  m e l t  d e p t h ;  however, 

t h e  energy and t i m e  r e q u i r e d  t o  v i t r i f y  t h e  s o i l  w i l l  i n c r e a s e .  If t h e  v i t r i  - 
f i c a t i o n  zone i s  below t h e  wa te r  t a b l e ,  t h e  s o i l  must have a  r e l a t i v e l y  h i g h  

permeabi 1  i t y ,  a1 1  owing f o r  wa te r  recharge  b e f o r e  t h e  ISV dep th  1  i m i t  i s  reduced 

s i g n i f i c a n t l y .  Model p r e d i c t i o n s  were made f o r  ORNL s o i l ,  assuming t h a t  t h e  

w a t e r  t a b l e  i s  a t  ground l e v e l .  The p r e d i c t i o n s  show t h a t  s o i l  m o i s t u r e  l e v e l s  

w i l l  n o t  l i m i t  t h e  ISV dep th  a t  ORNL, p r o v i d e d  t h a t  areas o f  h i g h  p e r m e a b i l i t y  

a r e  n o t  below o r  a d j a c e n t  t o  t h e  v i t r i f i c a t i o n  zone. Techniques a r e  a v a i l a b l e  

f o r  l o w e r i n g  t h e  w a t e r  t a b l e  i n  permeable a q u i f e r s  by pumping and t h e  i n s t a l  - 
l a t i o n  of b a r r i e r s  so t h a t  t h e  a t t a i n a b l e  dep th  can be i nc reased .  

The per formance o f  ISV w i t h  a  v a r i e t y  o f  d i f f e r e n t  t y p e s  o f  waste  has been 

ana lyzed.  Waste t y p e s  e v a l  ua ted i n c l u d e  me ta l s ,  cements, ceramics  , combust i  - 

b l  es , s ludges  , hazardous o r g a n i c s  , s e a l e d  c o n t a i  ne rs  , e x p l  o s i  ves , and f i  s s i  1  e  

m a t e r i  a1 . 
Both  ma themat i ca l  mode l i ng  and e n g i n e e r i n g - s c a l e  t e s t i n g  p r e d i c t  t h a t  t h e  

e f f e c t s  o f  me ta l  i n c l u s i o n s  wi  11 be i n s i g n i f i c a n t  u n l e s s  a  f u l l  e l e c t r i c a l  

s h o r t  c i  r c u i t  between e l e c t r o d e s  i s  approached. D u r i n g  t e s t i n g ,  t h e  me ta l  

1  i m i t  was n o t  reached. A  meta l  i n c l u s i o n  t h a t  accounted f o r  5% of t h e  f i n a l  

b l o c k  w e i g h t  and occup ied  70% o f  t h e  d i s t a n c e  between e l e c t r o d e s  was success-  

f u l l y  v i t r i f i e d .  The e l e c t r o d e  v o l t a g e  was reduced 21% compared t o  t h e  case 

when no me ta l  was p r e s e n t ;  however, t h i s  i s  w i t h i n  t h e  c a p a b i l i t i e s  o f  t h e  

power supp ly .  The l a r g e - s c a l e  ISV power system has 14 u s a b l e  ( 1 6  a v a i l a b l e )  

v o l t a g e  t a p s ,  wh ich  g i v e  t h e  system t h e  a b i l i t y  t o  adapt  t o  v o l t a g e  changes 

caused by me ta l  i n c l u s i o n s  o f  up t o  90%. T h i s  makes t h e  p rocess  a p p l i c a b l e  t o  

m e t a l  drum and d i s t r i b u t i o n  p i p e  i n c l u s i o n s .  

When s u b j e c t e d  t o  t h e  ISV process,  s o i l s  t h a t  c o n t a i n  c o n c r e t e  o r  p u r e  

cement somewhat decrease t h e  e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  m e l t  zone and add 



w a t e r  vapor t o  t h e  o f f - g a s  system. The f l e x i b i l i t y  des igned  i n t o  t h e  l a r g e -  

s c a l e  power sys tem compensates f o r  any c o n d u c t i v i t y  change r e s u l t i n g  f r o m  v i t -  

r i f i c a t i o n  o f  c o n c r e t e  o r  cement. W i th  a  d e s i g n  c a p a c i t y  o f  104 s t d  m3/min, 

t h e  l a r g e - s c a l e  o f f - g a s  system w i l l  hand le  w a t e r  vapor and a i r  i n l e a k a g e  gener -  

a t e d  d u r i n g  v i t r i f i c a t i o n  o f  p u r e  cement. 

Ceramic m a t e r i a l s  may n o t  c o m p l e t e l y  m e l t  o r  d i s s o l v e  d u r i n g  ISV. Never-  

t h e l e s s ,  t h e y  a r e  e f f e c t i v e l y  encapsu la ted  by t h e  m o l t e n  g l a s s  and do n o t  pose 

any p rocess  1  i m i t a t i o n s .  

Combust ib le  wastes p y r o l y z e ,  move t o  t h e  m e l t  su r face ,  and b u r n  d u r i n g  t h e  

ISV process.  T h i s  i n c r e a s e s  b o t h  gas volume and h e a t  l o a d  t o  t h e  o f f -gas  

system. The c a p a c i t y  o f  t h e  l a r g e - s c a l e  o f f - g a s  sys tem w i l l  a l l o w  f o r  t h e  

v i t r i f i c a t i o n  o f  a  v a r i e t y  o f  waste  c o n f i g u r a t i o n s .  C a l c u l a t i o n s  based on t h e  

o f f - g a s  r e l e a s e  r a t e  and a t t e n u a t i o n  exper imen ts  show t h a t  m u l t i p l e  c o m b u s t i b l e  

packages i n c l u d i n g  s e a l e d  c o n t a i n e r s ,  each as l a r g e  as 0.9 m< and n i u l t i p l e  

v o i d  volumes up t o  4.3 m3 each can be processed w i t h o u t  l o s s  of hood vacuum. 

M u l t i p l e  c o m b u s t i b l e  package and v o i d  volumes a r e  a l l o w e d  i n  each s e t t i n g  

because t h e  o f f - g a s  r e l e a s e  a s s o c i a t e d  w i t h  each i n c l u s i o n  i s  l i m i t e d  t o  t h e  

s h o r t  d u r a t i o n  o f  t h e  t o t a l  p r o c e s s i n g  t i m e .  I f  combus t ib les  a r e  d i s t r i b u t e d  

r e l a t i v e l y  e v e n l y  t h r o u g h o u t  t h e  s o i l ,  t h e  o f f - g a s  sys tem i s  capab le  of hand- 

l i n g  gases f r o m  s o i l  t h a t  c o n t a i n s  3200 k g  o f  combus t ib les  p e r  me te r  of depth .  

A z i  r c o n i a l l  ime s l u d g e  was s u c c e s s f u l l y  v i t r i f i e d  d u r i n g  b o t h  bench-sca le  

and p i  l o t - s c a l e  t e s t i n g ,  t h e r e b y  d e m o n s t r a t i n g  t h e  app l  i c a b i  1  i t y  o f  ISV t o  a  

n o n s o i l  waste  ( R u e l t  and F r e i m  1986). The p i l o t - s c a l e  ISV system m e l t e d  t h e  

s l u d g e  t o  a  dep th  o f  3  m, s i g n i f i c a n t l y  r e d u c i n g  i t s  volume and d r i v i n g  t h e  55- 

t o  70-wt% m o i s t u r e  f r o m  t h e  s ludge.  A n a l y s i s  o f  t h e  o f f - g a s  d a t a  shows t h a t  

t h e  r e t e n t i  on o f  f l u o r i d e s ,  c h l  o r i  des, and s u l f a t e s  and t h e  d e s t r u c t i o n  o f  

o r g a n i c s  and n i t r a t e s  were e x t r e m e l y  h i g h ,  t h u s  m i n i m i z i n g  t h e  r e q u i  rements o f  

an o f f - g a s  t r e a t m e n t  system. Also,  t h e  waste  f o r m  produced from Ra-bear ing  

s ludges  reduces t h e  Rn enlanat ion r a t e  by more t h a n  t h r e e  o r d e r s  o f  magni tude.  

The e n g i n e e r i n g - s c a l e  ISV sys tem was t e s t e d  t o  i l l u s t r a t e  t h e  c a p a b i l i t i e s  

o f  t h e  ISV p rocess  on s o i l s  con tamina ted  w i t h  hazardous p o l y c h l o r i n a t e d  

b i p h e n y l s  (PCBs) (Timmerman 1986). The ISV p rocess  e x h i b i t e d  a  d e s t r u c t i o n  



removal e f f i c i e n c y  (DRE) f o r  PCBs o f  g r e a t e r  t h a n  99.9%, e x c l u s i v e  o f  t h e  o f f -  

gas t r e a t m e n t .  The o v e r a l l  DRE can be expected t o  exceed 99.9999%. Only 0.05% 

of  t h e  o r g a n i c  was d e t e c t e d  i n  t h e  o f f - g a s  system. The s o i l  s u r r o u n d i n g  t h e  

v i t r i f i e d  b l o c k  c o n t a i n e d  0.0 t o  0.7 ppm o f  PCBs, much l e s s  t h a n  t h e  500-ppm 

concent  r a t i o n  t h a t  was o r i  g i  n a l  l y  added. The h i  ghest  concent  r a t i o n  (0.7 ppm) 

was a d j a c e n t  t o  t h e  v i t r i f i e d  b l o c k ,  as expected,  i n d i c a t i n g  t h a t  m i g r a t i o n  

away from t h e  b l o c k  i s  n e g l i b i l e .  As a  r e s u l t  o f  t h i s  t e s t  i t  i s  apparen t  t h a t  

ISV h o l d s  promise f o r  a p p l i c a t i o n  a t  s e l e c t e d  hazardous waste s i t e s .  

I n  s i  t u  v i t r i f i c a t i o n  changes t h e  geometry and modera t i on  c h a r a c t e r i s t i c s  

o f  a  b u r i a l  s i t e .  When f i s s i o n a b l e  m a t e r i a l s  a r e  p resen t  i n  t h e  s i t e ,  i t  i s  

i m p o r t a n t  t o  de te rm ine  t h e  e f f e c t s  o f  ISV on c r i t i c a l  i t y  p o t e n t i a l  

(keffective). The s tudy  o f  t h e  e f f e c t s  o f  ISV on t h e  c r i t i c a l i t y  p o t e n t i a l  o f  

v a r i o u s  TRU waste  s i t e s  i n d i c a t e s  t h e  f o l  l o w i n g :  

No c r e d i b l e  c o n c e n t r a t i o n  mechanism f o r  2 3 9 ~ u  o r  any o t h e r  f i s s i o n -  

a b l e  n u c l e i  has been i d e n t i f i e d .  

As l o n g  as a  waste  s i t e  t o  be v i t r i f i e d  has an a r e a l  c o n c e n t r a t i o n  of 

<1.0 kg  pu/m2, i t  s h o u l d  be a b l e  t o  be s a f e l y  s t a b i l i z e d  by ISV. Fo r  

s a f e t y  reasons,  t h e s e  l i m i t s  a r e  s e t  a t  33% o f  t h e  minimum c r i t i c a l  

va lues.  

ECONOMIC ANALYSIS 

The c o s t  o f  u s i n g  I S V  as an i n - p l a c e  s t a b i l i z a t i o n  t e c h n i q u e  was e s t i m a t e d  

and i s  p resen ted  i n  t h i s  r e p o r t .  The e s t i m a t e  uses an e x t e n s i v e  base o f  expe- 

r i e n c e  f o r  r e l i a b l e  c o s t  numbers and r e p r e s e n t s  updated e s t i m a t e s  f r o m  t h o s e  

p r o v i d e d  i n  p r e v i o u s  r e p o r t s  (Oma e t  a1 . 1983; Buel t, F i t z P a t r i c k ,  and 

Timmerman 1986). 

The components t h a t  c o n t r i b u t e  t o  t h e  c o s t  of  ISV a r e  s i t e  p r e p a r a t i o n  

a c t i v i t i e s ,  annual equipment charges,  o p e r a t i o n a l  c o s t s  such as 1  abor ,  and con- 

sumabl e  supp l  i es such as e l e c t r i c i t y  and e l  e c t  rodes . The c o s t s  of v i  t r i  f y i  ng 

t h r e e  d i f f e r e n t  t y p e s  o f  waste  (TRU-contami na ted  s o i  1, s o i  1  contami na ted  w i t h  



hazardous chemica ls ,  and wet i n d u s t r i a l  s l u d g e )  a r e  p resen ted  as f u n c t i o n s  o f  

e l e c t r i c a l  r a t e s .  The c o s t s  o f  v i t r i f y i n g  contaminated s o i  1  s  a t  v a r y i  ng moi s  - 

t u r e  c o n t e n t s  a r e  a l s o  presented.  

T ransuran ic -con tamina ted  s o i l  s i t e s  can be v i t r i f i e d  f o r  a  t o t a l  c o s t  t h a t  

ranges f r o m  $227/m3 t o  $286/m3 ($173 t o  $2191yd3) o f  s o i l  v i t r i f i e d .  The c o s t s  

a r e  reduced t o  a  range o f  $183/m3 t o  $247/m3 ( $ 1 4 0 / ~ d ~  t o  $189/yd3) f o r  

hazardous chemical  waste due t o  reduced o f f - g a s  system and l a b o r  c o n s t r a i n t s .  

Wet i n d u s t r i a l  s ludges w i t h  70% m o i s t u r e  c o n t e n t  can be volume-reduced by ISV 

f o r  a  c o s t  o f  $70 t o  $120/m3 ($53 t o  $921yd3). The c o s t s  o f  a d d i t i o n a l  

e l e c t r i c a l  energy and i n c r e a s e d  p r o c e s s i n g  t i m e  t o  v i t r i f y  wet s o i l s  a r e  t h e  

p r i n c i p a l  f a c t o r s  t h a t  govern t h e  range o f  c o s t s  f o r  each waste t ype .  However, 

t h e  e f f e c t  on t h e  maximuni a t t a i n a b l e  geomet r i c  l i m i t s  o f  ISV i s  sma l l .  S o i l  

n i o i s t u r e  i s  an economic c o n s i d e r a t i o n ,  n o t  a  process impediment. I n  t h e  case 

of  s w e l l i n g ,  wet i n d u s t r i a l  s ludges,  t h e  e x t r e m e l y  h i g h - m o i s t u r e - c o n t e n t  

s ludges  (e.g., 70 w t %  w a t e r )  can be v i t r i f i e d  a t  a  s i g n i f i c a n t l y  reduced c o s t  

s i n c e  t h e s e  t y p e s  o f  s ludges g e n e r a l l y  possess a  l o w e r  b u l k  d e n s i t y  and a  h i g h  

volume r e d u c t i o n  c h a r a c t e r i s t i c  when t r e a t e d ,  p r o c e s s i n g  c o s t s  on a  v o l u m e t r i c  

b a s i s  a r e  g r e a t l y  reduced. 

ANALYSIS OF OCCUPATIONAL AND PUBLIC SAFETY 

To ana lyze  t h e  o c c u p a t i o n a l  and p u b l i c  s a f e t y  of r o u t i n e  and n o n r o u t i n e  

ISV o p e r a t i o n s  f o r  b o t h  t h e  s h o r t  and t h e  l o n g  term,  a  r e p r e s e n t a t i v e  waste  

s i t e  was s e l e c t e d  as a  r e f e r e n c e  (Oma e t  a l .  1983). Rad ionuc l  i d e  r e l e a s e  r a t e s  

f r o m  t h e  s o i l  d u r i n g  v i t r i f i c a t i o n  were es t ima ted .  Ten t i m e s  t h e  waste 

i n v e n t o r y  f o r  t h e  t i l e  f i e l d  r e p o r t e d  by Owens (1981) was t h e  b a s i s  f o r  t h e  

r a d i o n u c l i d e  sou rce  t e r m  t o  account  f o r  c o n c e n t r a t e d  TRUs around t h e  

d i s t r i b u t i o n  p i p e ( s ) .  

Tab les  1 and 2 g i v e  t h e  r a d i a t i o n  doses f r o m  r o u t i n e  o p e r a t i o n s  i n  t h e  

s h o r t  t e r m  f o r  t h e  ISV worker  and t h e  p u b l i c ,  r e s p e c t i v e l y .  For  a l l  r o u t i n e  

exposures,  r a d i a t i o n  doses a r e  e s t i m a t e d  t o  be we1 1  below t h e  f e d e r a l  g u i d e -  

l i n e s  s e t  by t h e  DOE. O f  a l l  a c t i v i t i e s  a s s o c i a t e d  w i t h  ISV o p e r a t i o n s ,  t h e  

maximum o c c u p a t i o n a l  dose i s  expected t o  occu r  w h i l e  t h e  worker  i s  p l a c i n g  

e l  e c t  rodes i n  t h e  s o i  1. The low exposure 1  e v e l s  can be seen i n  Tab le  1, where 

x v i  i 



TABLE -- 1. Whole Body R a d i a t i o n  Doses f r o m  Rou t ine  Opera t i ons  

Occupat iona l  Dose ( E l e c t r o d e  Empl acement ) 

A1 1  workers  : 0.09 man-rem 

Maximum-exposed worker  : 0.01 rem 

N a t u r a l  Background 

Exposure r a t e :  7 $/h 

T o t a l  (1880 h ) :  0.01 rem 

TABLE 2. Pub1 i c  Dose Commi tments  f r o m  R o u t i n e  Opera t i ons  ( c r i t i c a l  o r g a n ) ( a )  

Max. Exposed Popul a t i  on, 
I nd i v . ,  rem -- man -rem 

1 s t - y r  dose ( l u n g s )  3  x  l o - 8  9 

50 -y r  dose (bone) 1 l o - 5  5 x  10-I 

( a )  The c r i t i c a l  o rgan i s  t h e  organ t h a t  r e c e i v e s  t h e  
h i  ghest  dose. 

t h e  o c c u p a t i o n a l  dose f o r  t h i s  a c t i v i t y  i s  compared t o  t h e  dose t h a t  would be 

r e c e i v e d  d u r i n g  t h e  same t i m e  p e r i o d  f r o m  n a t u r a l  background. The maximum- 

exposed worker  wou ld  r e c e i v e  a  dose t h a t  i s  r o u g h l y  t h e  same as background 

r a d i a t i o n .  The doses c a l c u l a t e d  f o r  I S V  o p e r a t i o n  a t  t h i s  r e f e r e n c e  s i t e  a r e  

s u b s t a n t i a l l y  be low t h e  DOE r e g u l a t i o n s  on exposure  f o r  r o u t i n e  o p e r a t i o n s  t o  

b o t h  workers  and t h e  genera l  p u b l i c  [DOE Order 5480.1A, Chapter  11 (U.S. DOE 

1981a ) 1. 

Abnormal exposures f o r  b o t h  t h e  I S V  worker  and t h e  p u b l i c  f r o m  t h e  v i t r i -  

f i c a t i o n  p rocess  were c a l c u l a t e d  u s i n g  p o s t u l a t e d  a c c i d e n t  s c e n a r i o s .  The most 

s e r i o u s  abnormal c o n d i t i o n  i s  a  break i n  t h e  o f f -gas  l i n e .  Fo r  t h e  s p e c i f i c  

exposures c a l c u l a t e d  see Tab les  3 and 4. Fo r  t h e  break i n  t h e  o f f - g a s  1  i n e  

s c e n a r i o  t h e  maximum i n d i v i d u a l  dose t o  a  member of  t h e  p u b l i c  was e s t i m a t e d  t o  

be 0.3 rem o r  about  3 t i m e s  t h e  average annual dose f rom n a t u r a l  background 

r a d i a t i o n  f r o m  which no adverse e f f e c t s  would be expected.  



TABLE 3. Occupa t iona l  Doses f r o m  A c c i d e n t a l  Releases (120-h 
run,  15 s e t t i n g s ,  c o n c e n t r a t e d  i n v e n t o r y  ) 

Numbe r Length 1s t -Year  Dose Commitment 

o f  o f  t o  Each Worker, rem 

A c c i d e n t  Personnel  Exposure T o t a l  Body Bone Lung 

U n c o n t r o l  l e d  v e n t i n g  1 1 min 1 10-3 2 2 l o o  

Break i n  o f f - g a s  1 5 min  6 x l o m 3  1 x 10-I 1 x l o 1  
l i n e  

Excess overburden 2 10 m i  n 3 4 l o m 2  5 l o o  
removal 

TABLE 4. P u b l i c  Dose Commitments f r o m  P o s t u l a t e d  Abnormal Occurrences 

Maximum Exposed P o p u l a t i o n ,  
I n d i v i d u a l  , rem man-rem 

U n c o n t r o l  l e d  Ven t ing  -- 
1 s t - y r  dose ( l u n g s )  5 2 x 10-I 

50-yr  dose (bone) 5 l o - 4  2 x l o 0  
Off-Gas L i n e  Break 

1 s t - y r  dose ( l u n g s )  3 x l o - 2  1 x l o 2  
50-yr  dose (bone) 3 x 10-I 1 l o 3  

Excess i ve  Overburden Removal 

1 s t - y r  dose ( l u n g s )  1 x l o - 2  3 x l o 1  
50-yr  dose (bone)  9 x l o - 2  3 x l o 2  

ASSESSMENT OF WASTE SITE APPLICATIONS 

T e s t i n g  t h e  ISV process w i t h  s i m u l a t e d  r a d i o a c t i v e  and hazardous chemica l  

components i n d i c a t e s  t h a t  t h e  t e c h n o l o g y  i s  a l s o  h i g h l y  a p p l i c a b l e  t o  mixed 

r a d i o a c t i v e  and hazardous chemica l  wastes.  Wh i le  i m m o b i l i z i n g  t h e  r a d i o n u c l i d e  

p o r t i o n  o f  mixed wastes, t h e  p rocess  a l s o  f i x e s  f l u o r i d e s  and heavy m e t a l s  and 

d e s t r o y s  o r g a n i c  and n i t r a t e  chemica ls  a t  h i g h  e f f i c i e n c i e s .  M i  xed waste  

a p p l i c a t i o n s  a r e  a p p l i c a b l e  n o t  o n l y  t o  con tamina ted  s o i l  s i t e s ,  b u t  t o  

r e s i d u a l  h e e l s  o f  underground t a n k s ,  c l a s s i f i e d  waste  i n  c o n t a i n e r s ,  and 

p rocess  s ludges  as w e l l .  



Many o f  t h e  process l i m i t a t i o n s  i d e n t i f i e d  f o r  TRU and mixed wastes a r e  

ex tended t o  hazardous chemical  waste a p p l i c a t i o n s .  However, t h e  a p p l i c a b i l i t y  

o f  ISV has t h r e e  i m p o r t a n t  a d d i t i o n a l  b e n e f i t s :  1) h a n d l i n g  o p e r a t i o n s  of t h e  

waste b e f o r e  t r e a t m e n t  a r e  simp1 i f i e d  a1 l o w i n g  f o r  more c o s t - e f f e c t i v e  opera-  

t i o n a l  a l t e r n a t i v e s  f o r  t h e  ISV process,  2 )  ISV p o t e n t i a l l y  c o n v e r t s  hazardous 

m a t e r i  a1 s  t o  a  nonhazardous c l a s s i f i c a t i o n  by a1 t e r i  ng t h e  chemi c a l  compound 

wh ich  r e s u l t s  i n  d e l i s t i n g  t h e  waste,  and 3 )  extended l i a b i l i t y  t o  t h e  haza rd -  

ous waste g e n e r a t o r  i s  reduced. 

The o v e r a l l  c o n c l u s i o n  d e r i v e d  f r o m  t h i s  s t u d y  i s  t h a t  t h e  t e c h n o l o g y  has 

been deve loped s u f f i c i e n t l y  t o  conduct  t h e  LSRT a t  a  TRU-contaminated s o i l  

s i t e .  The r a d i o a c t i v e  t e s t  i s  necessary  t o  c o n f i r m  p rocess  b e h a v i o r  under  

a c t u a l  c o n d i t i o n s ,  and so t h a t  a  l o n g - t e r m  per formance assessment of t h e  waste 

form can be per formed.  
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INTRODUCTION 

Pac i  f i c Nor thwest  L a b o r a t o r y  (PNL) i s  deve l  o p i  ng a remedi a1 a c t i  on process 

f o r  contarni na ted  s o i  1s t h a t  c o u l d  be p o t e n t i a l  l y  s i  g n i f i c a n t  i n  enhanc ing 

i n - p l a c e  s t a b i  1 i z a t i o n  o f  t h e s e  wastes. The process i s  i n  s i t u  v i t r i f i c a t i o n  

( ISV) .  It i s  b e i n g  deve loped f o r  t h e  U.S. Department o f  Energy (DOE) w i t h  

emphasis on TRU-contaminated s o i l s .  It i s  expected t h a t  w i t h  some a d d i t i o n a l  

development a n d / o r  f e a s a h i l i t y  t e s t i n g  t h e  process c o u l d  a l s o  be a p p l i e d  t o  a 

w ide v a r i e t y  o f  chemical  waste s i t e s .  

I n  s i t 1 1  v i t r i f i c a t i o n  i s  a the rma l  t r e a t m e n t  process t h a t  c o n v e r t s  contam- 

i n a t e d  s o i l  t o  a c h e m i c a l l y  i n e r t  and s t a b l e  g l a s s  and c r y s t a l l i n e  p r o d ~ ~ c t .  

F i g u r e  4 i l l u s t r a t e s  how t h e  process opera tes .  A square  a r r a y  o f  f o u r  Mo 

e l e c t r o d e s  i s  i n s e r t e d  i n t o  t h e  ground t o  t h e  d e s i  r e d  t r e a t m e n t  depth .  Recause 

s o i  1 i s  n o t  e l e c t r i c a l l y  c o n d u c t i v e  when i t s  m o i s t u r e  has been d r i v e n  o f f ,  a 

c o n d u c t i v e  r n i x t u r e  o f  f l a k e d  g r a p h i t e  and g l a s s  f r i t  i s  p laced  among t h e  e l e c -  

t r o d e s  t o  a c t  as a s t a r t e r  path.  An e l e c t r i c a l  p o t e n t i a l  i s  a p p l i e d  t o  t h e  

e l e c t r o d e s  t o  e s t a b l i s h  an e l e c t r i c a l  c u r r e n t  i n  t h e  s t a r t e r  pa th .  The 

BACKFILL 

FIGURE 4. The Process o f  I n  S i t11  V i t r i f i c a t i o n  



r e s u l t a n t  power h e a t s  t h e  s t a r t e r  p a t h  and s u r r o u n d i n g  s o i l  i n i t i a l l y  t o  

2000"C, w e l l  above s o i l - m e l t i n g  t e m p e r a t u r e s  o f  1100 t o  1400°C. The g r a p h i t e  

s t a r t e r  p a t h  i s  e v e n t u a l l y  cons~ jned  by o x i d a t i o n ,  and t h e  c u r r e n t  i s  t r a n s -  

f e r r e d  t o  t h e  m o l t e n  s o i l ,  o p e r a t i n g  between 14.50 and 1600°C. As t h e  m o l t e n  o r  

v i  t r i  f i ed zone grows, i t  i n c o r p o r a t s s  any r a d i  onuc l  i d e s  and nonvo l  a t i  1  e  haza rd -  

o ~ r s   element.^, such as heavy m e t a l s ,  t h a t  may be p r e s e n t .  The h i g h  t e m p e r a t u r e  

of t h e  p rocess  d e s t r o y s  o r g a n i  c  components by p y r o l y s i  s  . The p y r o l y z e d  

b y p r o d ~ r c t s  m i  g r a t e  t o  t h e  s u r f a c e  o f  t h e  v i t r i f i e d  zone, where t h e y  combust i n  

t h e  presence o f  a i  r. A  hood p l a c e d  o v e r  t h e  a rea  b e i n g  v i t r i f i e d  d i  r e c t s  t h e  

gaseous e f f  l ~ r s n t s  t o  an o f f - g a s  t r e a t m e n t  system, i f  necessary .  

Pac i  f i c  Nor thwes t  L a b o r a t o r y  began deve l  o p i  ng  ISV techno1 ogy i n  1980 under  

c o n t r a c t  t o  t h e  UOE. S i n c e  t h a t  t ime ,  nurnerous e x p e r i m e n t a l  t e s t s  under  a  

v a r i e t y  o f  c o n d i t i o n s  and w i t h  a  v a r i e t y  o f  waste  t y p e s  have been conduc ted  

(Om? e t  31. 1983, Timmerman and 9ma 1984, Timrnerman e t  a l .  1983, B u e l t  and 

C a r t e r  1986a).  T a b l e  5 d e s c r i b e s  t h e  d i f f e r e n t  s c a l e s  o f  t e s t i n g  u n i t s  t h a t  

PNL l lses i n  d e v e l o p i n g  and a d a p t i n g  I S V  t e c h n o l o g y .  The s ~ ~ c c e s s f u l  r e s u l t s  o f  

38 e n g i n e e r i n g -  and p i  1  o t - s c a l  e  t e s t s  have p roven  t h e  f e a s i  b i  1  i t y  o f  t h e  p r o c -  

ess. 4 1 ~ 0 ,  economic s t ~ ~ d i e s  have i n d i c a t e d  t h a t  tremendous economies of s c a l e  

a r e  a t t a i  n a h l e  w i t h  t h e  I S V  p rocess  (Oma e t  a1 . 1983) .  Successfr l l  r a d i o a c t i v e  

t e s t i n g  of t h e  l a r g e - s c a l e  I S V  p rocess  w i l l  p r o v i d e  t h e  deve lopmenta l  i n f o r m a -  

t i  on necessary  t o  d e i n n s t r a t e  p rocess  appl  i c a b i  l i t y  t o  TRU-contami n a t e d  s o i l s  

on a  p r ~ d ~ r c t i o n  s c a l e .  

TAKLE 5. T e s t i n g  U n i t s  f o r  D e v e l o p i n g  ISV Technology 

E l  e c t r o d e  B l o c k  T e s t s  
Equipment S i z e  S e p a r a t i  on S i  ze Compl e t e d  

Bench S c a l e  0.11 11 1 t o  10 k g  4  

Eng i  n e e r i  ng Sca l  e  0.23 t o  0.36 m 0.05 t o  1.0 t 24 

P i l o t  S c a l e  1.2 rn 10 t o  50 t 14 

L a r g e  S c a l e  3.5 t o  5.5 m 400 t o  800 t 4  



The d e c i s i o n  t o  proceed w i t h  t h e  des ign ,  f a b r i c a t i o n ,  and t e s t i n g  of t h e  

l a r g e - s c a l e  u n i t  was made on t h e  b a s i s  o f  t h e  e x t e n s i v e  d a t a  base c o l l e c t e d  

f r o m  e n g i n e e r i n g -  and p i  l o t - s c a l e  t e s t s .  The p i  l o t - s c a l e  u n i t  was used t o  

demonst ra te  t h e  process w i t h  r a d i o a c t i v e l y  s p i k e d  s o i  1s i n  d i  r e c t  s u p p o r t  of 

t h e  d e c i s i o n  t o  proceed w i t h  t h e  l a r g e - s c a l e  system d e s i g n  and f a b r i c a t i o n .  

Tes ts  have been conducted subsequen t l y  w i t h  t h e  bench-, eng ineer ing - ,  and 

p i  1  o t - s c a l  e  u n i t s  t o  de te rm i  ne p r o c e s s i n g  b e h a v i o r  under  v a r i o u s  waste cond i  - 
t i  ons and t o  deve l  op improved o p e r a t i o n a l  t echn iques .  T a b l e  6 summari zes a1 1  

of t h e  ma jo r  deve lopmenta l  t e s t s  conducted d u r i n g  t h e  s i x - y e a r  l i f e  o f  ISV 

t e c h n o l  ogy . 
The l a r g e - s c a l e  process equipment has been f a b r i c a t e d  and i n s t a l l e d ,  and 

t h e  1  a r g e - s c a l e  o p e r a t i o n a l  acceptance t e s t s  (LSOATs) and a  1  a r g e - s c a l e  v e r i  fi - 
c a t i o n  t e s t  (LSVT) have been completed.  The o b j e c t i v e  o f  t h e  LSOATs was t o  

v e r i f y  conformance o f  t h e  process c h a r a c t e r i s t i c s  t o  t h e  e s t a b l i s h e d  f u n c t i o n a l  

des i  gn c r i t e r i a  re1 evan t  t o  t h e  1  a rge -sca l  e  r a d i  o a c t i  ve t e s t  (LSRT)  . The LSVT 

was pe r fo rmed  t o  v e r i f y  t h e  e f f e c t i v e n e s s  o f  p rocess modi f i  c a t i  ons i d e n t i f i e d  

d u r i n g  t h e  LSOATs i n  r e a d y i n g  t h e  process f o r  r a d i o a c t i v e  t e s t i n g .  

T h i s  r e p o r t  i s  i n t e n d e d  t o  s e r v e  as t h e  updated base t e c h n o l o g y  document 

f o r  I S V .  It updates  t h e  p r e v i o u s  t e c h n o l o g y  base document au tho red  by Oma 

e t  a1 . (1983). Consequent ly ,  t h e  r e l e v a n t  i n f o r m a t i o n  p resen ted  i n  t h a t  

document i s  repeated here .  However, many t e c h n o l  o g i  c a l  advances have been made 

d u r i n y  t h e  l a s t  t h r e e  yea rs ,  n o t  t h e  l e a s t  o f  wh ich  i s  t h e  des ign,  f a b r i c a t i o n ,  

and t e s t i n g  o f  t h e  l a r g e - s c a l e  system. The Process D e s c r i p t i o n  s e c t i o n  o f  t h i s  

r e p o r t  d e s c r i b e s  t h e  l a r g e - s c a l e  p rocess  and o t h e r  deve lopmenta l  u n i t s .  The 

Performance A n a l y s i s  s e c t i o n  p r e s e n t s  a  comprehensive a n a l y s i s  o f  t h e  p e r f o r m -  

ance o f  t h e  process equipment,  r e t e n t i o n  o f  e lements i n  t h e  v i t r i f i e d  s o i l  

d u r i n g  p rocess ing ,  me1 t geometry, depth  m o n i t o r s ,  and e l e c t r o d e s .  The Process 

Parameters s e c t i o n  p r o v i d e s  an e v a l u a t i o n  o f  t h e  t y p e s  o f  s o i l s  and wastes t h a t  

can be processed by ISV. The Economic A n a l y s i s  s e c t i o n  p r o v i d e s  t h e  e s t i m a t e d  

p r o d u c t i o n  c o s t s  o f  t h e  1  a r g e - s c a l e  u n i t  f o r  r a d i o a c t i v e  and hazardous chemica l  



TABLE 6. Summary o f  R e s u l t s  o f  Deve lopmenta l  I S V  U n i t s  

Bench-Scale 

Test Object ives Resu l t s  

BST-1 ( a )  Determi ne feas I b i  l i t y  of ISV on 10-cm Successful, Hanford 
e lec t rode separat ion s o i l  v i t r i f i e d  

BST-2 Determine volume and mass reduct ion  Successful, l ime sludge 
p o t e n t i a l  of ISV on wet i n d u s t r i a l  v i t r i f  ied 
s l udge 

BST-3 Determine f e a s i b i l i t y  of immobl l lz lng Successf u l t e s t  
nickle-contaminated s o i l s  

3ST-4 Determine f e a s i b i l i t y  of immobi l iz ing Successf u l t e s t  
cyanide-contaminated s o i l s  

Engineering-Scale 
Test Object I ves Kesu l t s  

tSI..T-1 ( b )  Ve r i f y  concept f e a s i b i l i t y  

t SLT-2 V i t r i f y  simulated waste box 

Successful 
v i t r i f i c a t i o n  of 130 kg 
of so i  l 

l ncmp l e t e  t e s t :  
e lec t rode extens ion 
f a i l e d  

ESLT-3 V i t r i f y  simulated waste box Successful t e s t  

ESLT-4 Eval uate t e s t  s ta r tup  techniques 

Evaluate s o i l  moisture e f f e c t s  

Obtain heat t r ans fe r  data 

Evaluate vo id  formation 

Test graph I t e  e l ec trodes 

Test g raph i te  e lec t rodes w i th  
improved e l e c t r l c a  l connect ion 

Test Na add i t ions  t o  increase so l  l 
conduc t i v i t y  

Surf ace s ta r tup  
successful i n  reducing 
CO generation 

Performance not  l i rn 1 ted  
by increased moisture 

Data conf lrms 
p red i c t i ons  

Voids caused by 
subs I dence of mot ten  
s o i l  f r an  co ld  cap 

I ncmp l e te  t e s t :  
e l e c t r i c a l  connection 
f a i l u r e  

Successf u l t e s t  

Sodium i n  s o i l  t o o  
conductlve; me l t  zone 
would not  grow 



TABLE 6. ( c o n t d )  

Test Object I ves Resul ts 

Successful t e s t  Test g raph i te  e lec t rodes and v i t r i f y  
simulated contaminated s o i l  

ESLT- 10 V i t r i f y  metal container (35% of f u l l  
e l e c t r i c a l  shor t )  

Successful t e s t  

V i t r i f y  simulated waste can o f  
combustibles 

Successf u l t e s t  

V i t r i f y  metal containers (70% of  f u l l  
e l e c t r i c a l  sho r t )  

Successf u l tes t ;  no 
l i m i t  imposed by 5 w t %  
metal occupying 70% o f  
f u l l  e l e c t r l c a l  sho r t  

ESLT- 13 V i t r i f y  metal can i s te r  using 
increased power 

Successful t e s t  

V i t r i f y  concrete can i s te r  Successful t e s t  

V i t r i f y  concrete and cement monol i ths Successful t es t ;  no 
l l m i t s  i d e n t l f  ied 

Test Scott-Tee (Lazar 1977) power 
system 

Successful t e s t  

ESI-T-1 7 

ESLT- 18 

Test saturable reac tor  power cont ro l  Successf u l t e s t  

Test c o n t r o l l e r  mul t i - tapped Scott- 
Tee power system 

Successful t e s t  

Test ISV performance a t  large depth 
t o  e lec t rode separation r a t i o s  f o r  
model c a l i b r a t i o n  

Successf u l t e s t  

Test SIC, TIC, and Ta graph i te  
e lec t rode coat ings 

Coatings e f f e c t i v e  
unless f i r s t  exposed t o  
ml ten so1 l 

Test SIC graph i te  e lec t rode coat ings 
app l ied  by d i f f e r e n t  techniques 

Coatings e f f e c t i v e  
unless f i r s t  exposed t o  
mo l ten so i  l 

Determine f e a s i b i l i t y  of v i t r i f y i n g  
s o i l s  contaminated w i th  heavy metals 
and organics 

Successf u I, product(  
passes proposed EPA 
product q u a l i t y  
standards 

Determine f e a s i b i l i t y  o f  v i t r i f y i n g  
PCB-contaminated s o i l  

Sucrgysf u I, overa l l 
DRE o f  greater  than 
99.9999% a t ta ined  

Determine f e a s i b i l i t y  o f  v i t r i f y i n g  a 
simulated waste t rench w i th  dolomite 
b a c k f i l  I 

Successful t e s t  



TABLE 6. ( con td )  

P i lo t -Sca le  

Test Object ives Resu l t s  

PSFT-l (e )  Ver i f y process sca l e-up Successful 
v i t r i f i c a t i o n  of 
5670 kg o f  so l  l 

PSFT-2 Evaluate migra t ion  and v o l a t i  l i z a t i o n  No migra t ion  outs ide  o f  
o f  simu l ated hazardous species v i t r i f i e d  zone and very 

low element 
v o l a t i l i z a t i o n s  

V i t r i f y  208-L (55-ga I )  waste drum Successful 
conta in ing  s o i l  and simulated v i t r i f i c a t i o n  o f  drum 
combustible wastes and contents. 

Temporary system 
shutdown due t o  h igh 
of f -gas p a r t i c u l a t e  
loading. Successful 
r e s t a r t  on one p a i r  of 
e lectrodes.  

Successful 
v i t r i f i c a t i o n  o f  
25,400 kg o f  so l  I 

Test two side-by-side v i t r i f i c a t i o n  
opera t ions  (PSFT-4A and PSFT-4B) 

V l t r  i f y  var ious combustl b l e  and 
noncombustible waste packages 

V i t r i f y  simulated waste package 

Perform operator  t r a i n i n g  and 
equlpment checkout 

V i t r i f y  simu l ated waste package 

Ve r i f y  c o r r e c t  operat ion o f  system 
upgrade 

V i t r i f y  a makeup s i t e  conta in ing  
known quan t i t i es  o f  rad ionuc l ides  

Determine long-term (5-day) 
performance o f  Mo e lec t rodes 

Ve r i f y  performance o f  g raph i te  
c o l l a r s  around Mo e lec t rodes w i th  
insu la ted surface as co ld  cap 
subsidence technique 

Ve r i f y  performance o f  ZrB /MoSi2 
s in te red  powder as Mo ox l8a t i on  
b a r r i e r  i n  graphite/lvb combination 
e lec t rode 

Successful t e s t  

Successful 
v i t r i f i c a t i o n  o f  waste 
package. Off-gas 
system maintained t o t a l  
containment o f  v o l a t i l e  
elements. 

l dent 1 f 1 c a t i  on of i'tems 
r e q u i r i n g  upgrade. 

Successf u l t e s t  of 
system upgrade 

Successful 
v i t r i f i c a t l o n  w i th  no 
re lease of 
r a d i o a c t i v i t y  

E I ectrodes per formed 
extremely wel l  bu t  
produced r i s i n g  co ld  
cap 

Cold cap subsidence was 
e f f e c t i v e l y  at ta ined;  
however, s i g n i f i c a n t  
ox ida t i on  t o  Mo 
e lec t rode was noted 

Successful i n  reg ions  
greater  than 2 f t  below 
o r i g i n a l  so l  l surface 



TABLE 6 .  ( contd )  

Test Object 1 ves 

Duplicate rising cold cap phenomenon 
on parametric scale (0.16-m electrode 
separation) with pilot-scale 
equipment using Mo electrodes 

Determine effectiveness of graphite 
col lars on cold cap subsidence on 
parametric scale 

CCT-3 Determine effectiveness of graphite 
collar and surface insulation on 
cold cap subsidence 

PSLW-1( ) Determ 1 ne volume reduction potent 1 a l 
of ISV on wet industrial sludge using 
pilot-scale equipment 

Large-Scale 

Test Object 1 ves 

LSOAT-I (j ) Verify operational performance of 
large-scale unit using Mo electrodes 

Verify operational performance of 
large-scale unit using Mo electrodes 
and surface insulation 

Verify operational performance 
incorporating scrubber modifIcatlons 
and Mo/graphite combination electrode 

LSVT-1 ( k )  Slmulate large-scale verification 
test and verify performance 

BST - Bench-Sca l e Test 
ESLT - Engineering-Scale Test 
EPA - Environmental Protection Agency 
DRE - destruction removal efficiency 
PSFT - Pilot-Scale Field Test 
PSCT - Pilot-Scale Cold Test 
PSRT - Pilot-Scale Radioactive Test 
CCT - Cold-Cap Test (Pilot Scale) 
PSLW - P i  lot-Scale Lime Test 
LSOAT - Large-Scale Operational Acceptance Test 
LSVT - Large-Scale Veri f icatlon Test 

Resu I ts 

Successful, rising cold 
cap formed 

Cold cap subsidence 
attained 

Cold cap subsidence 
attained 

High volume reduction 
achieved with lime 
sludge 

Results 

Rising cold cap 
experienced. Off-gas 
system equipment 
perf ormed 
satisfactorily with 
minor modlficatlons. 

Low scrubber system 
efficiency attained. 
Cold cap subsidence 
moderately improved. 

Retention of slmu lated 
radlonuclides improved 
to above acceptable 
standards. Cold cap 
subsidence obtained, 
but electrode failures 
experienced. Electrode 
recovery technique 
demonstrated. 

Cold cap subsidence 
obtained and of f-gas 
system performed as 
expected, but electrode 
failures experienced 



wastes,  b o t h  wet and d r y .  The t e s t i n g  o f  I S V  on a  TRU-contaminated s o i l  i s  

d i s c u s s e d  w i t h  r e s p e c t  t o  dose consequences i n  t h e  A n a l y s i s  o f  Occupa t i ona l  and 

Pub1 i c  S a f e t y  s e c t i o n .  The r e p o r t  conc ludes w i t h  a  Waste S i t e  Appl i c a t i  ons 

Assessment t h a t  i d e n t i f i e s  a1 t e r n a t i  ve app l  i c a t i o n s  and o p e r a t i n g  sequences f o r  

v a r i  011s waste  s i t e s .  



CONCLUSIONS 



CONCLUSIONS 

The t e c h n o l o g y  base developed d u r i n g  t h e  s i x  y e a r s  o f  development of  t h e  

ISV process i s  e x t e n s i v e .  A  wide v a r i e t y  o f  s c a l e s  o f  equipment, s i t e  parame- 

t e r s ,  and waste i n c l u s i o n s  has been t e s t e d  t o  i n i t i a t e  t e c h n o l o g y  t r a n s f e r  and 

c o m m e r c i a l i z a t i o n  o f  t h e  process.  The ISV process has been b r o a d l y  p a t e n t e d  

w i t h i n  t h e  U n i t e d  S ta tes ,  Canada, Great  B r i t a i n ,  and France. B a t t e l l e ,  who 

opera tes  PNL f o r  t h e  DOE, h o l d s  a  p a r t i a l l y  e x c l u s i v e  l i c e n s e  t o  t h o s e  p a t e n t s :  

B a t t e l l e  has e x c l u s i v e  wor ldw ide  r i g h t s  t o  a l l  ISV t e c h n o l o g y  except  f o r  r a d i o -  

a c t i v e  waste a p p l i c a t i o n s  o f  ISV. The t e c h n i c a l  d a t a  p resen ted  i n  t h i s  r e p o r t  

p r o v i d e  t h e  b a s i s  f o r  e s t a b l i s h i n g  t h e  per formance o f  t h e  system and waste  

form, economics and s a f e t y ,  and waste s i t e  a p p l i c a t i o n s  f o r  r a d i o a c t i v e  wastes,  

hazardous chemica l  wastes, b a r r i e r s ,  and s o i l  s t a b i l i z a t i o n .  

SYSTEM AND WASTE FORM PERFORMANCE ---- 

The minimum e s t i m a t e d  dep th  l i m i t  o f  t h e  l a r g e - s c a l e  ISV system i s  

10 m y  independent o f  m o i s t u r e  c o n t e n t .  Model p r e d i c t i o n s  show t h a t  

m e l t  depths  i n  excess o f  20 m  a r e  a t t a i n a b l e .  The e l e c t r o d e  separa-  

t i o n ,  wh ich  de te rm ines  maximum m e l t  depth ,  can be a d j u s t e d  f rom 3.5 

t o  s l i g h t l y  ove r  6 my a l t h o u g h  t h e  e x i s t i n g  l a r g e - s c a l e  system i s  

des igned f o r  a  maximum e l e c t r o d e  s e p a r a t i o n  o f  5.5 m; t h e  3.5-m 

s e p a r a t i o n  i s  r e q u i  r e d  t o  o b t a i n  maximum depth.  The demonst ra ted 
3  peak f l o w  c a p a c i t y  o f  t h e  o f f  -gas t r e a t m e n t  system i s  116 s t d  m  /min;  

104 s t d  m3/min i s  more t h a n  adequate t o  c o n t a i n  gaseous r e l e a s e s  f r o m  

b u r i e d  combust i b l  es and sea led  c o n t a i n e r s .  

* R a d i o n u c l i d e s  and heavy m e t a l s  a r e  r e t a i n e d  w i t h i n  t h e  m e l t s  and 

n i t r a t e s  and o r g a n i c s  a r e  d e s t r o y e d  d u r i n g  p r o c e s s i n g  s u f f i c i e n t l y  t o  

meet em iss ion  s tandards  f o r  t h e  o f f -gas  t r e a t m e n t  system. Areas o f  

h i  gh concent  r a t i o n  o f  r a d i  onuc l  i d e s  a r e  d i  1  u t e d  and d i  s t  r i  bu ted  i n  

t h e  m e l t  by c o n v e c t i o n  c u r r e n t s .  When gas v e n t i n g  occu rs  when t h e  

mol t e n  g l  ass encounters  contami na ted  combust i b l  es , o n l y  s m a l l  

q u a n t i t i e s  o f  contami nan ts  a s s o c i a t e d  w i t h  t h e  combus t ib les  a r e  

a v a i l a b l e  f o r  r e l e a s e  t o  t h e  o f f -gas  system. Those r e l e a s e s  a r e  



a c c e p t a b l y  low. La rge -sca le  process t e s t s  have ach ieved  h i g h e r  

r e t e n t i  o n / d e s t r u c t i o n  e f f i  c i  e n c i e s  i n  t h e  mol t e n  s o i  1  because o f  

g r e a t e r  b u r i e d  depths t h a t  a r e  t y p i c a l  o f  most waste s i t e s .  

An o f f - g a s  t r e a t m e n t  system i s  i n c l u d e d  i n  t h e  process t o  remove t h e  

sma l l  pe rcen tage  o f  contaminants  f r o m  t h e  gaseous e f f l u e n t s  t h a t  

escape f r o m  t h e  v i t r e o u s  mass d u r i n g  p rocess ing .  The p i  l o t -  and 

1  a r g e - s c a l  e  systems p e r f o r m  admi r a b l y  i n t h e  removal of  r a d i  onuc l  i de 

and heavy-metal  p a r t i  c u l  a t e s  and semi v o l  a t i  1  es, SOx gas, and f 1  u o r i  de 

p a r t i c u l a t e s .  Fo r  example, t h e  o f f - g a s  system removal e f f i c i e n c y  

enhances t h e  n a t u r a l  a b i l i t y  o f  t h e  v i t r e o u s  b l o c k  t o  r e t a i n l d e s t r o y  

con taminan ts  , t h e r e b y  comi ng we1 1  w i t h i n  t h e  env i  ronmenta l  c r i t e r i a  

f o r  p r i n c i p a l  r a d i o n u c l  i d e s  a t  a  TRU b u r i a l  s i t e  ( B u e l t  and C a r t e r  

1986b).  W i th  t h e  comb ina t ion  o f  t h e  o f f - g a s  system and r e t e n t i o n  

c h a r a c t e r i s t i c s  i n  t h e  s o i l s  t h e  combined DF r e s u l t s  i n  maximum s t a c k  

c o n c e n t r a t i o n s  f o r  a  h i g h l y  con tamina ted  TRU s i t e  t h a t  a r e  be low t h e  

maximum p e r m i s s i b l e  l i m i t s  p u b l i s h e d  i n  At tachment X I - 1 ,  DOE Order  

5480.1A (1981a) (see Tab le  7 ) .  

A dep th  t r a n s m i t t e r  system has been deve loped t o  be used f o r  economi- 

c a l  and r e l i a b l e  m o n i t o r i n g  o f  t h e  v i t r i f i c a t i o n  zone depth.  It can 

be i n s t a l l e d  w i t h  one o f  t h e  e l e c t r o d e s .  The system c o n s i s t s  o f  a  

s e r i e s  of sensors  a t t a c h e d  a l o n g  t h e  l e n g t h  o f  an e l e c t r o d e  and 

connected t o  a  t r a n s m i t t e r  d e v i c e  a t  t h e  bo t tom of  t h e  e l e c t r o d e .  

D u r i n g  t h e  ISV o p e r a t i o n ,  sensors  d e t e c t  t h e  mo l ten  g l a s s  and 

t r a n s m i t  t h e  i n f o r m a t i o n  t o  an above-ground r e c e i v e r ,  t h u s  g i v i n g  an 

o p e r a t o r  t h e  m e l t  dep th  i n f o r m a t i o n .  The system has been 

TABLE -- 7. Maximum Stack C o n c e n t r a t i o n s  o f  2 3 9 ~ u ,  2 4 0 ~ u ,  and 2 4 1 ~ m  
and Thei  r Maximum Permi s s i  b l  e  C o n c e n t r a t i o n s  

Maximum Stack Maxi mum Permi ss i b l  e  
C o n c e n t r a t i o n ,  C o n c e n t r a t i o n ,  

T ransu ran i  c  $i /mL $i /mL 

2 3 9 ~ u  1.8 x 10-l4 1 x 10-12 



s u c c e s s f u l l y  t es ted ,  bu t  on l y  s p e c i f i c  types o f  f i b e r  o p t i c s  are 

compat ib le  w i t h  t h e  ISV process. I n  a d d i t i o n ,  s e n s i t i v i t y  

adjustments o f  t h e  sensor e l e c t r o n i c s  must be se t  w i t h i n  t h e  25- t o  

40-pA range t o  ensure r e l i a b l e  performance. 

A re fe rence  e l e c t r o d e  design, shown i n  F i gu re  5, has been e s t a b l i s h e d  

f o r  f u t u r e  ISV a p p l i c a t i o n s .  Th i s  design employs a  Mo/graphi te  com- 

b i n a t i o n  t o  promote subsidence o f  t h e  su r f ace  o f  t h e  me l t  below t h e  

o r i g i n a l  s o i l  grade. I n  t h e  event o f  complete o x i d a t i o n  o f  t h e  

g r a p h i t e  co l  l a r ,  which i s  no t  expected f o r  a  30-cm-di a c o l l a r ,  two 

a d d i t i o n a l  b a r r i e r s  a re  i n c l u d e d  t o  prevent  o x i d a t i o n  o f  t h e  Mo e l e c -  

t rode .  The f i r s t  i s  an e l e c t r i c a l l y  conduct ive powder i n  t h e  annulus 

t h a t  s i n t e r s ,  l e a v i n g  a  p r o t e c t i v e  su r face  c o a t i n g  on t h e  Mo e l e c -  

t r o d e  (p r imary  candidates are 88% ZrrR2/12% MoSi2 and MoSi2), and t h e  

second i s  a  fused o r  cont ro l led-atmosphere plasma spray coa t i ng  of 

t he  same powdered ma te r i a l s .  Th i s  e l e c t r o d e  design i s  expected t o  

l a s t  beyond t h e  150-h sho r t - t e rm  c r i t e r i a  and 400-h 1  ong-term per -  

formance requi  rements f o r  t h e  ISV process. S tud ies  are recommended, 

however, t o  develop a  l e s s  c o s t l y  e l e c t r o d e  m a t e r i a l ,  s i nce  t h e  cos t  

o f  e l ec t r odes  composes up t o  40% o f  t h e  t o t a l  ope ra t i ona l  costs.  

e Experimental  evidence shows t h a t  t h e  l a rge -sca le  system i s  represen- 

t a t i v e  o f  t h e  more e f f i c i e n t  ve r s i on  o f  t h e  mathematical model used 

f o r  1  arge-sca le  p red i  c t i  ons-- the 1  ow-heat-1 oss model . However, t h e  

ac tua l  v i t r i f i e d  bloclc i s  g e n e r a l l y  l e s s  deep, bu t  wider,  than p re -  

d i c t e d .  Th i s  i s  no t  expected t o  l i m i t  t h e  13-m c r i t e r i a  e s t a b l i s h e d  

f o r  t h e  l a rge -sca le  system. I n  f a c t ,  conformance t o  t h e  low-heat-  

l o s s  model i n d i c a t e s  t h a t  v i t r i f i c a t i o n  depths i n  excess o f  20 m are 

a t t a i n a b l e .  The LSRT w i  11 he lp  determine whether sha l lower  me l t  

shape i s  caused hy conduc t ing  t e s t s  i n  p a r t i a l l y  d i s t u r b e d  s o i l  o r  by 

f a i  l e d  e l ec t r odes  t h a t  were no t  extended t o  t h e  e n t i  r e  v i  t r i  f i c a t i o n  

depth. F l u i d  dynamic model ing w i l l  a l s o  be cons idered t o  assess 

these e f f ec t s .  

e Metal  i n c l u s i o n s  do no t  s i g n i f i c a n t l y  a f f e c t  ISV un less a  f u l l  e l e c -  

t r i  c a l  s h o r t  c i  r c u i  t i s  approached. I n  s i  t u  v i t r i f i c a t i o n  t e s t s  have 



1-1 30 crn 

FIGURE 5. Reference E l e c t r o d e  Design 

demonst ra ted t h a t  meta l  occupy ing  more t h a n  70% o f  t h e  e l e c t r o d e  

s p a c i n g  and 5% o f  t h e  f i n a l  b l o c k  w e i g h t  can he s u c c e s s f u l l y  

v i t r i f i e d .  A l though  t h e  upper  l i m i t  has n o t  been i d e n t i f i e d ,  t h e  

c o r r e l a t i o n  o f  t h e  d a t a  i n d i c a t e s  t h a t  up t o  90% o f  t h e  e l e c t r o d e  



s e p a r a t i o n  may be occup ied  by m e t a l .  The p rocess  i s  t h e r e f o r e  

a d a p t a b l e  t o  l a r g e  amounts o f  me ta l  i n c l u s i o n s  such as p i p e s ,  w e l l  

c a s i n g s ,  and 208-L ( 5 5 - g a l )  drums. 

Cement i n c l u s i o n s  a r e  c o m p l e t e l y  d i s s o l v e d  w i t h i n  t h e  g l a s s  waste  

form. Cement and c o n c r e t e  i n c l u s i o n s  w i t h i n  a  waste  s i t e  f r a c t u r e  as 

t h e y  a r e  hea ted  d u r i n g  ISV. S t r o n g  c o n v e c t i v e  c u r r e n t s  w i t h i n  t h e  

m e l t  p romote  d i s t r i b u t i o n  and d i s s o l u t i o n  o f  t h e  f ragmented p i e c e s .  

I n  s i t u  v i t r i f i c a t i o n  i s  capab le  o f  p r o c e s s i n g  v a r i o u s  s o i l  t y p e s  

t h r o u g h o u t  t h e  U n i t e d  S ta tes .  S o i l s  f r o m  n i n e  d i f f e r e n t  U.S. l o c a -  

t i o n s  were found t o  be s i m i l a r  i n  t h e  p r o p e r t i e s  t h a t  c o u l d  a f f e c t  

t h e  ISV process.  M i n o r  s o i l  m o d i f i c a t i o n s  may be necessary  f o r  h i y h -  

v i s c o s i t y  s o i l s  by u s i n g  s m a l l  arnodnts o f  chemica ls  t h a t  p roduce Na20 

:)r CdO. 

T r a n s u r a n i c  waste  s i t e s  w i t h  a r e a l  c o n c e n t r a t i o n s  o f  <1.0 kg  Pu/m 2 

can be v i t r i f i e d  s a f e l y  w i t h o u t  a  c r i t i c a l i t y .  S i t e s  t h a t  c o n t a i n  

hydr , jye f id  t e l l  o r g a n i c s  i n  waste  c o n t a i n e r s  a r e  1 i m i  t e d  t o  an a r e a l  
2 c o n c e n t r a t i o n  o f  ~ 0 . 8  kg  Pu/m . 

No c r e d i b l e  c o n c e n t r d t i o n  mechanism f o r  2 3 9 ~ u  o r  o t h e r  TRU f i s s i o n -  

tdl)le i s o t o p e s  has been i d e n t i f i e d .  The ISV m e l t  zone has s t r o n g  con -  

v:?,:tive c u r r e n t s  t h a t  p romote  d i l u t i o n  and t h o r o u g h  m i x i n g  o f  waste  

sj)c?ci es. 

L e a c h a b i l i t y  o f  v i t r i f i e d  s o i l  f r o m  Han fo rd  i s  e s t i m a t e d  t o  be 

<1 x l ( r5  g l e a c h e d l g  s o l i d l y r ,  based on MCC-1, 28-day l e a c h  d a t a  and 

a  nominal  fr,jl:t r r e d  s i z e  of  15 cm on a  s i d e .  Weather ing  o f  o b s i d i a n ,  

t h e  n a t u r a l  ana log  o f  v i t r i f i e d  s o i l ,  i s  l i m i t e d  t o  20 t o  

10 pa2/1,000 y r .  Exper imen ta l  d a t a  f r o m  t h e  ISV waste  c o n f i r m s  t h e s e  

r a t e s .  A t  t hese  r a t e s ,  t h e  ISV waste f o r m  c o u l d  be expec ted  t o  

exceed a  o n e - m i l l i o n - y e a r  l i f e t i m e .  



ECONOMICS AND SAFETY 

O p e r a t i o n a l  and consumable c o s t s  such as t h o s e  f o r  e l e c t r o d e s ,  l a b o r ,  

and e l e c t r i c a l  energy a r e  dominant ,  a c c o u n t i n g  f o r  >80% o f  t h e  t o t a l  

p r o c e s s i n g  c o s t .  Other  c o s t  e lements a r e  s i t e  p r e p a r a t i o n  a c t i v i t i e s  

and annual equ i  pment charges.  

S o i l  s i t e s  con tamina ted  w i t h  TRUs can be v i t r i f i e d  f o r  a  t o t a l  c o s t  

r a n g i n g  f r o m  $227/m3 t o  $286/m3 ($173 t o  2191yd3) of  s o i l  v i t r i  - 
3  f i e d .  The c o s t s  a r e  reduced t o  a  range of  $183/m t o  $247/m 3  

($1401yd3 t o  $ 1 8 9 / ~ d ~ )  f o r  hazardous chemical  wastes due t o  reduced 

o f f - g a s  system and l a b o r  c o n s t r a i n t s .  Wet i n d u s t r i a l  s ludges  w i t h  

70% m o i s t u r e  c o n t e n t  can be volume-reduced by ISV f o r  a  c o s t  of $70 

t o  $120/m3 ($53  t o  $921yd3). The c o s t s  o f  e l e c t r i c a l  power and 

i n c r e a s e d  p r o c e s s i n g  t i m e  t o  v i t r i f y  wet s o i l s  a r e  t h e  p r i n c i p a l  f a c -  

t o r s  g o v e r n i n g  t h e  range o f  c o s t s  f o r  each waste t y p e .  

S o i l  m o i s t u r e  i n c r e a s e s  t h e  t i m e  and power r e q u i r e d  t o  v i t r i f y  a  

waste  s i t e ;  however, t h e  e f f e c t  on t h e  maximum a t t a i n a b l e  geomet r i c  

1  i m i t s  o f  ISV i s  s m a l l .  S o i l  m o i s t u r e  i s  an economic p e n a l t y ,  n o t  a  

p rocess  impediment. I n  t h e  case of  s w e l l i n g ,  wet i n d u s t r i a l  s ludges,  

e x t r e m e l y  h i g h - m o i s t u r e - c o n t e n t  s ludges (e.g., 70 wt% w a t e r )  can be 

v i t r i f i e d  a t  t h e  same energy consumpt ion as d r y  s o i  1s. 

Pub1 i c  and o c c u p a t i o n a l  exposures f o r  r o u t i n e  o p e r a t i o n s  a r e  accep ta -  

b l y  low. The 1 s t - y e a r  dose commi tment  f o r  t h e  maximum-exposed i n d i  - 
v i d u a l  i s  3  x rem, and t h e  50-year dose commitment i s  1 x  10- 5  

rem. The maximum o c c u p a t i o n a l  dose i s  0.01 rem. 

O c c ~ j p a t i o n a l  doses f o r  p o s t u l a t e d  abnormal occur rences range f r o m  2  

t o  10 rem. P u b l i c  dose commitments f o r  t h e s e  same s c e n a r i o s  range 

from 5 x  t o  3  x  l o - '  rem f o r  t h e  f i r s t - y e a r  dose t o  t h e  maximum- 

exposed i n d i  v i  dua l  . 



APPLICATION OF I N  SITU VITRIFICATION 

9 I n  s i t u  v i t r i f i c a t i o n  i s  an emerg ing techno logy  t h a t ,  when 

s e l e c t i v e l y  a p p l i e d ,  can be an economical and h i g h l y  e f f e c t i v e  i n -  

p l  ace waste  d i s p o s a l  o p t i o n .  

The p rocess  i s  ready f o r  deployment t o  s o i l  s i t e s  t h a t  a r e  

contami na ted  w i t h  heavy m e t a l s  and nonrad i  o a c t i  ve i norgan i  cs  . 
Feas i  b i  1  i t y  t e s t i n g  i s  r e q u i  red ,  however, f o r  each p o t e n t i  a1 app l  i c a -  

t i o n  t o  de te rm i  ne t h e  per formance r e q u i  rements o f  t h e  o f f  -gas t r e a t -  

ment system and t o  de te rm ine  t h e  t y p e  and q u a n t i t y  o f  secondary waste  

genera ted.  

Exper ience  w i t h  unconta ined,  l ow-bo i  1  i n g - p o i  n t  o r g a n i c s  i s  1  i m i t e d ,  

and e x t e n s i  ve f e a s i  h i  1  i t y  t e s t i n g  i s  recommended t o  de te rm ine  t h e  

e x t e n t  of d e s t r u c t i o n  and m i g r a t i o n  away f r o m  t h e  s i t e  and t o  deve lop  

methods, i f  necessary,  t o  improve d e s t r u c t i o n  and decrease m i g r a t i o n .  

Exper ience  w i t h  PCBs, process s ludges,  and s o i l s  con tamina ted  w i t h  

p l a t i n g  wastes i n d i c a t e s  t h a t  o n l y  1  i m i t e d  f e a s i b i l i t y  t e s t i n g  i s  

r e q u i  r e d  p r i o r  t o  a d a p t a t i o n  o f  ISV t e c h n o l  ogy . 
The process i s  h i g h l y  a p p l i c a b l e  t o  i n d u s t r i a l  process s ludges t h a t  

have h i g h  m o i s t u r e  c o n t e n t  (up t o  70 wt%)  as a  volume r e d u c t i o n  

method. Use o f  a1 t e r n a t i  ve o p e r a t i o n a l  sequences by t r a n s p o r t i n g  

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

more c o s t  - e f f e c t i  v e l y  than  s t a n d a r d  o p e r a t i o n  when h i g h  v o l  ume 

r e d u c t i o n  p o t e n t i  a1 e x i s t s .  

W i t h  t h e  ISV process b e i n g  t e s t e d  i n  f i e l d  ( l a r g e - s c a l e )  c o n d i t i o n s ,  

t h e  r i s k s  o f  scale-up,  which i s  t h e  ma jo r  r i s k  area o f  d e v e l o p i n g  and 

dep l  o y i  ng a  new t e c h n o l  ogy , have been e l  i m i  nated.  The app l  i c a b i  1  i t y  

o f  t h e  ISV process t o  a  p a r t i c u l a r  waste u s i n g  e x i s t i n g  ISV equipment 

can be de te rm ined  w i t h  a  s i g n i f i c a n t l y  reduced l e v e l  o f  e f f o r t  t h a n  

r e q u i  r e d  f o r  development o f  t h e  techno logy .  Thus, f e a s i  b i  1  i t y  

t e s t i n g  i s  r e l a t i v e l y  i nexpens ive .  



A p p l i c a t i o n  of ISV t o  hazardous chemical  wastes c o n v e r t s  t h e  waste  t o  

a  p o t e n t i a l l y  d e l  i s t a b l e  waste form. T h i s  would reduce l o n g - t e r m  

1  i a b i  1  i t y  o f  t h e  g e n e r a t o r .  

* I n  s i  t u  v i t r i f i c a t i o n  h o l d s  p o t e n t i  a1 a p p l i c a t i o n  f o r  groundwater  and 

i n t r u s i o n  b a r r i e r s .  B a r r i e r s  o f f e r  an a l t e r n a t i v e  t o  comple te  v i t r i  - 
f i c a t i o n  o f  a  s i t e  by f o r m i n g  a  s o l  i d  w a l l  t o  d i v e r t  g roundwater  f l o w  

o r  t o  a c t  as a  conta inment  d e v i c e  a g a i n s t  m i g r a t i o n  o f  hazardous com- 

ponents  o u t  o f  a  s i t e .  B a r r i e r  f o r m a t i o n s  o f f e r  a  l o n g - t e r m  s o l u t i o n  

t h a t  i s  c o m p e t i t i v e  w i t h  s l u r r y  w a l l s .  

I n  s i t u  v i t r i f i c a t i o n  may a l s o  be used f o r  s e l e c t e d  s o i l  s t a b i l i z a -  

t i o n  o p t i o n s  ( e r o s i o n  b a r r i e r s ,  s l o p e  s t a b i  1  i z a t i o n ,  s i m u l a t e d  b u i l d -  

i n g  m a t e r i a l s ,  e t c . ) ,  e s p e c i a l l y  i n  remote o r  c o l d  weather  r e g i o n s  

where aggregate ,  cement, and c o n v e n t i o n a l  b u i  l d i n g  m a t e r i  a l s  a r e  v e r y  

c o s t l y .  

It i s  a n t i c i p a t e d  t h a t  t h e  ISV p rocess  can be used f o r  a  b roader  

a p p l i c a t i o n  of waste management problems. It i s  a l s o  recogn ized  t h a t  

no s i  n g l  e  t r e a t m e n t  process i s  app l  i c a b l ~  t o  a1 1  waste  management 

needs. W i t h i n  t h i s  c o n t e x t ,  ISV i s  a  new and power fu l  t o o l  t h a t  

s h o u l d  be c o n s i d e r e d  and e v a l u a t e d  f o r  r a d i o a c t i v e ,  mixed hazardous,  

and hazardous chemical  app l  i c a t i  ons t h a t  fa1 1  w i t h i n  t h e  t r e a t m e n t  

c a p a b i l i t i e s  o f  t h e  process.  

I n  c o n c l u s i o n ,  t h e  t e c h n o l o g i c a l  d a t a  base i s  s u f f i c i e n t l y  deve loped t o  w a r r a n t  

c o n d u c t i n g  a  LSRT a t  a  con tamina ted  s o i l  s i t e  as p lanned.  The t e s t  w i  11 

p r o v i d e  a  r e p r e s e n t a t i v e  waste  f o r m  t h a t  can be e v a l u a t e d  t o  de te rm ine  i t s  

s u i t a b i  1  i ty f o r  i n - p l a c e  s t a b i l i z a t i o n  o f  TRU-contaminated s o i  1s. 
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PROCESS DESCRIPTION 

Development and deployment o f  t h e  l a r g e - s c a l e  ISV system i s  t h e  u l t i m a t e  

goal  o f  t h e  ISV program, because i t  i s  l e s s  c o s t l y  t o  ope ra te ,  and i t  i s  more 

a d a p t a b l e  t o  numerous t y p e s  o f  waste  s i t e s  t h a n  t h e  p i l o t - s c a l e  system. The 

c o s t  o f  v i t r i f y i n g  a  g i ven  waste volume w i t h  t h e  l a r g e - s c a l e  system i s  one- 

seven th  t h a t  o f  t h e  p i l o t - s c a l e  system. The l a r g e - s c a l e  system i s  more adap t -  

a b l e  because i t s  h i g h - c a p a c i t y  o f f - g a s  system, wh ich  can process o f f  gas a t  a  

r a t e  of 104 s t d  m3/min, i s  b e t t e r  equipped t o  c o n t a i n  sudden gaseous r e l e a s e s  

f rom c o m b u s t i b l e  and o t h e r  gas -genera t i ng  wastes. Never the less ,  t h e  p i l o t - ,  

eng ineer ing - ,  and bench-sca le  systems p r o v i d e  i m p o r t a n t  d a t a  t h a t  a r e  used t o  

de te rm ine  t h e  performance o f  t h e  l a r g e - s c a l e  system a t  a  s i g n i f i c a n t l y  reduced 

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

LARGE-SCALE SYSTEM 

The l a r g e - s c a l e  system d e s c r i b e d  i n  t h i s  s e c t i o n  i s  des igned t o  v i t r i f y  

contaminated s o i l s  w i t h  an e l e c t r o d e  s e p a r a t i o n  of up t o  5.5 m on a  s i d e .  The 

s p e c i f i c  p rocess d e s c r i p t i o n  i s  f o r  a  system t h a t  c o u l d  be a p p l i e d  t o  h i g h l y  

con tamina ted  p o r t i o n s  o f  TRU-contami na ted  s o i l  s i t e s ,  ca i ssons ,  and s o l  i d  waste  

b u r i a l  s i t e s .  The ISV l a r g e - s c a l e  process equipment i s  shown i n  F i g u r e  6. 

FIGURE 6. Large-Sca le  Process Equi pment f o r  I n  S i t u  V i t r i f i c a t i o n  



C o n t r o l  l e d  e l e c t r i c a l  power i s  d i s t r i b u t e d  t o  t h e  e l e c t r o d e s ,  and s p e c i a l  

equipment c o n t a i n s  and t r e a t s  t h e  gaseous e f f l u e n t s .  The process equipment 

r e q u i r e d  t o  p e r f o r m  t h e s e  f u n c t i o n s  can be d e s c r i b e d  most e a s i l y  by d i v i d i n g  i t  

i n t o  s i x  ma jo r  components: 

e l e c t r i c a l  power supp ly  

o f f - g a s  hood 

o f f - g a s  t r e a t m e n t  system 

g l y c o l  c o o l  i ng sys tem 

process c o n t r o l  s t a t i o n  

o f f - g a s  s u p p o r t  equipment. 

Except  f o r  t h e  o f f - g a s  hood, a l l  o f  t h e  components a r e  c o n t a i n e d  i n  t h r e e  

t r a n s p o r t a b l e  t r a i l e r s ,  as shown i n  F i g u r e  7. They c o n s i s t  of an o f f - g a s  

t r a i l e r ,  a  process c o n t r o l  t r a i l e r ,  and a  s u p p o r t  t r a i l e r .  A1 1  t h r e e  t r a i  1  e r s  

a r e  mounted on wheels t o  accommodate a  move t o  any s i t e  o v e r  a  compacted ground 

su r face .  The o f f - g a s  hood and o f f - g a s  l i n e ,  wh ich  a r e  i n s t a l l e d  on t h e  s i t e  t o  

c o l l e c t  gaseous e f f l u e n t s ,  a r e  d i s m a n t l e d  and p laced  on a  f l a t - b e d  t r a i l e r  f o r  

t r a n s p o r t .  The e f f l u e n t s  exhausted f r o m  t h e  hood a r e  c o o l e d  and t r e a t e d  i n  t h e  

o f f  -gas t reatment  system. The e n t i  r e  process i s  m o n i t o r e d  and c o n t r o l  1  e3 f r o m  

t h e  process c o n t r o l  s t a t i o n .  B u e l t  and C a r t e r  (1986b) p r o v i d e  a  d e t a i l e d  

d e s c r i p t i o n  and d e s i g n  b a s i s  f o r  t h e  process,  b u t  a  b r i e f  summary i s  a l s o  p r o -  

v i  ded hero .  

Power Sys tem 

The power sys tem f o r  t h e  ISV process uses a  Scot t -Tee t r a n s f o r m e r  connec- 

t i o n  t o  c o n v e r t  t h ree -phase  e l e c t r i c a l  power t o  two s i n g l e - p h a s e  l o a d s  ( L a z a r  

1977).  Each s i n g l e - p h a s e  l o a d  i s  connected t o  two e l e c t r o d e s ,  a r ranged  i n  a  

square  p a t t e r n ,  as shown i n  F i g u r e  8. The Scot t -Tee t r a n s f o r m e r  was s e l e c t e d  

on t h e  b a s i s  o f  i t s  even d i s t r i b u t i o n  of  c u r r e n t  w i t h i n  t h e  m o l t e n  s o i l ,  w h i c h  

produces a  v i t r i f i e d  p r o d u c t  a lmost  square  i n  shape t o  m i n i m i z e  t h e  o v e r l a p  

between a d j a c e n t  s e t t i n g s .  The c o n n e c t i o n  has been employed d u r i n g  p i l o t -  and 

e n g i n e e r i n g - s c a l e  t e s t s  and i s  commonly used i n  t h e  g l a s s  i n d u s t r y .  
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The v i t r i f i c a t i o n  zone c o n t i n u a l l y  grows as t h e  ISV process i s  s u p p l i e d  

w i t h  power. T h i s  c r e a t e s  a  c o n s t a n t l y  chang ing v o l t a g e j c u r r e n t  r e l a t i o n s h i p ,  

wh ich  r e q u i r e s  m u l t i p l e  v o l t a g e  t a p s  on t h e  Scot t -Tee t r a n s f o r m e r .  The m u l t i  - 
p l e  t a p s  a l l o w  f o r  more e f f i c i e n t  use of  t h e  power system by m a i n t a i n i n g  t h e  

power f a c t o r  ( t h e  phase r e l a t i o n s h i p  between c u r r e n t  and v o l t a g e )  nea r  maximum, 

wh ich  i s  3750 kW f o r  t h e  l a r g e - s c a l e  system. F i g u r e  9 shows t h e  i n c r e a s e  i n  

t h e  a c h i e v a b l e  average power i n p u t  when u s i n g  16 v o l t a g e  t a p s  r a t h e r  t h a n  4. 
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Average power i s  2900 kW when f o u r  v o l t a g e  t a p s  a r e  used. W i t h  16 v o l t a g e  t a p s  

t h e  average power has been i n c r e a s e d  t o  3500 kW, which i s  much more e f f i c i e n t  

use of  t h e  maximum c a p a b i l i t i e s  o f  t h e  system. 

To c o n t r o l  t h e  c u r r e n t  and/or  v o l t a g e  b e i n g  i n t r o d u c e d  i n t o  t h e  e l  ec -  

t r o d e s ,  s a t u r a b l e  r e a c t o r s  w i t h  t h e i  r r e s p e c t i v e  c o n t r o l  w ind ings  a r e  used f o r  

t h e  l a r g e - s c a l e  system. S a t u r a b l e  r e a c t o r s  have been used e x t e n s i v e l y  f o r  

power c o n t r o l  systems i n  v a r i  ous app l  i c a t  i ons. Thei  r p r i  n c i  p l  e  of o p e r a t  i on i s  

s i m i l a r  t o  a  v a r i a b l e  i n d u c t o r  i n  s e r i e s  w i t h  t h e  l oad ,  as shown i n  F i g u r e  8  

( P l a t t  1958). By chang ing t h e  c o n t r o l  w i n d i n g  c u r r e n t  t o  t h e  s a t u r a b l e  

r e a c t o r ,  t h e  l e v e l  of s a t u r a t i o n  o f  t h e  s a t u r a b l e  r e a c t o r ' s  c o r e  i s  v a r i e d .  

T h i s  changes t h e  i n d u c t a n c e  i n  s e r i e s  w i t h  t h e  l o a d  o f  t h e  system. By decreas-  

i n g  t h e  l e v e l  of s a t u r a t i o n ,  a  h i g h e r  v o l t a g e  drop i s  a t t a i n e d  ac ross  t h e  s a t u -  

r a b l e  r p a c t o r ,  l e a v i n g  l e s s  v o l t a g e  and c u r r e n t  a v a i l a b l e  t o  t h e  l oad ,  t h u s  

c o n t r o l  1  i n g  t h e  power t o  t h e  load.  

S a t u r a b l e  r e a c t o r s  were s e l e c t e d  r a t h e r  t h a n  s o l i d - s t a t e  components f o r  

l a r g e - s c a l e  o p e r a t i  on because s o l  i d - s t a t e  components a r e  n o t  a v a i  1  a b l e  above 

600 V, u n l e s s  opera ted  i n  s e r i e s .  S a t u r a b l e  r e a c t o r s  a l s o  i n t r o d u c e  fewer h a r -  

monic f r e q u e n c i e s  i n t o  t h e  g r i d  system. However, t h e  s a t u r a b l e  r e a c t o r s  have a  

d e t r i m e n t a l  e f f e c t  on t h e  power f a c t o r .  The power f a c t o r  i s  t h e  c o s i n e  o f  t h e  

phase a n g l e  between t h e  c u r r e n t  and v o l t a g e  waveforms d i s t r i b u t e d  t o  t h e  power 

sys tem (Del Toro 1972). A power f a c t o r  t h a t  i s  much l e s s  t h a n  one g e n e r a l l y  

r e s u l t s  i n  c o s t  p e n a l t i e s  t o  t h e  use r ,  and i s  d i scou raged  by b o t h  t h e  power 

g e n e r a t i o n  and t r a n s m i s s i o n  peop le .  T h i s  prob lem can be overcome by u s i n g  up t o  

16 mu1 t i  p l e  v o l t a g e  t a p s  on t h e  S c o t t  -Tee t r a n s f o r m e r ,  wh ich  keeps t h e  average 

p r e d i c t e d  power f a c t o r  f o r  t h e  l a r g e - s c a l e  system h i g h  (nea r  0.9--we1 1  w i t h i n  

t h e  a c c e p t a b l e  range) .  

The c o n t r o l  scheme i s  t o  use two  s a t u r a b l e  r e a c t o r s  on t h e  secondary s i d e  

of t h e  S c o t t  -Tee t r a n s f o r m e r .  T h i s  has t h e  advantage o f  i n d e p e n d e n t l y  c o n t r o l  - 
l i n g  t h e  power t o  each of t h e  s i n g l e - p h a s e  loads .  However, t h e  s a t u r a b l e  r e a c -  

t o r s  had t o  be des igned t o  accommodate t h e  f u l l  v o l t a g e  and c u r r e n t  ranges 

caused by t h e  v a r i a b l e  r e s i s t a n c e  o f  t h e  m e l t  i n  t h i s  b a t c h  o p e r a t i o n  p r o c -  

ess. T h i s  r e q u i  r e s  m u l t i p l e  r e a c t o r s  f o r  each phase connected i n  s e r i e s  and /o r  

para1 l e l  t o  be c o m p a t i b l e  w i t h  t h e  range o f  v o l t a g e  and c u r r e n t  r a t i n g s .  



The power s u p p l y  system was s p e c i f i e d  t o  meet f u n c t i o n a l  c r i t e r i a  d e t e r -  

mined by a  mathemat ica l  model, d e s c r i b e d  f u r t h e r  i n  t h e  Process Parameters s e c -  

t i o n  of t h i s  r e p o r t .  From t h e  mathemat ica l  s i m u l a t i o n s ,  a  3750-kW power s u p p l y  

was s e l e c t e d  f o r  t h e  l a r g e - s c a l e  system. The mode l i ng  p r e d i c t i o n s  a l s o  s t i p u -  

l a t e  t h a t  t o  meet t h e  f u n c t i o n a l  c r i t e r i a ,  a  l o a d  v o l t a g e  o f  between 4160 t o  

400 V must be s u p p l i e d  w i t h  a  c o r r e s p o n d i n g  c u r r e n t  c a p a c i t y  on each of  t h e  t w o  

secondary  phases o f  between 450 and 4000 A, r e s p e c t  i v e l y  . 
O f f  -Gas Con ta i  nment and E l  e c t  rode Suppor t  Hood 

A s t a i n l e s s  s t e e l  o f f - g a s  hood i s  p l a c e d  ove r  t h e  v i t r i f i c a t i o n  zone t o  

c o n t a i n  any gaseous and r a d i o a c t i v e  e f f l u e n t s  f r o m  t h e  process and t o  d i  r e c t  

them t o  t h e  p o r t a b l e  o f f - g a s  t r e a t m e n t  system. The hood (shown i n  F i g u r e  10) 

i s  k e p t  under a  s l i g h t l y  n e g a t i v e  p r e s s u r e  (0.25 t o  2.5 cm wa te r ) .  

The hood i s  c o n s t r u c t e d  o f  2.4- x  1.2-m pane ls  t h a t  can be d i s m a n t l e d  and 

s t o r e d  i n  t y p e  A ( ~ )  t r a n s p o r t a t i o n  c o n t a i n e r s .  Because o f  t h e  h i g h  h e a t  l o a d  

from b u r n i n g  c o m b u s t i b l e  wastes a t  t h e  v i t r i f i c a t i o n  s u r f a c e ,  t h e  o f f - g a s  hood 

i s  c o n s t r u c t e d  o f  m a t e r i a l s  t h a t  a r e  capab le  o f  w i t h s t a n d i n g  900°C. A  non- 

welded ( b o l t e d )  hood d e s i g n  was f a v o r e d  f o r  t h e  l a r g e - s c a l e  sys tem because 

t h e r m a l  expans ion f r o m  ambient  t e m p e r a t u r e  t o  900°C c r e a t e s  >2.5-cm expans ion  

i n  any d i r e c t i o n .  The pane ls  a r e  assembled i n  a  manner t o  r e 1  i e v e  s t r e s s e s  

t h a t  m igh t  r e s u l t  f rom the rma l  expansion.  The e x i s t i n g  hood i s  des igned  f o r  a  

s k i n  t e m p e r a t u r e  o f  550°C; h i g h e r  c o m b u s t i b l e  l o a d i n g s  i n  t h e  s o i l ,  f o r  wh ich  

t h e  o f f - g a s  t r e a t m e n t  system i s  des igned,  would r e q u i r e  a  h i g h - t e m p e r a t u r e  hood 

d e s i  gn. 

The hood i s  s e a l e d  t o  t h e  s u r f a c e  o f  t h e  s o i l  s u r r o u n d i n g  t h e  zone t o  be 

v i t r i f i e d  by a  f l e x i b l e  s k i r t  o f  t i g h t l y  woven, h i g h - t e m p e r a t u r e  r e s i s t a n t  

f i b e r  covered w i t h  a  few c e n t i m e t e r s  o f  d i r t .  The s k i r t  m a i n t a i n s  a  s e a l  d u r -  

i n g  p rocess ing ,  wh ich  n o r m a l l y  tends  t o  d r y  o u t  t h e  d i r t  around t h e  hood, 

t h e r e b y  i n c r e a s i n g  a i  r i n l e a k a g e .  

( a )  Han fo rd  r a d i o a c t i v e  shipment c l a s s i f i c a t i o n .  
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F I G U R E  10. O f f  -Gas Containment Hood f o r  t h e  Large-Sca le  System 

The f o u r  Mo e l e c t r o d e s  p r o t r u d e  t h r o u g h  t h e  hood a t  v a r i a b l e  s e p a r a t i o n s  

o f  3.5 rn t o  5.5 m on a  s i d e .  They a r e  sur rounded by e l e c t r i c a l l y  i n s u l a t e d  

s leeves  t h a t  a l l o w  f o r  t h e  ad jus tmen t  o f  t h e  e l e c t r o d e  p o s i t i o n .  The 

e l e c t r o d e s  a r e  suppor ted  by i n s u l a t o r s  above t h e  s leeve .  The i n s u l a t o r s  a r e  



des igned t o  w i t h s t a n d  any movement o f  t h e  m o l t e n  mass a g a i n s t  t h e  e l e c t r o d e s  

caused by c o n v e c t i v e  c u r r e n t s  and t h e  g r a v i t a t i o n a l  o r  buoyant  f o r c e s  e x e r t e d  

on t h e  e l e c t r o d e s .  

Off-Gas Treatment  Svstem 

The o f f - g a s  t r e a t m e n t  system (see  F i g u r e  11)  c o o l s ,  sc rubs ,  and f i l t e r s  

t h e  gaseous e f f l u e n t s  exhausted f rom t h e  hood. I t s  p r i m a r y  components 

i n c l u d e :  a  gas c o o l e r ,  two wet sc rubber  systems (tandem n o z z l e  sc rubbers  and 

quenchers ) ,  two heat  exchangers,  two process sc rub  tanks ,  two s c r u b  s o l u t i o n  

pumps, a condenser,  t h r e e  m i s t  e l i m i n a t o r s  (vane s e p a r a t o r s ) ,  a  h e a t e r ,  a  h i g h -  

e f f i c i e n c y  p a r t i c u l a t e  a i r  (HEPA) f i l t e r  assembly, and a  b l o w e r  system. 

Due t o  t h e  a d d i t i o n a l  hea t  l o a d  f r o m  h i g h  c o n c e n t r a t i o n s  o f  b u r i e d  s o l i d  

and l i q u i d  o r g a n i c  combus t ib les ,  o f f  gases e n t e r i n g  t h e  o f f - g a s  t r a i l e r  can be 

expec ted  t o  reach a  maximum t e m p e r a t u r e  o f  750°C. To keep t h e  s i z e  o f  t h e  h e a t  

exchange equipment manageable f o r  a  t r a n s p o r t a b l e  f a c i l i t y ,  a  gas c o o l e r  i s  
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FIGURE 11. O f f  -Gas System f o r  Large-Sca le  I n  S i t u  V i t r i f i c a t i o n  



p r o v i d e d  t o  remove a  ma jo r  p o r t i o n  o f  t h e  hea t  l o a d  f r o m  t h e  o f f  gases b e f o r e  

quenching.  The gas c o o l e r  i s  a  f i n n e d  a i  r - t o - g l y c o l  h e a t  exchanger. It i s  

capab le  o f  t r a n s f e r r i n g  1100 kW f r o m  t h e  o f f  gas t o  a  g l y c o l  l oop ,  c o o l i n g  t h e  

gases t o  300°C. The gas c o o l e r  can be bypassed by o p e r a t i n g  t h r e e  40-cm 

pneumati c - a c t u a t e d  b u t t e r f l y  v a l  ves. 

Frorn t h e  gas c o o l e r ,  t h e  o f f  gas i s  s p l i t  and d i r e c t e d  i n t o  two wet sc rub -  

b e r  systems t h a t  o p e r a t e  i n  p a r a l l e l .  Two sc rubber  systems p r o v i d e  an o p e r a t -  
3  i n g  f l o w  range o f  between 30 and 104 s t d  m /min. A t  f l o w s  l e s s  than  

3  60 s t d  m  /min o n l y  one system opera tes .  The dua l  sc rubber  system a l s o  p r o v i d e s  

redundancy i n  t h e  even t  o f  s ingle-component f a i l u r e .  Each system i s  composed 

o f  a  quench tower ,  a  tandem n o z z l e  sc rubber ,  and a  vane s e p a r a t o r .  The 

quencher reduces t h e  gas tempera tu re  f r o m  300 t o  66OC, and p r o v i d e s  some sc rub -  

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

n l rc l  i d e s .  The p r i m a r y  f u n c t i o n s  o f  t h e  tandem n o z z l e  sc rubber  a r e  t o  remove 

any r e m a i n i n g  p a r t i c l e s  t h a t  a r e  >0.5 @ d i a ,  condense t h e  rema in ing  semivo la -  

t i l e  components, and p r o v i d e  a d d i t i o n a l  c o o l i n g  o f  t h e  o f f  gas. The vane 

s e p a r a t o r  t h a t  f o l l o w s  each tandem n o z z l e  sc rubber  i s  des igned t o  remove a l l  

d r o p l e t s  213 4m. 

The scr t lb  s o l u t i o n  t h a t  i s  i n j e c t e d  i n t o  t h e  qrlenchers and tandem n o z z l e  

s c r ~ l b b e r s  i s  c o o l e d  t h r o u g h  two s i  n g l  e -s tage h e a t  exchangers b e f o r e  h e i  ng 

r e t u r n e d  t o  t h e  process sc rub  tanks .  Each h e a t  exchanger can remove 120 kW 

frorrl t h e  s c r u b  s o l u t i o n  and t r a n s f e r  120 kW o f  h e a t  t o  t h e  g l y c o l  s o l u t i o n .  

Two independent  sc rub  pumps r e c i r c u l a t e  t h e  s c r u b  s o l u t i o n  f r o m  t h e  p r o c -  

ess t a n k s  t o  t h e  wet sc rubbers .  Each pump can d e l i v e r  510 L /min  w i t h  a  maximum 

d e l i v e r a b l e  p r e s s u r e  o f  680 kPa. I n  a d d i t i o n ,  t h e  sc rub  pumps can f l u s h  o u t  

t h e  gas c o o l e r  and o f f - g a s  p i p i n g  t h a t  a r e  n o t  w e t t e d  by t h e  wet scrubbers .  

F o l l o w i n g  t h e  sc rubber  systems, t h e  o f f  gas i s  recombined and coo led.  A 

condenser and m i  s t  e l  i m i  n a t o r  p r o v i d e  add i  t i  ona l  decontami n a t i o n  o f  t h e  o f f  gas 

by condens ing i t  and removing w a t e r  d r o p l e t s .  The condenser t r a n s f e r s  320 kW 

f r o m  t h e  o f f  gas i n t o  f l o w i n g  g l y c o l .  The m i s t  e l i m i n a t o r ,  a  vane s e p a r a t o r ,  

removes d r o p l e t s  212 p. Roth t h e  condenser and m i s t  e l i m i n a t o r  a r e  r a t e d  a t  

104 s t d  m3/min. F i n a l  decon tamina t ion  o f  o f f - g a s  p a r t i c u l a t e s  i s  ach ieved i n  

t h e  two-s tage qEPA f i l t e r  assembl ies .  The f i r s t  s tage  i s  composed o f  two 



para1 1  e l  housings , each capable o f  h o l d i n g  f o u r  61-cm-hi gh x  30-cm-deep 

f i l t e r s .  With t h i s  arrangement, one f i l t e r  se t  can be changed out  w i t h o u t  

i n t e r f e r i n g  w i t h  t h e  cont inuous ope ra t i on  o f  t h e  o f f -gas  system. 

The gaseous e f f l u e n t s  a re  drawn th rough  t h e  o f f -gas  system components by 

an induced d r a f t  system. The d r i v i n g  f o r c e  i s  p rov ided  by a  149-kW (200-hp) 

b lower  t h a t  i s  capable o f  ach iev ing  104 s t d  m3/min a t  90°C and -229 cm of 

water.  A back-up b lower  r a t e d  a t  one-quar ter  t h e  capac i t y  i s  a v a i l a b l e  if t h e  

p r imary  b lower  f a i l s .  The back-up b lower  i s  no t  in tended  t o  p rov i de  excess 

combustion a i r ,  bu t  r a t h e r  t o  ma in ta i n  a  nega t i ve  pressure on t h e  o f f - g a s  hood 

t o  prevent  d i r e c t  r e l ease  o f  e f f l u e n t s  u n t i l  t h e  process can be s a f e l y  shut  

down. The back-up b lower  i s  a u t o m a t i c a l l y  a c t i v a t e d  by t h e  process c o n t r o l  

system when t h e  main blower header vacuum i s  reduced below a  p rese t  1  i m i t .  

A f t e r  pass ing th rough  t h e  blower system, t h e  o f f  gases a re  exhausted t o  t h e  

s tack ,  which i s  mon i to red  con t i nuous l y  f o r  r ad ionuc l i des ,  NOx, and SO2. The 

s tack  which i s  removable and extends h i g h  enough t o  prevent  i n t e r f e r e n c e  w i t h  

t h e  of f -gas and c o n t r o l  t r a i  1  e r ' s  hea t ing ,  v e n t i  1  a t i  ng, and a i r  c o n d i t i o n i n g  

(HVAC) systems. 

G lyco l  Cool i ng System 

Glyco l  c o o l i n g  s o l u t i o n  i s  pumped between t h e  suppor t  t r a i l e r  and of f -gas 

t r a i l e r  t o  remove t h e  heat f rom t h e  gaseous e f f l u e n t s .  The g l y c o l  i s  r e c i r c u -  

l a t e d  between t r a i l e r s  th rough  f l e x i b l e  jumpers by two pumps i n  two independent 

1  oops. The g l y c o l  r e c i  r c u l  a t  i ng th rough  t h e  heat exchangers and condensers i s  

kep t  separa te  f rom t h e  g l y c o l  l oop  f o r  t h e  o f f -gas  coo le rs .  However, bo th  

loops a re  assembled i n  one g l y c o l  c o o l i n g  assembly, which i s  l o c a t e d  on t h e  

suppor t  t r a i l e r .  The assembly c o n s i s t s  o f  two fan-cooled r a d i a t o r  systems, 

each ded ica ted  t o  i t s  r e s p e c t i v e  g l y c o l  loop.  The e n t i  r e  assembly removes 

1600 kW a t  an ambient temperature o f  38°C. 

Process Cont ro l  S ta t  i on 

The process c o n t r o l  s t  a t  i o n  c o n s i s t s  o f  a  d i s t r i b u t e d  microprocessor  moni - 
t o r i n g  and c o n t r o l  system and a  c o n t r o l  console  f o r  t h e  power supply.  The 



process c o n t r o l  s t a t i o n  mon i to rs  and c o n t r o l s  impor tan t  process parameters and 

automat i  c a l  l y  a c t i  vates back-up equipment o r  re rou tes  o f f  -gas f 1 ow i f  c e r t a i n  

equipment f a i l s .  

The d i s t r i  buted microprocessor  c o n t r o l  system c o n s i s t s  o f  two process con- 

t r o l  u n i t s  and two opera to r  i n t e r f a c e  u n i t s .  The process c o n t r o l  u n i t s  a re  

connected t o  c r i t i c a l  and i n f o r m a t i o n a l  sensors l oca ted  throughout  t h e  process. 

These i n c l u d e  sensor readings f rom pressure elements, thermocouples, gas moni-  

t o r s ,  and f lowmeters.  I n  a d d i t i o n  t o  m o n i t o r i n g  key parameters, t h e  c o n t r o l  

system performs t h e  f o l l o w i n g  f u n c t i o n s :  

c o n t r o l  o f  t h e  pressure drop across t h e  scrubber  systems by a pneu- 

ma t i c  f low c o n t r o l  va lve  a t  t h e  blower i n l e t  

c o n t r o l  of t h e  blower i n l e t  vacuum w i t h  a separate  pneumatic va l ve  

t h a t  governs t h e  magnitude o f  r e c y c l e  th rough  t h e  main b lower  

c o n t r o l  o f  o f f - g a s  d i f f e r e n t i a l  temperature across t h e  hea te r  

c o n t r o l  o f  nega t i ve  pressure i n  t h e  hood by c o n t r o l  1 i n g  combustion 

a i r  f l ow th rough  a pneumatic va l ve  

automat ic  batch l o g i c  sequencing o f  s p e c i f i c  opera t ions  i n  t h e  event 

of equipment f a i  l u r e  ( 2 2  preprogrammed sequences a re  i nc l uded ) .  

As examples o f  t h e  l a t t e r  f u n c t i o n ,  if power f a i l s ,  t h e  c o n t r o l  system 

a u t o m a t i c a l l y  r e s t a r t s  t h e  o f f - gas  system i n  a preprogrammed sequence on 

emergency generator  power. I f  t h e  pressure drop across t h e  HEPA f i l t e r s  

exceeds predetermined l e v e l s ,  t h e  system au tomat i ca l  l y  a c t i v a t e s  t h e  para1 1 e l  

HEPA f i l t e r  assembly. I f  e i t h e r  hood vacuum o r  oxygen concen t ra t i on  i s  reduced 

below minimum o p e r a t i n g  c r i t e r i a ,  t h e  system engages t h e  standby scrubber  

system. And i f  t h e  p r imary  blower f a i l s ,  t h e  system a u t o m a t i c a l l y  shuts  down 

power t o  t h e  e l ec t r odes  and s t a r t s  t h e  back-up blower.  

A l though t h e  c o n t r o l  system i s  connected t o  sensors and t o  an au tomat i c  

shutdown c i r c u i t  on t h e  e l e c t r o d e  power supply  system, i t  does no t  d i r e c t l y  

c o n t r o l  t h e  power supply.  A separate  c o n t r o l  console f u l  f i  11s t h a t  f u n c t i o n .  

The power supply  c o n t r o l  l e r  p rov ides  t h e  necessary s a t u r a t i o n  c u r r e n t  t o  t h e  

s a t u r a b l e  r eac to r s  t h a t  govern t h e  power t o  t h e  e lec t rodes .  Th is  c o n t r o l  



module maximizes t h e  e f f i c i e n c y  o f  t h e  e l e c t r o d e  power system and p r o v i d e s  a  

q u i c k  r e d u c t i o n  i n  power i n  t h e  event  o f  o f f - s t a n d a r d  c o n d i t i o n s .  

O f f  -Gas SuDDort Eaui ~ m e n t  

Var ious  s u p p o r t  and back-up equipment a r e  necessary  t o  ensu re  t h e  s a f e  

o p e r a t i o n  o f  t h e  o f f - g a s  system. T h i s  equipment p r o v i d e s  e l e c t r i c a l ,  w a t e r ,  

and a i r  s e r v i c e s  t o  t h e  o f f - g a s  equipment.  The s u p p o r t  equipment i n c l u d e s :  a  

750-kVA t r a n s f o r m e r ;  a  750-kVA d i e s e l  g e n e r a t o r ;  an a i r  compressor;  and a  p r o c -  

ess w a t e r  s u p p l y  t a n k ,  pump, and a g i t a t o r .  

Other  t h a n  t h e  need f o r  e l e c t r i c a l  power, t h e  ISV process i s  e n t i r e l y  

s e l f - c o n t a i n e d .  No o u t s i d e  water ,  sewer, o r  a i r  s e r v i c e s  a r e  r e q u i r e d .  Supp ly  

and waste  wa te rs  a r e  t r a n s p o r t e d  t o  t h e  process t r a i l e r  by t a n k  t r u c k  on an 

as-needed o r  schedu led  b a s i s .  The process i s  equipped w i t h  i t s  own a i r  com- 

p r e s s o r  f o r  a c t u a t i o n  o f  t h e  pneumat ic v a l v e s  and i t s  own wa te r  s u p p l y  t a n k  f o r  

s c r u b  s o l u t i o n  makeup. 

Power t o  t h e  o f f - g a s  process equipment i s  p r o v i d e d  t h r o u g h  t h e  750-kVA 

t r a n s f o r m e r  and d i s t r i b u t e d  by t h e  motor  c o n t r o l  c e n t e r  (MCC) f r o m  a  13.8-kV 

supp ly .  I f  power t o  t h e  t r a n s f o r m e r  i s  i n t e r r u p t e d ,  a  t r a n s f e r  s w i t c h  i n  t h e  

MCC automat i c a l  l y  a c t i v a t e s  a  s tandby 750-kVA d i e s e l  g e n e r a t o r  t h a t  i s  equ ipped 

w i t h  i t s  own ba t te ry -powered  c r a n k i n g  system. T h i s  g e n e r a t o r  p r o v i d e s  emer- 

gency power t o  a l l  o f f - g a s  system components i n c l u d i n g  t h e  pumps and fans o f  

t h e  g l y c o l  c o o l  i ng assembly, s c r u b  pumps, h e a t e r ,  b l o w e r  system, a i  r compres- 

s o r ,  and m o n i t o r i n g  and c o n t r o l  i n s t r u m e n t a t i o n .  The MCC, l o c a t e d  i n  t h e  con-  

t r o l  t r a i l e r ,  p r o v i d e s  power t o  t h i s  equipment and t o  t h e  power s u p p l y  c o n t r o l  

c o n s o l e  and t h e  supp ly  pump and a g i t a t o r  f o r  p rocess water .  The 112-kVA t r a n s -  

fo rmer ,  wh ich  p r o v i d e s  240-V and 120-V power f r o m  t h e  480-V s u p p l y ,  i s  a l s o  i n  

t h e  c o n t r o l  t r a i l e r .  The 120-V power i s  a l s o  t i e d  i n t o  t h e  emergency back-up 

power g e n e r a t o r  f o r  emergency l i g h t i n g .  

P I  LOT-SCALE SYSTEM 

The p i l o t - s c a l e  system uses f o u r  e l e c t r o d e s  w i t h  a  1 . 2 4  s e p a r a t i o n  and 

c o n s i s t s  o f  a  power c o n t r o l  u n i t ,  an o f f - g a s  conta inment  hood o v e r  t h e  waste  

s i t e ,  and an o f f - g a s  t r e a t m e n t  system t h a t  i s  housed i n  a  p o r t a b l e  



s e m i - t r a i l e r  (see F i g u r e  12).  P r i o r  t o  and a f t e r  a  r a d i o a c t i v e  t e s t ,  t h i s  

same system was used on s i x  n o n r a d i o a c t i v e  t e s t s .  A  p r e v i o u s  p i l o t - s c a l e  

sys tem (Oma e t  a1 . 1983) preceded t h e  p r e s e n t  p i l o t - s c a l e  d e s i g n  t o  p r o v i d e  

sca le-up f e a s i b i l i t y ;  however, i t  was n o t  m o b i l e  o r  des igned f o r  r a d i o a c t i v e  

m a t e r i  a1 s. 

Power System Design 

L i k e  t h e  l a r g e - s c a l e  u n i t ,  t h e  p i l o t - s c a l e  power system uses a  Sco t t -Tee  

c o n n e c t i o n  t o  t r a n s f o r m  a  th ree -phase  i n p u t  t o  a  two-phase secondary l o a d  on 

d i a g o n a l l y  opposed e l e c t r o d e s  i n  a  square  p a t t e r n .  The 500-kW power s u p p l y  may 

be e i t h e r  v o l t a g e  o r  c u r r e n t  r e g u l a t e d .  The a l t e r n a t i n g  c u r r e n t  p r i m a r y  i s  

r a t e d  a t  480 V, 600 A, 3  phase, and 60 Hz. The th ree -phase  i n p u t  feeds a  

Scot t -Tee connected t r a n s f o r m e r  (see F i g u r e  8 )  t o  p r o v i d e  a  two-phase second- 

a r y .  The t r a n s f o r m e r  has f o u r  s e p a r a t e  v o l t a g e  t a p  s e t t i n g s - - 1 0 0 0  V, 650 V, 

430 V, and 250 V. Each v o l t a g e  t a p  has a  co r respond ing  amperage r a t i n g  o f  

250 A, 385 A, 580 A, and 1000 A  and an o f f - g a s  t r e a t m e n t  system. L i k e  t h e  

l a r g e - s c a l e  u n i t ,  t h e  hood i s  equ ipped w i t h  a  heat  s h i e l d  i n s t a l l e d  under t h e  

c e n t e r  t o p  panel  t o  p r o t e c t  t h e  hood f r o m  heat  t h a t  r a d i a t e s  f r o m  t h e  p a r t i a l l y  

m o l t e n  s u r f a c e  d u r i n g  p rocess ing .  

FIGURE 12. Hood and Process T r a i l e r  f o r  P i l o t - S c a l e  I n  S i t u  V i t r i f i c a t i o n  



The hood makes use o f  t h e  f l e x i b l e  s k i r t  t o  p r o v i d e  a  s e a l  t o  t h e  s u r f a c e  

o f  t h e  s o i l  s u r r o u n d i n g  t h e  zone t o  be v i t r i f i e d .  The s k i r t  ex tends  -0.6 m 

away f r o m  t h e  hood, a l l o w i n g  f o r  a  hood- to-ground sea l  when cove red  w i t h  a  

1  aye r  o f  s o i  1. 

E l e c t r i c a l  bus ba rs ,  wh ich  a r e  e x t e n s i o n s  o f  t h e  Mo e l  e c t  rodes , p r o t r u d e  

t h r o u g h  t h e  hood and a r e  sur rounded by e l e c t r i c a l l y  i n s u l a t e d  s l e e v e s  t h a t  

a1 l o w  f o r  t h e  ad jus tmen t  o f  t h e  e l e c t r o d e  p o s i t i o n s .  F i g u r e  13 d e p i c t s  one 

d e s i g n  o f  t h e  i n s u l a t e d  s l e e v e s  t h a t  was implemented d u r i n g  t h e  PSRT. 

Off-Gas Treatment System 

The o f f - g a s  sys tem i s  shown s c h e m a t i c a l l y  i n  F i g u r e  14. The o f f  gas 

passes t h r o u g h  a v e n t u r i - e j e c t o r  sc rubber  and s e p a r a t o r ,  Hydro-Sonic@ sc rubber ,  

s e p a r a t o r ,  condenser,  a n o t h e r  s e p a r a t o r ,  h e a t e r ,  two s tages  o f  HEPA f i l t r a t i o n ,  

INSULATOR Mo ELECTRODE 

ADJUSTABLE 

FIGURE 13. Des ign o f  Hood Feedthrough f o r  E l e c t r o d e  Bus Bar  

-- 

@ Hydro-Son ic  s c r u b b e r  i s  a  r e g i s t e r e d  t rademark  o f  Hydro Son ic  Systems, 
D a l l  as, Texas. 





and a  b lower .  L i q u i d  t o  t h e  two  wet sc rubbers  i s  s u p p l i e d  by two independent  

s c r u b  r e c i r c u l a t i o n  tanks ,  each equ ipped w i t h  a  pump and h e a t  exchanger.  The 

e n t i  r e  o f f - g a s  sys tem has been i n s t a l  l e d  i n  a  13.7-m- ( 4 5 - f t - )  l o n g  semi - 
t r a i l e r  t o  f a c i l i t a t e  i t s  t r a n s p o r t a t i o n  t o  a  waste  s i t e .  Equipment l a y o u t  

w i t h i n  t h e  t r a i l e r  i s  i l l u s t r a t e d  i n  F i g u r e  15. Except  f o r  t h e  second-stage 

HEPA f i l t e r  and b lower ,  a l l  o f f - g a s  components a r e  housed i n  a  removable 

con ta inmen t  module t h a t  has g l o v e d  access f o r  remote o p e r a t i o n s  and i s  

m a i n t a i n e d  under  a  s l i g h t  vacuum (see F i g u r e  16) .  

Heat i s  removed f r o m  t h e  o f f  gas by a  c l o s e d  l o o p  c o o l i n g  sys tem t h a t  con- 

s i s t s  o f  an a i  r l l i q u i d  h e a t  exchanger,  a  c o o l a n t  s t o r a g e  tank ,  and a  pump. A 

50% w a t e r l e t h y l e n e  g l y c o l  mix  i s  pumped f r o m  t h e  s t o r a g e  t a n k  t h r o u g h  t h e  s h e l l  

s i d e  o f  t h e  condenser and t h e  two s c r u b  s o l u t i o n  h e a t  exchangers,  t h e n  t h r o u g h  

t h e  a i  r l l i q u i d  exchanger,  where h e a t  i s  removed f r o m  t h e  c o o l a n t .  

The v e n t u r i - e j e c t o r  s c r u b b e r  se rves  b o t h  as a  quencher and a  h i g h  energy  

scrubber .  The second s c r u b b e r  i s  a  two-s tage  Hydro-Sonic s c r u b b e r  (tandem 

n o z z l e  f a n  d r i v e )  as i l l u s t r a t e d  i n  F i g u r e  17. The f i r s t  s e c t i o n  condenses 

vapors ,  removes l a r g e r  p a r t i c l e s ,  and i n i t i a t e s  growth  o f  t h e  f i n e r  p a r t i c l e s  

so t h a t  t h e y  a r e  more e a s i l y  c a p t u r e d  i n  t h e  second stage.  P a r t i c u l a t e  i s  cap- 

t u r e d  when t h e  gas i s  mixed w i t h  f i n e  w a t e r  d r o p l e t s  produced by s p r a y i n g  w a t e r  

i n t o  t h e  exhaus t  o f  t h e  s ~ ~ b s o n i c  n o z z l e .  M i x i n g  and d r o p l e t  g rowth  c o n t i n u e  

down t h e  l e n g t h  o f  t h e  m i x i n g  tube.  La rge  d r o p l e t s  c o n t a i n i n g  t h e  p a r t i c u l a t e  

a r e  t h e n  removed by a  vane s e p a r a t o r  and d r a i n e d  back i n t o  t h e  sc rub  tank .  The 

u n i t  i s  deq igned t o  remove o v e r  90% o f  a1 1  p a r t i c u l a t e s  g r e a t e r  t han  0 . 5 - ~ n  d i a  

when o p e r a t e d  a t  a  d i f f e r e n t i a l  p r e s s u r e  o f  127 cm o f  water .  Removal e f f i -  

c i e n c y  i n c r e a s e s  w i t h  an i n c r e a s e  i n  p r e s s u r e  d i f f e r e n t i a l .  

A d d i t i o n a l  w a t e r  i s  removed f r o m  t h e  o f f - g a s  system by a  condenser t h a t  

has a  h e a t  exchange a rea  of 8.9 m2 and a  f i n a l  s e p a r a t o r .  The gases a r e  t h e n  

rehea ted  t o  -25OC i n  a  30-kW h e a t e r  t o  p r e v e n t  condensate c a r r y o v e r  t o  t h e  

f i l t e r s .  

The f i r s t  s tage  o f  f i l t r a t i o n  c o n s i s t s  of two 61- x  61- x  29-cm (24- x  

24- x  11.5- in. )  UEPA f i l t e r s  i n  p a r a l l e l .  D u r i n g  o p e r a t i o n ,  one f i l t e r  i s  used 

and t h e  o t h e r  remains as a  hack-up i n  case t h e  g e n e r a t i n g  f i l t e r  becomes 
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FIGURE 15. Cutaway View o f  P i l o t - S c a l e  ISV Process T r a i l e r  and Hood 
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FIGURE 17. Tandem Nozz le  Hydro-Sonic Scrubber (Hydro-Sonic Systems, - 
Dal 1  as,  Texas ) 

loaded.  The p r i m a r y  f i l t e r  can be changed o u t  d u r i n g  o p e r a t i o n .  The second- 

s t a g e  HEPA f i l t e r  a c t s  as a  back-up i f  a  f i r s t - s t a g e  f i l t e r  f a i l s .  

ENGINEERING-SCALE SYSTEM 

One o f  t h e  p r i m a r y  deve lopmenta l  t o o l s  f o r  ISV has been t h e  e n g i n e e r i n g -  

s c a l e  l a b o r a t o r y  t e s t  (ESLT), wh ich  i s  o p e r a t e d  i n  t h e  PNL deve lopmenta l  l a b o -  

r a t o r y .  The e n g i n e e r i n g - s c a l e  sys tem has many f l e x i b l e  d e s i g n  f e a t u r e s  f o r  

t e s t i n g  new concepts .  One o f  t h e s e  f e a t u r e s  i s  t h e  a b i l i t y  t o  m e l t  a t  d e p t h -  

t o - e l e c t r o d e - s e p a r a t i o n  r a t i o s  t h a t  a r e  much g r e a t e r  t h a n  d u r i n g  p r e v i o u s  

p i  1  o t - s c a l e  f i e l  d  t e s t s  ( PSFTs ). Computer model i ng shows t h a t  t h e  ESLT system 

i s  capab le  o f  m e l t i n g  t o  a  dep th  o f  1.8 m w i t h  e l e c t r o d e  s e p a r a t i o n s  o f  between 

0.2 and 0.35 m. Because o f  i t s  s m a l l e r  sca le ,  t h e  e n g i n e e r i n g - s c a l e  system can 

t e s t  new concepts  a t  a  reduced c o s t  w h i l e  m a i n t a i n i n g  a  h i g h  l e v e l  o f  c o n f i -  

dence i n  i t s  p r e d i c t i v e  c a p a b i l i t i e s  f o r  l a r g e r - s c a l e  o p e r a t i o n s .  A lso ,  many 

o f  t h e  ana lyses  o f  ISV p rocess  l i m i t s  d e s c r i b e d  i n  t h i s  r e p o r t  a r e  based on t h e  

24 t e s t s  conducted w i t h  t h e  e n g i n e e r i n g - s c a l e  u n i t .  

The e n g i n e e r i n g - s c a l e  power sys tem c o n s i s t s  o f  a  30-kW Sco t t -Tee  t r a n s -  

fo rmer .  The t r a n s f o r m e r  has 16 v o l t a g e  taps ,  s i m i l a r  t o  t h o s e  d e s c r i b e d  f o r  

t h e  l a r g e - s c a l e  system. It can be w i r e d  f o r  e i t h e r  p r i m a r y  o r  secondary con- 

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



(SCRs) on t h e  p r i m a r y .  The v i t r i f i c a t i o n  process i s  conducted i n s i d e  a  s e a l e d  

me ta l  c o n t a i n e r  measur ing  1.8-m d i a  x  2.4-m t a l l  ( see  F i g u r e  18 ) .  

Much o f  t h e  d a t a  on process l i m i t s  were ga the red  f r o m  an e a r l i e r  v e r s i o n  

o f  t h e  eng i  n e e r i  ng -sca le  u n i t  t h a t  was equ ipped w i t h  a  s ing le -phase  e l e c t r o d e  

power supp ly .  T h i s  u n i t  was i n s t a l l e d  i n  a  s e a l e d  meta l  c o n t a i n e r  measur ing  

2-m d i  a  x  0.8-m t a l l .  The hood was m a i n t a i n e d  under  a  s l i g h t  vacuum by a  

f a c i l i t y  o f f - g a s  system. A l though  l e s s  f l e x i b l e  t h a n  t h e  p r e s e n t  u n i t ,  i t  p r o -  

v i d e d  much o f  t h e  d a t a  f o r  t h e  p rocess  l i m i t s  a n a l y s i s  on combus t ib le ,  me ta l ,  

and cerami c  i n c l u s i o n s .  

RENCH-SCALE SYSTEM 

The bench-sca le  system i s  used p r i m a r i l y  t o  v e r i f y  ISV p r o c e s s a b i l i t y  and 

o f f - g a s  c h a r a c t e r i s t i c s  f r o m  a l t e r n a t i v e  t y p e s  o f  s o i l  and waste  i n c l u s i o n s .  A 

p o r t i o n  o f  t h e  power supp ly  f o r  t h e  e x i s t i n g  e n g i n e e r i  ng -sca le  ISV u n i t ,  i t s  

s o i l  c o n t a i n e r ,  and process o f f - g a s  vacuum supp ly  a r e  used t o  conduct  t h e  

--t OFF GAS 

IF-1 .8 m 

FIGURE 18. Sea led Con ta i  n e r  f o r  Engi  n e e r i  ng-Scal  e  System 



bench-sca le  t e s t s .  F i g u r e  19 i l l u s t r a t e s  t h e  480-V SCR, 40-A b reake r ,  and 

10-kVA i s o l a t i o n  t r a n s f o r m e r  t h a t  a r e  connected i n  a  s i n g l e - p h a s e  arrangement 

t o  s u p p l y  and c o n t r o l  e l e c t r i c a l  power t o  t h e  bench-sca le  u n i t .  

Two g r a p h i t e  e l e c t r o d e s ,  3.8-cm-dia (1-112- i  n . -d ia )  h a l f  c y l i n d e r s ,  a r e  

used f o r  bench-sca le  t e s t s .  The e l e c t r o d e s  a r e  suppor ted  10 cm a p a r t  by  

u n i s t r u t s  and i n s u l a t i n g  c o l l a r s .  Type K thermocoup les  a r e  p l a c e d  a t  5-cm 

i n c r e m e n t a l  dep ths  a t  t h e  c e n t e r l i n e  between t h e  e l e c t r o d e s  and 8  cm o u t  f r o m  

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

thermocoup les  p r o v i d e  t h e  a b i l i t y  t o  m o n i t o r  t h e  d e p t h  and w i d t h  o f  t h e  

v i t r i f i c a t i o n  zone. Each t e s t  a rea i s  covered w i t h  5  cm o f  an a lum ina  s i l i c a  

i n s u l a t i n g  b l a n k e t ,  l e a v i n g  a  1-cm gap between each e l e c t r o d e  and t h e  

i n s u l a t i o n  f o r  v e n t i n g .  The i n s u l a t i o n  h e l p s  promote subs idence of any porous 

g l a s s  produced a t  t h e  m o l t e n  s u r f a c e ,  and i t  improves t h e  e f f i c i e n c y  o f  t h e  

m e l t i n g  o p e r a t i o n .  

The bench-sca le  u n i t  has been used on f o u r  occas ions  f o r  new s o i l  and 

waste t y p e s  as a  p r e c u r s o r  t o  l a r g e r  s c a l e  t e s t i n g  o r  o n s i t e  demons t ra t i ons .  

It i s  r e l a t i v e l y  i n e x p e n s i v e  t o  ope ra te ,  and i t  i s  i n s t r u m e n t a l  i n  d e t e r m i n i n g  

t h e  a p p l i c a b i l i t y  o f  ISV t o  v a r i o u s  waste  t ypes .  

FIGURE 19. Bench-Scal e  ISV E l e c t r i c a l  Diagram 
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PERFORMANCE ANALYSIS 

The performance o f  t h e  ISV process has been e v a l u a t e d  u s i n g  a l l  f o u r  

developmental  u n i t s  d e s c r i b e d  p r e v i o u s l y .  The performance o f  t h e  process 

equipment, p r o c e s s i n g  f a c t o r s ,  and t h e  waste form i t s e l f  i s  desc r ibed  and e v a l -  

ua ted  i n  t h i s  s e c t i o n .  

EOUIPMENT PERFORMANCE 

The power system, o f f - g a s  conta inment  hood, and o f f - g a s  t r e a t m e n t  system 

were e v a l u a t e d  t o  de te rm ine  t h e i r  e f f e c t i v e n e s s  i n  immobi 1  i z i n g  and/or d e s t r o y -  

i n g  hazardous and r a d i o a c t i v e  components. Th is  s e c t i o n  summarizes t h e  p e r f o r m -  

ance o f  t h e s e  equipment components f o r  t h e  p i l o t -  and l a r g e - s c a l e  systems. 

Power System 

Wi th  o n l y  m ino r  excep t ions ,  t h e  power systems f o r  t h e  p i l o t -  and l a r g e -  

s c a l e  u n i t s  have proven t o  be r e l i a b l e  p ieces  of equipment. The SCRs f o r  t h e  

p i  l o t - s c a l e  u n i t  and t h e  s a t u r a b l e  r e a c t o r s  f o r  t h e  l a r g e - s c a l e  u n i t  u n i f o r m l y  

c o n t r o l  power t o  t h e  e l e c t r o d e s  t o  ach ieve maximum process e f f i c i e n c y .  The 

a d d i t i o n  of f o r c e d  a i r  c o o l i n g  t o  b o t h  systems has k e p t  o p e r a t i n g  tempera tu res  

w i t h i n  operab le  1  i m i t s  even under 40°C ambient c o n d i t i o n s .  However, w i t h  t h e  

Scot t -Tee connec t ion ,  we found t h a t  i t  i s  i m p o r t a n t  t o  m o n i t o r  and a l a r m  t h e  

secondary c u r r e n t  t o  t h e  e l e c t r o d e s  f o r  m a i n t a i n i n g  t h e  amperage w i t h i n  t h e  

maximum r a t i n g s ,  and m o n i t o r  t h e  p r i m a r y  c u r r e n t .  A  s l i g h t  imbalance i n  t h e  

l o a d  can cause more severe imbalances on t h e  p r i m a r y  wind ings.  I f  t h e  imbalance 

i s  severe enough, p r i m a r y  c u r r e n t  r a t i n g s  can be exceeded, t h e r e b y  o v e r h e a t i n g  

t h e  t ransformer  ' s  co re  o r  t e r m i  n a t  i ons. Rev is ions  t o  moni t o r i  ng procedures and 

a1 arni s p e c i f i c a t i o n s  e l  i m i  n a t e  t h i s  o v e r h e a t i n g  occur rence.  

The g r a p h i t e l f r i t  s t a r t u p  t e c h n i q u e  has proven t o  be r e 1  i a b l e  when i m p l e -  

mented c o r r e c t l y .  I n  a l l  b u t  one p i l o t - s c a l e  t e s t ,  no f u r t h e r  ad jus tments  were 

necessary once t h e  g r a p h i t e  s t a r t e r  m a t e r i a l  was p u t  i n  p lace.  No s i g n s  o f  

u n s t a b l e  m e l t i n g  behav io r  such as a r c i n g ,  h o t  spo ts ,  o r  d i s r u p t i o n s  i n  c o n t i n u -  

i t y  were d e t e c t e d  d u r i n g  t h e  s t a r t u p  phases. Exper ience w i t h  t h e  l a r g e - s c a l e  

u n i t  has a l s o  proven t h e  s t a r t u p  o p e r a t i o n  t o  be ve ry  s t a b l e .  However, i n  t h e  

case o f  f r o z e n  o r  rocky  s u r f a c e  s o i l ,  n o n u n i f o r m i t i e s  i n  t h e  t r e n c h  can r e s u l t  



i n  a  l o s s  o f  t h e  c o n d u c t i v e  p a t h  an hour  o r  two a f t e r  s t a r t u p .  I n  t h i s  s i t u a -  

t i o n ,  i t  i s  a d v i s a b l e  t o  p l a c e  t h e  s t a r t e r  m a t e r i a l  i n  10 cm o f  r e l a t i v e l y  d r y  

sand added t o  t h e  s u r f a c e  t o  ach ieve  u n i f o r m i t y  i n  t h e  t r e n c h  f o r  s t a r t u p .  

A1 so, when v i  t r i  f y i  ng i ndus t  r i  a1 s l  udges w i t h  ex t reme ly  h i g h  volume r e d u c t i o n s  

(e.g., g r e a t e r  t h a n  80%), i t  i s  a d v i s a b l e  t o  cove r  t h e  su r face  w i t h  1 m o f  s o i  1  

t o  p r e v e n t  l o s s  o f  e l e c t r i c a l  c o n t i n u i t y  when s ludge  beg ins  t o  reduce i n  volume 

d u r i n g  p r o c e s s i n g  (Buel  t and F r e i m  1986). 

The power system has been shown t o  p e r f o r m  much as p r e d i c t e d  by a  mathe- 

m a t i c a l  model t h a t  was deve loped as a  d e s i g n  a i d  (see t h e  Process Parameters 

s e c t i o n ) .  F i g u r e s  20 and 21 g i v e  a  compar ison o f  p r e d i c t e d  and measured va lues  

f o r  t h e  v o l t a g e  and c u r r e n t  d i s s i p a t e d  between one p a i r  o f  e l e c t r o d e s .  

A1 though  t h e  measured va lues show a  h i g h e r  c o n d u c t i v i t y  ( i  .e., h i g h e r  c u r r e n t  

and l o w e r  v o l t a g e )  than  p r e d i c t e d ,  t h e  measured va lues a r e  s t i l l  w i t h i n  t h e  

d e s i g n  l i m i t s  o f  4160 t o  440 V and 450 t o  4000 A. 
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FIGURE 20. P r e d i c t e d  and Measured E l e c t r o d e  Vo l tage  as a  F u n c t i o n  o f  ----- 
A c t u a l  Run Time f o r  t h e  Large-Scale V e r i f i c a t i o n  Tes t  
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FIGURE 21. P r e d i c t e d  and Measured Cur ren t  as a  F u n c t i o n  o f  A c t u a l  
Run Time f o r  t h e  Large-Sca le  V e r i f i c a t i o n  Tes t  

As expected,  i n c l u s i o n s  o f  m e t a l s  i n  t h e  m e l t  do n o t  s i g n i f i c a n t l y  a f f e c t  

t h e  a b i  1  i t y  o f  t h e  power system t o  v i t r i f y  con tamina ted  s o i  1. Numerous p i  l o t -  

s c a l e  t e s t s  have been conducted w i t h  v i t r i f i e d  me ta l  1  i c  drums, c o n t a i n e r s ,  and 

l e c t u r e  b o t t l e s .  V i t r i f i c a t i o n  of a  208-L ( 5 5 - g a l )  meta l  drum t h a t  occup ied  

35% of t h e  l i n e a r  s e p a r a t i o n  between e l e c t r o d e s  r e s u l t e d  i n  o n l y  a  10% d rop  i n  

e l e c t r i c a l  r e s i s t a n c e  between t h e  e l e c t r o d e s ,  wh ich  agreed we1 1  w i t h  p r e d i c -  

t i o n s .  These p r e d i c t i o n s ,  based on ESLT r e s u l t s  g i v e n  i n  t h e  n e x t  s e c t i o n ,  

show t h a t  g r e a t e r  t h a n  70% o f  t h e  l i n e a r  s e p a r a t i o n  between e l e c t r o d e s  t h a t  i s  

occup ied  by meta l  can be v i t r i f i e d .  D u r i n g  v i t r i f i c a t i o n ,  t h e  m e t a l  1  i c  drums 

a r e  c o m p l e t e l y  m e l t e d  w i t h  t h e i r  c o n t e n t s ,  con tamina ted  s o i l  and ash f r o m  corn- 

b u s t i h l e  waste, d i s t r i b u t e d  t h r o u g h o u t  t h e  g l a s s  b l o c k .  

O f f  -Gas Cont a i  nment Hood 

The p r i n c i p l e  o f  c o n t a i n i n g  o f f  gases and i n c i n e r a t i n g  p y r o l y z e d  o r g a n i c s  

t h a t  a r e  genera ted  by t h e  process w i t h i n  a  hood has been demonst ra ted by t h e  

n o n r a d i o a c t i v e  and r a d i o a c t i v e  p i  l o t - s c a l e  t e s t s  and v e r i f i e d  i n  t h e  f o u r  non- 

r a d i o a c t i  ve 1  a r g e - s c a l e  t e s t s .  The hood t h a t  cove rs  t h e  v i t r i f i c a t i o n  zone 

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



process ing .  The s k i r t i n g  made o f  h i g h - t e m p e r a t u r e  f a b r i c  e f f e c t i v e l y  

e l i m i n a t e s  t h e  l o s s  o f  n e g a t i v e  p r e s s u r e  caused by s o i l  d r y i n g  and p o t e n t i a l  

subs idence a t  t h e  p e r i m e t e r  o f  t h e  hood. 

S t r u c t u r a l l y ,  t h e  p r i n c i p l e  o f  c o n s t r u c t i n g  t h e  l a r g e - s c a l e  hood f rom 

i n d i  v i  dua l  s t a i n l e s s  s t e e l  pane ls  e l  i m i  na tes  warpage by a1 1  owing each pane l  t o  

expand and c o n t r a c t  i n d e p e n d e n t l y  . The r a d i  a t  i ve hea t  s h i  e l  d  i n s t a l  1  ed o v e r  

t h e  c e n t r a l  r e g i o n  o f  t h e  m o l t e n  zone s u b s t a n t i a l l y  reduces t e m p e r a t u r e  t o  t h e  

me ta l  hood, t h e r e b y  e l i m i n a t i n g  t h e  p o t e n t i a l  f o r  sma l l  c r a c k s  t o  o c c u r  i n  t h e  

hood d i r e c t l y  above t h e  m e l t  zone due t o  h e a t - r e l a t e d  s t r e s s .  The maximum 

measured s k i n  tempera tu re  on t h e  l a r g e - s c a l e  hood d u r i n g  t e s t i n g  was 20O0C-- 

w e l l  below t h e  d e s i g n  1  i m i t  o f  550°C. 

To demonst ra te  reuse  o f  t h e  hood once i t  has become con tamina ted  by  r a d i o -  

a c t i v e  use, i t  was necessary  t o  deve lop  m a t e r i a l s  t o  i m m o b i l i z e  t h e  i n t e r i o r  

s u r f a c e  c o n t a m i n a t i o n .  S p r a y - c o a t i n g  t h e  i n t e r i o r  s u r f a c e s  o f  t h e  hood and t h e  

s u r f a c e  s o i l  w i t h  a  f i x a t i v e  a t  t h e  c o n c l u s i o n  o f  each v i t r i f i c a t i o n  r u n  has 

been i d e n t i f i e d  as t h e  a p p r o p r i a t e  i m m o b i l i z a t i o n  techn ique .  S t u d i e s  were con-  

duc ted  t o  i d e n t i f y  a  f i x a t i v e  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  

adheren t  t o  v e r t i c a l  s u r f a c e s  and s u r f a c e s  a l r e a d y  c o a t e d  w i t h  mo is -  

t u r e  and p a r t i c u l a t e  

amenable t o  s p r a y  a p p l i c a t i o n  

Q amenable t o  ready removal o f  degraded m a t e r i a l  

econorni c a l  , n o n f  1  amrnabl e, and n o n t o x i c .  

Hand-sprayed c o a t i n g s  o f  seven f i x a t i v e s  i n c l u d i n g  enamels, a  w e l d i n g  a n t i  - 
s p a t t e r  compound, a  s t  r i  ppab l  e  c o a t i n g  , and a  p o l y v i n y l  a1 coho1 c o a t i  ng ( c l e a r  

c o a t  ) were e v a l  ua ted  as p a r t  o f  t h e  p i  1  o t  - sca l  e  and 1 a rge -sca l  e  v i t r i f i c a t i o n  

t e s t s .  The h i g h  tempera tu res  a s s o c i a t e d  w i t h  t h e  v i t r i f i c a t i o n  p rocess  c h a r r e d  

most o f  t h e  f i x a t i v e s ,  making them d i f f i c u l t  t o  remove. The p o l y v i n y l  a l c o h o l  

c o a t i  ng , however, was p a r t  i a1 1 y removed by the rma l  exposure,  b u t  was o t  he rw i  s e  

u n a f f e c t e d .  T h i s  c h a r a c t e r i s t i c ,  combined w i t h  i t s  a c c e p t a b l e  performance i n  

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

e v a l  u a t  i on and app l  i c a t  i on s t u d i  es. 



The s p e c i  f i c o b j e c t  i ves o f  subsequent c l e a r  coa t  development were t o  : 

1) d e t e r m i n e  t h e  a c c e p t a b l e  t e m p e r a t u r e  c o n d i t i o n s  f o r  app l  i c a t i o n  o f  t h e  f i xa-  

t i v e ;  2 )  deve lop,  i n s t a l l ,  and e v a l u a t e  a  f i x a t i v e  sp ray  system f o r  t h e  hood; 

and 3)  conduct  l a r g e  area t e s t s  o f  t h e  c l e a r  c o a t  as p a r t  o f  t h e  LSVT. 

The ma jo r  c o n c l u s i o n s  d e r i v e d  f r o m  t h e  r e s u l t s  o f  t h i s  s t u d y  a r e  t h a t  

1 )  c l e a r  c o a t  i s  a  s u i t a b l e  f i x a t i v e  f o r  p o s t - v i t r i f i c a t i o n  c o n t a m i n a t i o n  con- 

t r o l  i n s i d e  t h e  conta inment  hood and s u r f a c e  s o i l ,  and 2 )  t h e  f i x a t i v e  can be 

s a t i s f a c t o r i l y  a p p l i e d  w i t h  a  p r o p e r l y  eng ineered sp ray  system. Some o f  t h e  

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

here :  

The c u r e d  c o a t i n g  wi 11 n o t  t h e r m a l l y  degrade even w i t h  r e l a t i v e l y  

1  ong-term exposure t o  tempera tu res  be1 ow 200°C; t h i s  i n d i c a t e s  t h a t  

c l e a r  c o a t  c o u l d  be used t o  p r e c o a t  t h e  hood p r i o r  t o  expos ing  i t  t o  

contami  n a t  i on. 

Even s h o r t  exposures t o  tempera tu res  g r e a t e r  t h a n  300°C r e s u l t  i n  

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

c a t i o n  f o r  subsequent r a d i o a c t i v e  use o f  t h e  hood. 

The f i x a t i v e  shou ld  n o t  be a p p l i e d  t o  hood sur faces u n t i l  t h e  s u r f a c e  

t e m p e r a t u r e  has c o o l e d  be1 ow 150°C. 

The f i x a t i v e  can be sp ray  a p p l i e d  w i t h  good coverage and adherence 

u s i n g  e i t h e r  a  w ide-ang le ,  c i r c u l a r  p a t t e r n  s t a n d a r d  sp ray  o r  a  

r o t a t  i ng nozz le .  

To a v o i d  the rma l  deg rada t ion ,  t h e  s p r a y  system f i t t i n g s  and compo- 

nen ts  t h a t  a r e  l o c a t e d  i n s i d e  t h e  hood shou ld  be f a b r i c a t e d  o f  s t a i n -  

l e s s  s t e e l  o r  a n o t h e r  h e a t - r e s i s t a n t  a1 1  oy. 

To p r e v e n t  p l u g g i n g  by t h e  r e s i d u a l  d r i e d  f i x a t i v e ,  sp ray  components 

w i t h  s m a l l  o r  moving i n t e r n a l  p a r t s  s h o u l d  n o t  be exposed t o  hea t .  

O f f  -Gas Treatment System --- 

The f u n c t i o n a l  d e s i g n  c r i t e r i a  r e p o r t e d  by B u e l t  and C a r t e r  (1986b) 

i d e n t i f y  t h e  requ i remen ts  f o r  t h e  o f f - g a s  t r e a t m e n t  system. It must have s u f -  

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



v i  t r i  f y i  ng g a s - g e n e r a t i  ng s o i  1  i n c l  u s i  ons , such as v o i d  v o l  umes, combust i  b l  e  

packages, l i q u i d  o r g a n i c s ,  s e a l e d  c o n t a i n e r s ,  and combus t ib les  mixed w i t h  

s o i l .  The o f f - g a s  t r e a t m e n t  system i s  c o n s e r v a t i v e l y  des igned  t o  c o n t a i n  and 

t r e a t  t h e  maximum c r e d i b l e  r e l e a s e  f r o m  v i t r i f y i n g  such an i n c l u s i o n  w i t h  a  

d e s i g n  f a c t o r  o f  two.  I n  o r d e r  t o  m a i n t a i n  a  n e g a t i v e  p r e s s u r e  o f  0.25 cm of  
3 wa te r  on t h e  hood under  nominal  c o n d i t i o n s ,  a  f l o w  r a t e  o f  50 s t d  m /min i s  

r e q u i r e d .  Only m i n u t e  q u a n t i t i e s  o f  p rocess  gases a r e  b e i n g  genera ted ,  so t h e  

o f f - g a s  system f l o w  r a t e  i s  ba lanced by a i r  i n l e a k a g e  t h r o u g h  hood pane l  j o i n t s  

and around t h e  h o o d ' s  p e r i m e t e r .  O p e r a t i o n  o f  j u s t  one s c r u b b e r  sys tem 
3 ach ieves an o f f -gas  f l o w  r a t e  o f  58 s t d  m /min and a  n e g a t i v e  p r e s s u r e  o f  

0.75 cm o f  w a t e r  i n  t h e  hood, t h u s  exceed ing  t h i s  r e q u i  rement (Buel  t and C a r t e r  

1986b). A back-up s c r u b b e r  system i s  a lways i n  rese rve ,  ready f o r  o p e r a t i o n .  

However, o p e r a t i o n  o f  b o t h  s c r u b b e r  systems i s  necessary  t o  meet t h e  d e s i g n  
3 requ i remen t  o f  104 s t d  m  /min.  T h i s  f l o w  i s  r e q u i r e d  t o  c o n t a i n  t h e  maximum 

c r e d i b l e  gaseous re1  ease f rorrl v i  t r i  f y i  ng s o i  1  i n c l  u s i o n s ,  whi 1  e  p r o v i  d i  ng ade- 

q ~ u a t e  combust ion  a i r ,  when necessary ,  a t  a  d e s i g n  f a c t o r  o f  two. The o p e r a t i o n  
3 o f  b o t h  s c r u b b e r  systerns ach ieves  an o f f - g a s  f l o w  o f  116 s t d  m /min,  w i t h i n  80% 

o f  t h e  maximum power r a t i n g  o f  t h e  b lower .  The o f f - g a s  s y s t e m ' s  f l o w  c a p a c i t y  

ensures  t h a t  even t h e  maximum c r e d i b l e  r e l e a s e  w i l l  be c o n t a i n e d  f o r  t r e a t m e n t  

w i t h  no gaseous r e l e a s e s  t o  t h e  atmosphere. 

R e t e n t i o n  o f  S imu la ted  R a d i o n u c l i d e s  and Chemicals 

The e f f i c i e n c y  o f  r e t a i n i n g  o r  d e s t r o y i n g  hazardous chemica ls ,  TKUs, and 

a s s o c i a t e d  f i s s i o n  p r o d u c t s  by an o f f - g a s  sys tem component can be exp ressed  as 

t h e  DF. It i s  d e f i n e d  as f o l l o w s :  

where Gi i s  t h e  i n i t i a l  i n p u t  mass o f  con taminan t  i n  t h e  c o n t r o l  volume p e r  

u n i t  t i m e ,  and 6, i s  t h e  e x i t  mass o f  con taminan t  f r o m  t h e  c o n t r o l  volume p e r  

u n i t  t i m e .  The c o n t r o l  volume may be d e f i n e d  as t h e  m o l t e n  s o i l ,  an o f f - g a s  

sys tem component, o r  a  c o m b i n a t i o n  o f  bo th .  



Even though t h e  r e t e n t i o n  o f  TRUs, f i s s i o n  products,  and most chemical  

contaminants i n  t h e  v i t r i f i e d  s o i l  i s  h igh,  t h e  gaseous e f f l u e n t s  must be 

decontaminated be fo re  they  a re  exhausted t o  t h e  atmosphere. Analyses of t h e  

scrub s o l u t i o n  and HEPA f i l t e r s  p rov i de  conc lus ive  data on t h e  performance o f  

t h e  o f f - gas  system d u r i n g  process ing.  The i n i t i a l  l a rge -sca le  s e t t i n g s  es tab-  

1 i shed  t h e  importance o f  ope ra t i ng  t h e  scrubbers a t  s u f f i c i e n t  d i f f e r e n t i a l  

p ressure  t o  be e f f e c t i v e ,  between 102 and 152 cm o f  water.  A n a l y t i c a l  r e s u l t s  

o f  Sr i n  t h e  scrub s o l u t i o n  f rom LSOAT-3 and LSVT, demonstrates t h a t  Sr 

accumulates s t e a d i l y  w i t h  no p ropens i t y  t o  be re -en t ra i ned  i n t o  t h e  of f -gas 

system i n  water drop1 e t s  downstream. The h i ghe r  d i  f f e r e n t i  a1 p ressure  improves 

t h e  e f f i c i e n c y  o f  t h e  m i s t  e l i m i n a t o r s  i n  removing water d rop le t s - - a  f a c t  t h a t  

i s  suppor ted by HEPA f i l t e r  analyses. M u l t i p l e  samples f rom bo th  stages o f  

f i l t e r s  show t h a t  t h e  maximum amount o f  Sr en t ra i ned  by t h e  wet scrubber  system 

d u r i n g  LSOAT-3 i s  7.4 mg, a r educ t i on  f rom prev ious runs operated under lower  

d i f f e r e n t i a l  pressures by a f a c t o r  o f  2500. The o v e r a l l  DF o f  t h e  wet sc rubber  

system f o r  S r  i s  440. Taking c r e d i t  f o r  t h e  e f f i c i e n c y  of one s tage o f  HEPA 
3 f i l t e r s  (DF = 10 ) (F landers  F i l t e r s ,  Inc.  1984), t h e  o f f - gas  system's c leanup 

capabi 1 i t y  (DF = 4.4 x l o 5 )  exceeds t h e  requ i  rement of l o 5  as s p e c i f i e d  i n  t h e  

f u n c t i o n a l  des ign c r i t e r i a  (Bue l t  and Ca r te r  1986). Th is  does no t  account f o r  

t he  expected a d d i t i o n a l  DF o f  l o 3  f o r  t h e  second-stage f i l t e r .  The o v e r a l l  DF 

o f  t h e  scrubber  system measured f o r  Cs d u r i n g  t h e  LSVT i s  26, r e s u l t i n g  i n  an 

o v e r a l l  off-gas system DF of 2.6 x lo4.  L i kew ise  t h i s  exceeds t h e  l o 4  c r i t e r i a  

e s t a b l i s h e d  f o r  Cs. 

The scrubber  system DFs f o r  f l u o r i d e s  and s u l f a t e s  have been measured a t  

140 and 70, r espec t i ve l y .  Account ing f o r  one o f  two HEPA f i l t e r  banks, t h e  
5 o v e r a l l  DF o f  f l u o r i d e s  i s  1.4 x 10 . The o v e r a l l  DF of SOx gas, as measured 

by s tack  gas samples, ranges from 1000 t o  7000 f o r  a l l  fou r  l a r g e - s c a l e  

t e s t s .  Th is  i s  s u f f i c i e n t  t o  ma in ta i n  s tack  gas concen t ra t i ons  o f  SO2 a t  1 ppm 

under maximum cond i t i ons - -we l l  below environmental  re lease  standards.  The 

a d d i t i o n a l  DF o f  t h e  o f f - gas  system was ob ta ined  f rom smal l  s u l f a t e  depos i t s  on 

t h e  f i  1 t e r s  t h a t  were p robab ly  r e -en t ra i ned  from t h e  off-gas scrubber  system. 

The success fu l  des ign o f  t h e  l a rge -sca le  o f f - gas  system i s  based on p r e v i -  

ous l y  e s t a b l i s h e d  performance da ta  on t h e  p i l o t - s c a l e  system. The o p e r a t i n g  



parameters  f o r  t h e  o f f - g a s  system used d u r i n g  t h e  p i l o t - s c a l e  c o l d  t e s t s  

(PSCTs) and t h e  PSRT a r e  summarized i n  Tab le  8. The removal e f f i c i e n c i e s  f o r  

t h e  PSCT o f f - g a s  system were de te rm ined  f r o m  a n a l y s i s  o f  s c r u b  l i q u i d  and HEPA 

f i  1 t e r  sampl es. The v e n t u r i  - e j e c t o r  sc rubber  e f f e c t i v e l y  removed f rom 8 1  t o  

92% o f  s e v e r a l  o f  t h e  n o n v o l a t i l e  s o i l  components ( A l ,  Ca, and Fe) d u r i n g  

PSCT 1, as shown i n  Tab le  9. S e m i v o l a t i l e  e lements,  i n c l u d i n g  Cs, K, and Na, 

were more u n i  f o r m l y  c o l  1 e c t e d  by t h e  v e n t u r i  - e j e c t o r  and Hydro-Soni c sc rubbers .  

The v e n t u r i  - e j e c t o r  sc rubber  was l e a s t  e f f i c i e n t  a t  removal of Zn (20%),  wh ich  

was t h e  o n l y  heavy me ta l  t h a t  appeared i n  q u a n t i t y .  However, t h e  Hydro-Sonic 

s c r u b b e r  and HEPA f i l t e r s  were e f f e c t i v e  a t  removing t h e  r e s i d u a l  Zn and t h e  

o t h e r  e lements  e n t r a i n e d  i n  t h e  o f f  gas. Car ryove r  o f  most e lements  t o  t h e  

HEPA f i l t e r  can be a t t r i b u t e d  t o  subrnicron p a r t i c l e s ,  wh ich  a r e  n o t  e a s i l y  

removed by t h e  sc rubbers  and condenser.  D u r i n g  normal ISV o p e r a t i o n s ,  t h e  mass 

mean p a r t i c l e  d i a m e t e r  ranges f r o m  ~ 0 . 1  t o  0.8 pn (Orna, Farnswor th ,  and 

Timmerrnan 1984). When combust i  b l  e wastes a r e  p r e s e n t ,  t h e  e n t r a i n e d  p a r t i c l e  

s i z e  i s  l a r g e r ,  a v e r a g i n g  1.4 pn, which can be more e a s i l y  scrubbed.  The HEPA 

f i l t e r s  have shown ample c a p a c i t y  t o  h a n d l e  t h e  l o a d i n g  of  o f f -gas  s o l i d s  t h a t  

t h e y  r e c e i v e .  Never the less ,  improvements t o  t h e  o p e r a t i o n  o f  t h e  p i  l o t  - s c a l e  

sys tem were made p r i o r  t o  t h e  r a d i o a c t i v e  t e s t .  The r e t e n t i o n  o f  e lements  i n  

TABLE 8. O p e r a t i n g  Parameters f o r  t h e  P i  l o t - S c a l e  O f f  -Gas System 

T y p i c a l  Operat i ng Range 

Parameter - - R a d i o a c t i v e  F i e l d  Test  u n i t ( a ]  

Of f -gas  f l o w ,  s t d  m3/min 8 t o  13 

Hood vacuum, cm w a t e r  3 t o  4.5 

Scrub l i q u i d  f l o w s ,  L /min :  

V e n t u r i  - e j e c t o r  sc rubber  160 

Hydro-Sonic sc rubber  60 t o  90 

Scrubber  d e l t a  P, cm w a t e r :  

V e n t u r i  - e j e c t o r  sc rubber  +3 

Hydro-Soni c sc rubber  -150 t o  -230 

( a )  PSCTs and PSRT. 



TABLE 9. Element Removal by t h e  Off-Gas System D u r i n g  PSCT-1 and t h e  PSRT 

PSCT-1, T o t a l  Removed, % - PSRT, T o t a l  Removed, "Yo 

V e n t u r i  - V e n t u r i  - 
E j e c t o r  Hydro-Soni c  E j e c t o r  Hydro-Soni c  

E l  ement Scrubber Scrubber -- HEPA Scrubber Scrubber - -  HEPA 

Simul a t e d  and A c t u a l  
F i s s i o n  P roduc ts  

C 0 

C s  

S r 

Soi 1 Components 

A 1 

Ca 

F e  

K 

N a  

S i 

Zn 

t h e  v e n t u r i - e j e c t o r  and Hydro-Sonic sc rubbers  was i n c r e a s e d  by r e d u c i n g  t h e  

amount o f  a e r o s o l  c a r r y o v e r  t o  t h e  HEPA f i l t e r s .  Mass d i s t r i b u t i o n  h i s t o g r a m s  

o f  p a r t i c l e  s i z e  b e f o r e  t h e  PSRT, d u r i n g  s t a r t u p ,  and d u r i n g  normal p r o c e s s i n g  

( see  F i g u r e  22) (Oma and Timmerman 1984) show t h a t  t h e  mean mass p a r t i c l e  s i z e s  

e n t e r i n g  t h e  HEPA f i l t e r s  a r e  between 0.2 and 1.0 Im. The HEPA f i l t e r s  a r e  

99.97% e f f i c i e n t  a t  0.3 lun ( F l a n d e r s  F i l t e r s  1984). Timmerman and Oma (1984)  

have a l s o  p resen ted  r e t e n t i o n  d a t a  f o r  f i s s i o n  p r o d u c t s  and TRUs f o r  t h e  

PSRT. Some of t h e  r e s u l t s  a r e  a l s o  shown i n  Tab le  9  f o r  compar ison.  

The secondary c o o l  i n g  l o o p  i s  ve ry  e f f e c t i v e  a t  removing heat  from t h e  

i ncoming  o f f  gas. D u r i n g  t h e  PSCTs t h e  gas i n l e t  t e m p e r a t u r e  averaged 250°C. 

By t h e  t i m e  t h e  o f f  gas e x i t e d  t h e  condenser, i t  had been coo led  t o  w i t h i n  8  t o  

12°C of t h e  ambient  a i r .  T y p i c a l l y  90% o f  t h e  t e m p e r a t u r e  d r o p  occu rs  i n  t h e  

v e n t u r i - e j e c t o r  scrubber .  Gas e x i t i n g  t h e  condenser has been c o o l e d  t o  below 

i t s  o r i g i n a l  dewpoin t ,  as i n d i c a t e d  by a  g radua l  b u i l d u p  o f  condensate  i n  t h e  

process t a n k s  d u r i n g  o p e r a t i o n .  The amount o f  condensate i s  dependent on 
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FIGURE 22. Histograms o f  P a r t i c l e  Mass D i s t r i b u t i o n  
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severa l  f a c t o r s ,  i n c l u d i n g  s o i l  mo is tu re ,  re1 a t i  ve humid i t y ,  temperature o f  t h e  

ambient a i  r, o f f  -gas f l o w  r a t e ,  and o f f  -gas temperature.  
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This s e c t i o n  p resen ts  da ta  on element r e t e n t i o n  i n  t h e  v i t r i f i e d  s o i l ,  

c o l d  cap subsidence, me l t  depth mon i t o r i ng ,  and e l e c t r o d e  performance. 
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El ement Retent i on 

Re ten t i on  o f  s imu la ted  hazardous species i n  t h e  v i t r i f i e d  zone i s  d e t e r -  

mined by chemical a n a l y s i s  o f  t h e  s o i l  t h a t  i s  ad jacent  t o  t h e  s o l i d i f i e d  b l ock  

and element re leases t o  t h e  o f f -gas system. No m i g r a t i o n  t o  t h e  su r round ing  

s o i l  has been found d u r i n g  p i l o t - s c a l e  t e s t s ,  so re leases t o  t h e  o f f  gas have 

been t h e  s o l e  source o f  element losses  f rom t h e  v i t r i f i e d  zone. Releases t o  

t h e  o f f - gas  system were asce r t a i ned  by chemical ana l ys i s  o f  scrub tank  s o l u -  

t i o n s ,  f i l t e r  s o l i d s ,  and any s o l i d s  t h a t  had accumulated on t h e  hood and w a l l s  

of t h e  o f f - gas  l i n e .  From these data,  s o i l - t o - o f f - g a s  DFs were ca l cu l a ted ,  

which he lped t o  determine t h e  e f f e c t s  o f  waste t ype ,  ope ra t i ng  mode, and b u r i a l  

depth on t h e  r e t e n t i o n  o f  se l ec ted  elements. 

Re ten t i on  of r a d i  oact  i ve elements d u r i n g  1 arge-sca l  e opera t ions  has been 

p r e d i c t e d  t o  be very h igh,  based on p i l o t - s c a l e  r e t e n t i o n  data. Table 10 l i s t s  

p r e d i c t e d  and, where app rop r i a t e ,  measured DFs f o r  t h e  l a r g e - s c a l e  system 

assuming t h a t  t h e  waste elements a re  a t  a b u r i a l  depth o f  1 m. Plutonium, 

TABLE 10. Pred ic ted  and Measured Soi 1 -to-Off -Gas Decontaminat ion -- 
Factors  f o r  t h e  Large-Scale System 

Predi  c t e d  Measured 
~l ement ( a )  D F DF 

Co 1 x l o 2  - - 
Cs 1 x l o 2  1.3 x l o 2  

( a )  Waste elements a re  assumed t o  be 
b u r i e d  a t  t h e  1-m depth. 



4 s t r o n t i u m ,  and u ran ium have t h e  h i g h e s t  DFs ( l o 3  t o  10 ). Decon tamina t ion  f a c -  
2  t o r s  f o r  t h e  more v o l a t i l e  e lements such as Cs and Sb average 1 x  10 o r  

g r e a t e r .  T e l l u r i u m  i s  expected t o  be s l i g h t l y  more v o l a t i l e ,  w i t h  a  DF o f  

La rge -sca l  e  t e s t s  have a1 so produced s o i  1  - t o - o f f  -gas DFs f o r  n i t  r a t e s  f 1  u -  

o r i d e s ,  and s u l f a t e s ,  wh ich  were n o t  measured d u r i n g  p i  l o t - s c a l e  t e s t s .  

N i t r a t e s  have been added t o  many o f  t h e  contaminated s o i  1  s i t e s  d u r i n g  t h e i r  

a c t i  ve 1  i ves. Thermal t r e a t m e n t  processes genera l  l y  decompose t h e  n i t r a t e s  t o  

NO,. However, LSOAT d a t a  show t h a t  t h e  l a r g e - s c a l e  process i s  an e f f i c i e n t  NOx 

d e s t r u c t o r .  P r i o r  t o  v i t r i f i c a t i o n ,  n i t r a t e  s a l t s  were added t o  each o f  t h e  

t h r e e  e l e c t r o d e  s e t t i n g s  t o  r e p r e s e n t  c o n d i t i o n s  a t  an a c t u a l  TRU-contami n a t e d  

s o i l  s i t e .  D u r i n g  v i t r i f i c a t i o n ,  t h e s e  n i t r a t e s  were e f f e c t i v e l y  reduced t o  

d i a t o m i c  N2 and 02, based on n o n d e t e c t a b l  e  q u a n t i t i e s  o f  n i t r a t e s  c o l l  e c t e d  by  

t h e  sc rubber  system and exhausted by t h e  s tack .  Less t h a n  0.07 k g  o f  n i t r a t e s  

were c o l l e c t e d  by t h e  sc rubber  system, and l e s s  t h a n  0.05 ppm NOx were 

exhausted o u t  t h e  s t a c k .  T h i s  r e s u l t s  i n  a  minimum NOx d e s t r u c t i o n  e f f i c i e n c y  

o f  99.6% (DF = 250). T h i s  i s  an i m p o r t a n t  c h a r a c t e r i s t i c  because many c o n t a -  

m ina ted  s o i l  s i t e s  may be r i c h  i n  n i t r a t e s .  

Numerous t e c h n i c a l  s t u d i e s  have been per formed on t h e  b e h a v i o r  o f  n i t r a t e s  

i n  the rma l  t r e a t m e n t  processes t o  e x p l a i n  t h e  NOx d e s t r u c t i o n  c h a r a c t e r i s t i c  o f  

I S V  ( B u e l t  and C a r t e r  1986b). There have been a  c o n s i d e r a b l e  number o f  b a s i c  

k i  n e t i  cs s t u d i e s  o f  NO decompos i t i on  a t  t empera tu res  from 25OC t o  5000°C. 

Above 1300°C t h e  the rma l  decompos i t i on  of  NO i s  homogeneous and occu rs  by a  

mechanism i n v o l v i n g  O 2  atoms. Atomic 0  i s  b e l i e v e d  t o  be i n  the rma l  e q u i l i b -  

r i u m  w i t h  m o l e c u l a r  O2 a t  t h e s e  h i g h  tempera tu res  and i s  assumed t o  r e a c t  w i t h  

NO by:  

N O t O + 0 2 t N  

which i s  f o l l o w e d  by t h e  much f a s t e r  r e a c t i o n :  

N O + N + N 2 + 0  



These two r e a c t i o n s ,  t o g e t h e r  w i t h  t h e  02-0 equ i  1  i b r i u m  r e a c t i o n :  

where M i s  a  t h i  r d  body, a r e  r e f e r r e d  t o  as t h e  Z e l d o v i c h  mechanism ( Z e l d o v i c h  

1946).  The tempera tu res  o f  ISV m o l t e n  s o i l  have been measured between 1400°C 

and 2000°C, so t h i s  i s  a  l i k e l y  mechanism f o r  d e s t r u c t i o n  o f  NO, i n  t h e  ISV 

process.  

The presence o f  p y r o l y s i  s  and cornbusti on p r o d u c t s  f rom v i t r i f y i n g  o r g a n i c s  

i n  t h e  s o i l  w i l l  a i d  NO, d e s t r u c t i o n  a t  l o w e r  tempera tu res .  I n  a  s tudy  by M o r i  

and Ohtake (1977) t h e  focus  o f  NO decompos i t i on  was i n  t h e  tempera tu re  r e g i o n  

o f  650 t o  950°C. Measurements were made t o  de te rm ine  t h e  e f f e c t s  o f  t h e  reduc-  

i n g  spec ies ,  CO and H, i n  combust ion gas. Mor i  and Ohtake conc luded t h a t  NO 

decompos i t i on  i s  o b t a i n e d  by t h e  decompos i t i on  r e a c t i o n s  o f  t h e  r e d u c i n g  spe- 

c i e s  as f o l  1 ows: 

NO + CO + 1/2N2 + C02, and 

T h i s  wechanism o f  NO decompos i t i on  may p l a y  an i m p o r t a n t  r o l e  i n  ISV above t h e  

m o l t e n  s o i  1  where tempera tu res  a r e  l o w e r  and r e d u c i n g  components e x i s t .  T h i s  

mechanism f o r  NO, d e s t r u c t i o n  i s  suppor ted  by ana lyses  o f  gas bubb les  t a k e n  i n  

t h e  c o l d  cap r e g i o n  o f  LSOAT-1. Tab le  11 g i v e s  gas bubb le  compos i t i ons  a t  

TABLE 11. Gas Bubble Compos i t ion  Above M o l t e n  Sur face  o f  LSOAT-1 

Compos i t ion ,  % 

Top Mi d d l  e  Bot tom 

H2° 0.7 0  0  

C02 39 45 t o  6  9  4  

SO2 t r a c e  ~ 0 . 0 1  <O. 01 



t h r e e  depths w i t h i n  t h e  c o l d  cap. The main c o n s t i t u e n t s ,  N2 and C02, suppor t  

t h e  t heo ry  t h a t  NOx d e s t r u c t i o n  i s  accomplished w i t h  t h e  a i d  o f  r educ ing  

agents, as Mori and Ohtake pos tu l a ted .  

The r e t e n t i o n  o f  f l u o r i d e s  i n  t h e  v i t r i f i e d  s o i l  i s  an impo r tan t  cons ide r -  

a t i o n  when a p p l y i n g  ISV t o  contaminated s o i l  s i t e s .  For example, t h e  216-2-12 

C r i b  a t  Hanford r ece i ved  more than  2.8 x l o 8  L  o f  0.05 M f l u o r i d e  waste d u r i n g  

i t s  25-yr l i f e t i m e  (Kasper 1982). Much o f  t h i s  sorbed t o  t h e  u n d e r l y i n g  

s o i l .  High r e t e n t i o n  o f  t h e  f l u o r i d e s  i n  t h e  mol ten s o i l  w i l l  m in im ize  f l u o -  

r i d e  c o r r o s i o n  o f  t h e  o f f - gas  system. The f l u o r i d e  a n a l y t i c a l  r e s u l t s  f rom 

LSOAT-3 and LSVT p rov i de  c o n s i s t e n t ,  conc lus i ve  da ta  t h a t  r e t e n t i o n  of f l u o r i d e  

i s  98.7% (DF = 85). I n  t h e  case o f  216-2-12 Cr ib ,  h i gh  r e t e n t i o n  o f  f l u o r i d e s  

keeps t h e  expected accumulat ion i n  t h e  o f f - g a s  system sc rub  s o l u t i o n  t o  

0.18 wt%-- less than  h a l f  t h e  f u n c t i o n a l  des ign c r i t e r i a  1  i m i t .  Th is  e l  im ina tes  

t h e  need t o  f r e q u e n t l y  change ou t  scrub s o l u t i o n s .  

Large-sca le  t e s t s  show t h a t  s u l f a t e s ,  on t h e  o t h e r  hand, demonstrate l i t -  

t l e  p ropens i t y  t o  be r e t a i n e d  by t h e  mol ten s o i l .  Na tu ra l  concen t ra t i ons  o f  

s u l f a t e s  i n  t h e  s o i l  and those added as waste s imu lan ts  comp le te ly  v o l a t i l i z e  

and a re  c o l l  ec ted  by t h e  scrub s o l u t i o n .  Normal ly , v i t r i f i c a t i o n  processes 

r e t a i n  up t o  1 w t %  SO2 i n  g lass.  However, t h e  reduc ing  c o n d i t i o n s  and h i g h  

temperature t h a t  a re  prominent i n  ISV and respons ib l e  f o r  NOx d e s t r u c t i o n  

reduce s o l u b i l i t y  o f  SO2 i n  t h e  mol ten s o i l .  The n e g l i g i b l e  r e t e n t i o n  of SO2 

e l i m i n a t e s  t h e  concern f o r  c r e a t i n g  leachab le  phases o f  NaS04 o r  FeS i n  t h e  

waste form. 

A summary o f  s o i l - t o - o f f - g a s  DFs f o r  t h e  p i l o t - s c a l e  t e s t s  i s  p resen ted  i n  

Table 12. These data,  suppor t  t h e  l a r g e - s c a l e  data and p r e d i c t i o n  t h a t  most 

spec ies a re  r e t a i n e d  q u i t e  w e l l  ( i  .e., have h i g h  DFs) by t h e  mo l ten  s o i l .  

Decontaminat ion f a c t o r s  f o r  s imu la ted  and ac tua l  n o n v o l a t i l e  f i s s i o n  p roduc ts  

(Co, Mo, and S r )  and s imu la ted  and a c t u a l  TRUs (Ce, La, Nd, Pu, and Am) a r e  
2  4  very h igh,  r ang ing  from -1 x  10 t o  >1 x  10 . Reten t ion  o f  semivol  a t i  l e s ,  such 

3 as Cs, was a l s o  q u i t e  good, w i t h  DFs rang ing  f rom 3  x 10' t o  2  x 10 depending 

on b u r i a l  depth and ope ra t i ng  c o n d i t i o n .  Cadmium, however, c o n s i s t e n t l y  

e x h i b i t e d  a  r e l a t i v e l y  h i gh  l o s s  (DF o f  3 t o  4) due t o  i t s  v o l a t i l e  n a t u r e  a t  

t h e  h i  gh temperatures (-1600°C) of t h e  mol ten s o i  1  . T e l l  u r i  urn was r e t a i  ned 



TABLE 12. S o i l - t o - O f f - G a s  Decon tamina t ion  F a c t o r s  f o r  N o n r a d i o a c t i v e  
P i l o t - S c a l e  T e s t s  

Decontami n a t i o n  F a c t o r s  

Trace E l  ernent -- - - - - - - PSFT-2 PSFT-3 PSFT-4A -- -- 
F i s s i o n  Products  -- - - - -- 
N o n v o l a t i l e  

Co ( a )  ( a )  8 x 10' 

MO ( a  1 ( a )  >I x l o 5  
s r 5 x l o 4  2  x l o 3  8 x l o 2  

Semi v o l  a t  i 1 e 

C s  2  x  l o 3  3  x 10' 6 x 10' 

Sb ( a )  ( a )  8 x l o 2  
Te ( a )  (a  ) 1 x l o 2  
R u ( a )  (a  ) (a  ) 

S imu la ted  and A c t u a l  
T ransu ran i  cs 

c e  ( a )  7 x 10' 9 x  10' 

La 2 l o 2  1 103 9 l o 1  

PSCT-1 PSRT 

Heavy M e t a l s  

C d  ( a )  3  3  4  ( a )  (a  ) 

PII ( a )  7 3 x 1 0 ~  2 x 1 0 ~  ( a )  ( a )  

( a )  Element n o t  p r e s e n t  d u r i n g  t h a t  t e s t .  

w e l l  when b u r i e d  a t  a  dep th  o f  1.35 rn d u r i n g  PSFT-4A, b u t  e x h i b i t e d  a  h i g h  l o s s  

d u r i n g  PSFT-4B, when i t  was b u r i e d  a t  a  r e l a t i v e l y  s h a l l o w  dep th  o f  0.4 rn. 

D e s p i t e  t h e  h i g h  r e l e a s e s  o f  t h e s e  two e lements  f r o m  t h e  s o i l ,  t h e y  were 

e f f i c i e n t l y  removed f r o m  t h e  o f f - g a s  s t ream by wet s c r u b b i n g  and condens ing i n  

t h e  o f f - g a s  t r e a t m e n t  system. 



Element re leases  t o  t h e  o f f  gas a re  s t r o n g l y  dependent on b u r i a l  depth,  

c o l d  cap c o n d i t i o n ,  and gas genera t ion  w i t h i n  t h e  me l t  zone. The e f f e c t  of 

depth on element r e t e n t i o n  can be seen by r ev i ew ing  t h e  da ta  f o r  PSFT-3 and -4 

presented i n  F i gu re  23. A t  depths o f  20.5 m y  99% o f  t h e  n o n v o l a t i l e  spec ies 

were re ta i ned .  S imulated semi vo l  a t i  l e  f i s s i o n  products  Cs, Sb, and Te showed 

t h e  lowest  r e t e n t i o n ;  however, t h e i r  r e t e n t i o n  i n  t h e  s o i l  i nc reased  t o  >99% a t  

a  1.35-m b u r i a l  depth. Over 99.9% o f  t h e  n o n v o l a t i l e  elements were r e t a i n e d  a t  

t h e  g r e a t e r  b u r i a l  depth. I n  l a r g e - s c a l e  opera t ions ,  i t  i s  expected t h a t  t h e  

vas t  m a j o r i t y  o f  hazardous spec ies w i l l  be b u r i e d  deeper than  1.35 m. Indeed, 

l a r g e - s c a l e  t e s t s  v e r i f y  enhanced r e t e n t i o n  o f  elements a t  g r e a t e r  t han  t h e  1-m 

depth . 
F igures  24, 25, and 26 show t h e  accumulat ion o f  Sr, Cs, and F i n  t h e  o f f -  

gas scrubber  system d u r i n g  LSOAT-3 and LSVT. Note t h e  r e l a t i v e  s lopes of t h e  

accumulat ion curves a t  d i f f e r e n t  t imes  d u r i n g  t h e  run. The r a t e  of accumula- 

t i o n  i s  h i g h  d u r i n g  t h e  f i r s t  25 hours o f  t h e  t e s t s ,  but  l e v e l s  o f f  r a p i d l y  

d u r i n g  t h e  l a t e r  stages. The measured v i t r i f i c a t i o n  depths a t  25 hours i s  

1.5 m. The f a c t  t h a t  t h e  maximum accumulat ion r a t e  i s  ach ieved d u r i n g  t h e  

f i r s t  25 hours when t h e  me l t  depth i s  l e s s  than  1.5 m suppor ts  t h e  c o r r e l a t i o n  

BURIAL DEPTH, m 

FIGURE 23. E f f e c t  o f  B u r i a l  Depth on t h e  Reten t ion  o f  Se lec ted  
Species W i t h i n  t h e  V i t r i f i c a t i o n  Zone 
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FIGURE 24. Accumula t ion  o f  Sr i n  Scrub S o l u t i o n  Tanks f o r  LSOAT-3 
and t h e  LSVT 
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FIGURE 25. Accumula t ion  o f  Cs i n  Scrub S o l u t i o n  Tanks f o r  t h e  LSVT 

w i t h  b u r i a l  depth.  The accumu la t i on  cu rve  f o r  s u l f a t e s  i n  LSOAT-3 and LSVT 

(see  F i g u r e  27 )  does n o t  c o r r e l a t e  w i t h  b u r i a l  dep th ;  t h i s  i n d i c a t e s  t h a t  t h e  

r e l e a s e  o f  s u l f a t e s  f r o m  v i t r i f i e d  s o i l  i s  a d i r e c t  f u n c t i o n  o f  m e l t i n g  r a t e  

and c o n c e n t r a t i o n  i n  t h e  s o i l  and i s  independent  o f  b u r i a l  depth.  However, 

s u l f a t e s  a r e  removed e f f i c i e n t l y  by t h e  sc rubber  system as d e s c r i b e d  e a r l  i e r .  

The e f f e c t  o f  t h e  c o l d  cap on element r e l e a s e s  was r e v e a l e d  d u r i n g  PSFT-2, 

when t h e  c o l d  cap subs ided  and c o m p l e t e l y  me l ted ,  expos ing  t h e  red -ho t  m o l t e n  

sur face.  F i g u r e  28 shows t h e  c u m u l a t i v e  r e l e a s e s  of  Cs and Sr  t o  t h e  o f f  gas 

as a f u n c t i o n  o f  r u n  t i m e  d u r i n g  t h i s  t e s t .  As t h e  c o l d  cap began t o  s u b s i d e  
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FIGURE 26. Accumula t ion  o f  F l u o r i d e  i n  Scrub S o l u t i o n  Tanks f o r  LSOAT-3 
and t h e  LSVT 
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FIGURE 27. Accumula t ion  o f  S u l f a t e  i n  Scrub S o l u t i o n  Tanks f o r  LSOAT-3 
and t h e  LSVT 

( 2 1  hours  i n t o  t h e  t e s t ) ,  t h e  Cs r e l e a s e  began t o  i n c r e a s e  s t e a d i l y  t o  a t o t a l  

l o s s  o f  0.047% (DF = 2.1 x  l o 3 ) .  Because of i t s  n o n v o l a t i l e  n a t u r e ,  S r  was n o t  

r e l e a s e d  t o  t h e  same e x t e n t .  The same t y p e  of  b e h a v i o r  was observed f o r  s imu- 

l a t e d  TRUs ( l a n t h a n i d e  s e r i e s )  i n  t h a t  t h e  e f f e c t  of t h e  c o l d  cap i s  much l e s s  

pronounced f o r  t h e  n o n v o l a t i l e  e lements.  Releases of t h e s e  e lements  a r e  more 

o f  a  f u n c t i o n  of r a p i d  gas r e l e a s e s  f r o m  t h e  m o l t e n  s o i l  due t o  t h e  decomposi-  

t i o n  o f  combus t ib les  o r  o t h e r  g a s - g e n e r a t i n g  substances.  
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F I G U R E  28. E f f e c t  o f  Cold Cap on t h e  Re1 ease o f  Cs and S r  --- 
t o  t h e  O f f  Gas Dur ing PSFT-2 

E l  ement re1 eases t h a t  depend on r a p i d  gas genera t ion  f rom combust i b l  e  

wastes a re  bes t  i l l u s t r a t e d  by PSFT-3. The sequence o f  events i s  as f o l l ows .  

As t h e  h i  gh-temperature, v i t r e o u s  zone i s  achieved, bu r i ed  combusti b l  es 

py ro lyze .  These py ro lyzed  gases move upward th rough  t h e  mol ten zone and burn  

on con tac t  w i t h  a i r  a t  t h e  sur face.  This upward movement o f  gas increases t h e  

ent ra inment  o f  p a r t i c l e s  and c rea tes  a  d i r e c t  pathway f o r  t h e  r e l ease  o f  t h e  

more v o l a t i l e  elements. F i gu re  29 shows t h e  cumulat ive re leases o f  Cs, S r ,  and 

t h e  l an than ides  d u r i n g  PSFT-3, -4A, and -4B. Per iods o f  a c t i v e  gas re l ease  a re  

a l s o  i nd i ca ted .  F i gu re  30 shows s i m i l a r  re lease  da ta  f o r  t h e  heavy meta ls  Cd 

and Pb. For most elements, a  n o t a b l e  inc rease  i n  t h e i r  re lease  t o  t h e  o f f - gas  

system occur red  d u r i n g  t h e  r a p i d  gas re lease  per iods.  

The chemical form o f  a  hazardous species assoc ia ted  w i t h  a  gaseous re l ease  

a l s o  a f f e c t s  t h e  q u a n t i t y  re leased  f rom t h e  v i t r i f i c a t i o n  zone t o  t h e  o f f  gas. 

Th is  was bes t  i l l u s t r a t e d  d u r i n g  PSCT-1, i n  which Cs, Co, and Sr were p laced  i n  

a  s imu la ted  waste c a n i s t e r .  The element re leases t o  t h e  o f f  gas as a  f u n c t i o n  

o f  run t i m e  lapsed a re  i l l u s t r a t e d  i n  F i gu re  31. Cesium and s t r o n t i u m  were 

p r i m a r i  l y  re leased  d u r i n g  t h e  i n i t i a l  g lass p e n e t r a t i o n  of t h e  waste c a n i s t e r  

a t  10 hours i n t o  t h e  run. They were bo th  present  as n i t r a t e s ,  which decompose 

d u r i n g  v i t r i f i c a t i o n .  Cobal t ,  added as an ox ide,  d i d  no t  evo l ve  w i t h  t h e  gas 

re lease  t o  t h e  same ex ten t .  Therefore,  if t h e  chemical form o f  an element does 
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F I G U R E  29. E f f e c t  of Gas Generat ion on t h e  Release o f  Cs, S r ,  and - - - - - - -- - 
Lanthanides t o  t h e  O f f  Gas Dur ing PSFT-3, -4A, and -4B 

no t  decompose i n t o  gaseous byproducts when v i t r i f i e d ,  i t  can be expected t o  

have enhanced r e t e n t i o n  c h a r a c t e r i s t i c s .  

Cold Cap Subsidence - - - 

During  t h e  i n i t i a l  t e s t  o f  t h e  l a r g e - s c a l e  u n i t  (LSOAT-I), a  l a r g e  c o l d  

cap of  porous mol ten s o i l  formed on t h e  sur face of t h e  me l t ,  e v e n t u a l l y  r i s i n g  

above t h e  o r i g i n a l  so i  1  su r face .  Th is  phenomenon c rea tes  a  d i f f i c u l t  c l o s u r e  

problem t h a t  r equ i  res  excess ive b a c k f i  11 i n  t h e  su r round ing  area and p o t e n t i a l  

f u t u r e  subsidence. A r i s i n g  c o l d  cap a l s o  has t h e  p o t e n t i a l  o f  b r i n g i n g  b u r i e d  

TRUs above t h e  s o i l  su r face  i n  t h e  porous v i t r i f i e d  s o i l .  Therefore,  i t was 



F I G U R E  30. E f f e c t  o f  Gas Generat ion on t h e  Release of Heavy Meta ls  
t o  t h e  O f f  Gas Dur ing  PSFT-3, -4A, and -4B 

3 0  

2 0  

8 1 0  

vi 
Q 0 
0 
LL 
L L  
0 3 0  
0 
I- 

w 2 0  cn 
2 
d 1 0 -  
II: 
W 

1 0 -  
I- 

4 
3 0  2 

3 
U 

2 0  

1 0  

0 

h i g h l y  d e s i r a b l e  t o  develop ways t o  e l i m i n a t e  t h e  format ion o f  t h e  r i s i n g  c o l d  

cap and t o  promote subsidence, w i t h o u t  comp le te ly  m e l t i n g  t h e  c o l d  cap. 
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A g rea t  deal o f  exper ience has been amassed on c o l d  cap subsidence w i t h  
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t h e  14 p i  1 o t  -sca l  e and 4 l a rge -sca l  e s e t t  i ngs , each p roduc i  ng v a r y i  ng degrees 

o f  subsidence. A s t a t i s t i c a l  a n a l y s i s  was employed p r i o r  t o  t h e  t h i r d  l a r g e -  

sca le  s e t t i n g  t o  determine t h e  parameters t h a t  c o n t r o l  c o l d  cap subsidence 

(Bue l t  and Ca r te r  1986b). Al though many f a c t o r s  a re  suspected t o  govern c o l d  

cap subsidence, two parameters have t h e  g rea tes t  i n f l uence :  1) g r a p h i t e  c o l -  

l a r s  around t h e  e l ec t r odes  and 2) su r f ace  i n s u l a t i o n .  Use o f  bo th  he lps keep 
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FIGURE 31. E f f e c t  of Chemical Form on t h e  Release o f  S i m u l a t e d  ----- 
F i s s i o n  P roduc ts  t o  t h e  O f f  Gas i n  PSCT-1 

t h e  s u r f a c e  p a r t i a l l y  mol ten ,  t h e r e b y  encourag ing  gas r e l e a s e  d u r i n g  v i t r i f i c a -  

t i o n ;  t h e  g r a p h i t e  c o l  l a r s  enhance t h e  the rma l  c o n d u c t i v i t y  of  t h e  e l e c t r o d e  

b r i n g i n g  heat  t o  t h e  su r face ,  and t h e  i n s u l a t i v e  l a y e r  reduces heat  l o s s e s  t o  

h e l p  keep t h e  v i t r i f i e d  s u r f a c e  p a r t i a l l y  mol ten .  

Oma e t  a l .  (1983) demonst ra ted t h e  i n f l u e n c e  t h a t  g r a p h i t e  c o l l a r s  have on 

keep ing  t h e  porous g l a s s  r e g i o n  mol ten.  A  the rma l  a n a l y s i s  was per formed t o  

p r e d i c t  t h e  t e m p e r a t u r e  p r o f i l e  o f  an e l e c t  rode p r o t r u d i n g  above t h e  me1 t zone 

d u r i n g  I S V .  Fo r  t h e  a n a l y s i s  t h e  t e m p e r a t u r e  of  t h e  plenum gas was 300°C, and 

t h e  t e m p e r a t u r e  o f  t h e  e l e c t r o d e  a t  t h e  s u r f a c e  of t h e  c o l d  cap was 1200°C. A 

p l o t  o f  t h e  t e m p e r a t u r e  p r o f i l e  f o r  g r a p h i t e  i s  shown i n  F i g u r e  32, a l o n g  w i t h  

s t a i n l e s s  s t e e l ,  carbon s t e e l ,  and copper rods of equal d i a m e t e r  f o r  compar i  - 
son. As shown, g r a p h i t e  i s  an e x t r e m e l y  good conduc to r  of h e a t ,  w i t h  i t s  



TEMPERATURE, OC 

FIGURE 32. Temperature P r o f i l e s  f o r  Graphi te ,  S ta i n l ess  Steel, 
Carbon Steel  , and Copper Rods 

performance f a l l i n g  between those o f  carbon s t e e l  and copper. The thermal con- 

d u c t i v i t y  o f  g r a p h i t e  i s  5 t o  10 t imes  h i ghe r  t han  t h a t  o f  s o i l .  A l though i t s  

thermal c o n d u c t i v i t y  i s  n e a r l y  i d e n t i c a l  t o  t h a t  o f  Mo, i t  i s  i m p r a c t i c a l  t o  

cons ider  15-cm-dia Mo t o  ach ieve h i g h  su r f ace  temperatures because o f  cos t .  

Temperatures w i t h i n  0.4 m o f  t h e  su r f ace  a re  p r e d i c t e d  t o  be >lOOO°C f o r  a 

g r a p h i t e  r od  1.2 rn i n  he igh t .  Th is  conduct ion of heat i s  thought  t o  be one of  

t h e  p r i n c i p a l  causes o f  c o l d  cap subsidence. 

A s e r i e s  o f  pa ramet r i c  p i l o t - s c a l e  t e s t s  was conducted t o  v e r i f y  t h e  

i n f l u e n c e  o f  g r a p h i t e  c o l l a r s  and sur face i n s u l a t i o n  (Bue l t  and C a r t e r  

1986a). A 1 t o  10 r a t i n g  system was developed t o  q u a n t i f y  t h e  degree of subs i  - 
dence f o r  each parametr ic ,  p i l o t - ,  and l a r g e - s c a l e  t e s t  conducted p r i o r  t o  

LSOAT-3. The r a t i n g s  were f i t  i n t o  a  n i a t r i x  shown i n  Table 13. A three-way, 

f i x e d - e f f e c t s  ana l ys i s -o f - va r i ance  technique was used t o  he lp  p r e d i c t  c o l d  cap 

subsidence f o r  t h e  t h i r d  l a rge -sca le  s e t t i n g  (LSOAT-3). Al though t h e  a v a i l a b l e  

data were i n s u f f i c i e n t  t o  base a  q u a n t i t a t i v e  p r e d i c t i o n  on, a  qua1 i t a t i v e  

judgment cou ld  be made t h a t  t h e  g r a p h i t e  c o l l a r s  and sur face i n s u l a t i o n  would 

be e f f e c t i v e  i n  caus ing t h e  c o l d  cap t o  subside below t h e  s o i l  surface. The 

LSOAT-3 r e s u l t s  v e r i f i e d  t h e  s t a t i s t i c a l  p r e d i c t i o n - - t h e  c o l d  cap subsided 



TABLE 13. S t a t i s t i c a l  M a t r i x  Ranking Co ld  Cap Subsidence w i t h  
Subsidence Technique 

Wi thou t  G r a p h i t e  Col l a r  W i th  G r a p h i t e  C o l l a r  

W i thou t  W i t h o u t  
W i th  I n s u l a t i o n  -- I n s u l a t i o n  Wi th  I n s u l a t i o n  I n s u l  a t  i on 

E l e c t  r o d e  No. of  No. of  No. of No. of  
Spacing R a t i n g  -- Tests R a t i n g  -- Tests  R a t i n g  Tes ts  -- R a t i n g  -- Tests  

0.6 - - 2 1 10 1 10 1 - - 
1.2 - - 3 2 8.5 2 6.7 6 - - 

between 50 cm dnd 80 cm w i t h o u t  c o m p l e t e l y  m e l t i n g ,  e q u i v a l e n t  t o  a  r a t i n g  of 

7 .  These r e s u l t s  were repea ted  d u r i n g  t h e  subsequent LSVT by emp loy ing  g raph-  

i t e  c o l l a r s  and s u r f a c e  i n s u l a t i o n .  T h i s  c o l d  cap subs idence t e c h n i q u e  i s  now 

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

D u r i n g  t h e  e n g i n e e r i n g -  and p i  l o t - s c a l e  development phase, g rowth  o f  t h e  

v i t r i f i c a t i o n  zone was m o n i t o r e d  by thermocoup les  p laced  i n  t h e  s o i l  a t  d e s i g -  

na ted  p o s i t i o n s .  These in -g round  thermocoup les  a r e  n o t  c o n s i d e r e d  f e a s i b l e  f o r  

m o n i t o r i n g  v i t r i f i c a t i o n  dep th  a t  a  r a d i o a c t i v e  waste s i t e .  There fore ,  a  d e p t h  

m o n i t o r i n g  concept  was i n c o r p o r a t e d  and t e s t e d  i n  subsequent p i l o t -  and l a r g e -  

s c a l e  t e s t s .  ( F i g u r e  33 shows t h e  d e s i g n  o f  t h e  o p t i c a l  f i b e r  dep th  sensor . )  

A dep th  m o n i t o r i n g  system i s  used i n  c o n j u n c t i o n  w i t h  t h e  ISV p rocess  t o  

m o n i t o r  t h e  dep th  o f  t h e  m o l t e n  s o i l  a t  s p e c i f i c  t i m e s  d u r i n g  t h e  ISV opera-  

t i o n .  The dep th  m o n i t o r  c o n s i s t s  o f  a  s i g n a l  p rocesso r  and t r a n s m i t t e r  package 

mounted be low one o r  more o f  t h e  e l e c t r o d e s  as shown i n  F i g u r e  34. F o r  ope ra -  

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

e n t  l e v e l s  on t h e  e l e c t r o d e ( s ) .  As t h e  ISV process m e l t s  downward, t h e  sensors  

t r a n s m i t  a  s e l f - g e n e r a t e d  l i g h t  t o  t h e  s i g n a l  p rocesso r  (as  shown i n  F i g u r e  34)  

t o  i n d i c a t e  t h a t  t h e  m o l t e n  s o i l  has reached t h a t  depth .  The dep th  d a t a  i s  

t h e n  passed on t o  t h e  t r a n s m i t t e r ,  wh ich  sends t h e  d a t a  on t o  t h e  r e c e i v e r  

l o c a t e d  a t  t h e  ground su r face .  The r e c e i v e r  t h e n  passes t h e  dep th  d a t a  t o  a  

second p r o c e s s o r  t h a t  decodes t h e  d a t a  and d i s p l a y s  i t  f o r  t h e  ISV o p e r a t i o n s  

p e r s o n n e l .  Two dep th  t r a n s m i t t e r s ,  a  r e c e i v e r ,  and a  m i c r o p r o c e s s o r  were 



SENSOR TIP 

PLASTIC CLADDING 

FIBER CEMENTED TO 
PHOTO TRANSISTOR 

470 kR* 

TIL 78 PHOTO TRANSISTOR 

* 
TO TRANSMITTER 

"VALUE MAY BE ALTERED 
TO CHANGE SENSITIVITY 

F IGURE 33. Design o f  Op t i ca l  F i b e r  Depth Sensor 

t e s t e d  d u r i n g  PSCT-5 and t h e  LSVT. Two l a b o r a t o r y  s o i l  -hea t ing  exper iments 

were a l s o  conducted t o  a i d  i n  t h e  unders tanding of t h e  performance of cand ida te  

f i b e r  o p t i c s  under ac tua l  ISV cond i t i ons .  The r e s u l t s  o f  t h e  s o i l - h e a t i n g  

exper iments a re  d iscussed i n  t h e  f o l l o w i n g  sec t i on .  

F i  be r -Oot i c  Soi 1  -Heat i  na E x ~ e r i m e n t s  

Three cand ida te  o p t i c  f i b e r s  (sensors)  were compared d u r i n g  t h e  expe r i  - 
ments as shown i n  Table 14. The l a b o r a t o r y  t e s t s  showed t h a t  as t h e  s o i l  

temperature increases above 900°C, t h e  p u r p l e  o p t i c  f i b e r  produces a  photo-  

t r a n s i s t o r  c u r r e n t  ou tpu t  t h a t  exceeds 75 pA. Th is  compares w i t h  t h e  maximum 

o f  6 ,LA f o r  t h e  b l u e  o p t i c  f i b e r  and l e s s  than  0.1 pA f o r  t h e  orange o p t i c  

f i b e r .  F i gu re  35 p rov ides  a  comparison of photo t r a n s i s t o r  c u r r e n t  ou tpu t  

versus temperature.  

The orange o p t i c  f i b e r  d i d  no t  exceed an ou tpu t  o f  0.1 p4. Dur ing  PSCT-5, 

t h e  depth sensor e l e c t r o n i c s  cou ld  no t  be ad jus ted  below 0.5 $ s e n s i t i v i t y  t o  

avo id  f a l s e  "on" readings, e s p e c i a l l y  as t h e  t r a n s m i t t e r  package warms up. The 



- 

ELECTRODES 

FIGURE 34. Depth T ransm i t t e r  System C o n f i g u r a t i o n  f o r  ----- 
M o n i t o r i n g  Me1 t Depth 

low ou tpu t  o f  t h e  orange o p t i c  f i b e r  i n  con junc t i on  w i t h  t h e  h i g h  s e n s i t i v i t y  

s e t t i n g  p reven ts  t h i s  t y p e  o f  sensor f rom be ing  se lec ted  as an I S V  depth sen- 

so r .  The p u r p l e  o p t i c  f i b e r  i s  by f a r  t h e  optimum choice.  The s i l i c a  and 

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

temperature 1  i ght c o n d u c t i v i t y .  

The conc lus ions  e s t a b l i s h e d  by t h e  l a b o r a t o r y  t e s t s  a re  conf i rmed by t h e  

p i  l o t -  and l a r g e - s c a l e  t e s t s .  P r i o r  t o  o b t a i n i n g  t h e  i n f o r m a t i o n  gathered from 

t h e  l a b o r a t o r y  t e s t s ,  t h e  orange sensors were used on PSCT-5. Because o f  t h e i r  

poor c u r r e n t  ou tpu t  a t  t h e  h i g h  temperatures of t h e  s o i l ,  depth i n d i c a t i o n s  

were never rece ived.  Conversely,  p i l o t -  and l a rge -sca le  t e s t s  w i t h  b l u e  and 



TABLE 14. F i b e r  Opt ics  Evaluated Dur ing  Laboratory  Soi 1  -Heat ing Experiments 

Manufacturer :  Max1 i ght Ensi gn-Bi c k f o r d  Raychem 
MSC 2 0 0 S e r i e s  Opt ics  Company VSC-1B-10-17 

HCS Simplex Plenum 

Col o r  of Sheath B l  ue Orange Purp le  

Cons t ruc t i on  : 
Core S i l i c a  S i l i c a  Si 1  i c a  
Cladding RTV Si  1  i cone ~ o l ~ m e r ( ~ )  S i l i c a  + F2 
B u f f e r  - - Tef ze l  Si 1  i cone  
F i  r s t  Jacket Tef ze l  - - Tef ze l  
S t r eng th  Member Kevl a r  Kevl a r  Kevl a r  
Second Jacket Hyt re1 Copolymer Tef ze l  

----- 
( a )  P r o p r i e t a r y .  

FIGURE 35. P h o t o t r a n s i s t o r  Current  Output as a  Func t ion  of Temperature --- 
Dur ing  Test 2  



p u r p l e  sensors produced q u a n t i f i a b l e  r e s u l t s ,  g i v i n g  an accura te  i n d i c a t i o n  of 

depth. F i g u r e  36 i s  a  p l o t  o f  depth versus t i m e  ob ta ined  f rom t h e  depth sensor  

f o r  t h e  LSVT. 

Based on t h e  r e s u l t s  o f  t h e  f i b e r  o p t i c  s o i l  -hea t ing  t e s t s  and t h e  p i l o t -  

and l a r g e - s c a l e  I S V  o p e r a t i n g  exper ience,  t h e  f o l l o w i n g  recommendations a r e  

made f o r  f u t u r e  use: 

The erroneous t r a n s m i t t e r  da ta  produced d u r i n g  PSCT-5 a re  due t o  two 

f a c t o r s :  1) low l i g h t  t r ansm iss i on  e f f i c i e n c y  o f  t h e  orange o p t i c  

f i ber  compl i cated  by thermal  d e s t r u c t i o n  o f  t h e  po lymer ic  c l  add i  ng a t  

450 t o  550°C prevented t h e  sensors f rom t r a n s m i t t i n g  enough 1  i g h t  t o  

t h e  t r a n s m i t t e r s ,  and 2 )  t h e  h i g h  s e n s i t i v i t y  s e t t i n g  o f  t h e  sensor 

e l e c t r o n i c s  (0.5 PA) r e s u l t e d  i n  some f a l s e  "on" readings.  Conse- 

quen t l y ,  s e n s i t i v i t y  s e t t i n g s  should  be increased, and t h e  orange 

o p t i c  f i b e r  shou ld  no t  be used. 

The p u r p l e  o p t i c  f i b e r  w i t h  t h e  s i l i c a  co re  and s i l i c a  and f l u o r i n e  

c l a d d i n g  i s  c l e a r l y  s u p e r i o r  as a  depth mon i to r  sensor m a t e r i a l  t o  

t h e  po lymer-c lad f i b e r  o p t i c s  t e s t e d  and should  be used f o r  f u t u r e  

ISV opera t ions .  

The sensor e l e c t r o n i c s  should  be ad jus ted  t o  i n d i c a t e  "on" a t  a  pho- 

t o t r a n s i s t o r  c u r r e n t  ou tpu t  o f  between 5  and 50 pA. Below 5  p4, t h e  

s o i  1  temperature i s  t o o  coo l  ( l e s s  than  750°C) and t h e  p r o b a b i l i t y  o f  

f a l s e  "on" readings increases.  Above 50 4, t h e  p r o b a b i l i t y  o f  

sensors t u r n i n g  o f f  a f t e r  be ing  a c t i v a t e d  increases.  The optimum 

s e t t i n g  i s  between 25 and 40 @, which would i n d i c a t e  a  s o i l  tempera- 

t u r e  o f  850 t o  905OC. 

Other Moni t o r i  ng Concepts 

Other depth m o n i t o r i n g  concepts eva lua ted  p r i o r  t o  t h e  s e l e c t i o n  o f  t h e  

depth t r a n s m i t t e r  system were i n f r a r e d  sensing, u l t r a s o n i c s ,  power/design 

parameters,  acous t i cs ,  and ground p e n e t r a t i n g  radar  (GPR). The r e s u l t s  o f  t h e  

eva l  ua t  i on o f  these concepts a re  summari zed b r i e f l y  here. 



RUN TIME, h 

FIGURE 36. Me l t  Depth versus Run Time Determined -- 
by t h e  Depth Mon i to r  Dur ing  t h e  LSVT 

The i n f r a r e d  techn ique  has l i t t l e  o r  no va lue f o r  m o n i t o r i n g  v i t r i f i -  

c a t i o n  growth. I n f r a r e d  sens ing i s  s t r i c t l y  a  surface-mapping t e c h -  

n ique and as such, cannot d i  r e c t l y  measure v i t r i f i c a t i o n  depth. 

The u l t r a s o n i c  method i n v o l v e s  t r a n s m i t t i n g  u l t r a s o n i c  pu lses th rough  

a  wave-guide coupled t o  t h e  mol ten g lass and measuring t h e  t r a v e l  

t i m e  o f  t h e  r e f l e c t e d  pu l se  t o  determine me l t  depth. To do t h i s ,  t h e  

wave-guide must be extended th rough  t h e  porous c o l d  cap and rock 

l a y e r  i n t o  t h e  mol ten g lass  d u r i n g  process ing because t hese  upper 

reg ions  a re  t o o  a t t e n u a t i v e  f o r  t ransmiss ion .  The wave-guide i s  no t  

capable o f  w i t hs tand ing  t h e  h i g h  temperature (1800°C) of t h e  mo l ten  

g lass.  Moreover, t h e  g lass  a t t e n u a t i o n  i s  t o o  h i gh  f o r  p r a c t i c a l  use 

of t h e  u l t r a s o n i c  technique.  

Power i n p u t  and system des ign parameters combined w i t h  mathematical  

model ing a re  no t  a  d i r e c t  method o f  measurement. Subs tan t i a l  da ta  on 

t h e  s o i l  and waste p r o p e r t i e s  would be r e q u i r e d  before t h i s  method 

would be re1  i ab le  f o r  depth p r e d i c t i o n s .  



Data ob ta i ned  by t h e  acous t i c  and GPR methods a re  complex and r e q u i r e  

computer-aided i n t e r p r e t a t i o n .  Subsurface geo log ic  fea tu res  comp l i -  

c a t e  da ta  a n a l y s i s  by a l t e r i n g  t h e  acous t i c  v e l o c i t y  and rada r  

images. Both techniques a re  a l s o  sub jec t  t o  i n t e r f e r e n c e .  Acous t i c  

methods t h a t  employ subsur face o r  downhole sensors p rov i de  t h e  bes t  

r e s u l t s  f o r  m o n i t o r i n g  depths. Th is  would necess i t a t e  d r i l l  i n g  an 

a d d i t i o n a l  s h a f t  i n  p o t e n t i a l l y  contaminated s o i l ,  p roduc ing  add i -  

t i  onal exposure and spreadi  ng contami nants. 

E l e c t  rode Performance 

Use o f  t h e  c o l d  cap subsidence techn ique  descr ibed  e a r l i e r  has produced a  

t e c h n i c a l  cha l  1  enge t o  m a i n t a i n i n g  e l e c t r o d e  performance. Present e l  e c t  rode 

des ign  c a l l s  f o r  a  5.1-cm-dia Mo r o d  i n s e r t e d  i n t o  t h e  contaminated s o i l  t h a t  

i s  t o  be v i t r i f i e d .  The upper reg ions  o f  t h e  e lec t rodes ,  which a re  exposed t o  

a i r  when t h e  mol ten su r f ace  subsides d u r i n g  process ing,  a re  encased i n  a  

6.4-cm-ID by 15-cm-OD g r a p h i t e  c o l l a r .  Subsidence o f  t h e  c o l d  cap exposes t h e  

g r a p h i t e  c o l l a r  t o  a i r  a t  h i g h  temperatures ( i  .e., >600°C). The l i f e  o f  t h e  

g r a p h i t e  under these c o n d i t i o n s  has no t  been demonstrated beyond 40 hours.  The 

g r a p h i t e  c o l l a r  i s  e v e n t u a l l y  consumed by o x i d a t i o n  and s p a l l i n g ,  t he reby  

expos ing t h e  Mo e l e c t r o d e  t o  t h e  same o x i d i z i n g  c o n d i t i o n s  a t  these  tempera- 

t u res .  As Stanek (1977) r epo r t s ,  Mo exposed t o  temperatures g r e a t e r  t han  600°C 

i n  a i r  o x i d i z e s  r a p i d l y .  Successful  e l i m i n a t i o n  o f  t h e  r i s i n g  c o l d  cap i n  t h e  

LSOAT-3 and t h e  LSVT c rea ted  these  c o n d i t i o n s ,  caus ing e l e c t r o d e s  t o  f a i l ,  

beg inn ing  a t  28 hours i n t o  t h e  t e s t s .  

The t h r e e  f a i l u r e s  exper ienced d u r i n g  t h e  t h i r d  s e t t i n g  o f  t h e  LSOAT were 

caused by ox i da t i on ,  no t  breakage, as evidenced by v i s u a l  observa t ions  (Buel  t 

and C a r t e r  1986b). The nor thwest  e l e c t r o d e  t h a t  remained i n t a c t  th roughou t  t h e  

r un  a l s o  showed d iameter  l o s s  f rom o x i d a t i o n  a t  t h e  f a i l u r e  p o i n t  of t h e  graph- 

i t e  c o l l a r .  Dur ing  t h e  l onge r  t e rm  LSVT t h e  Mo lg raph i t e  comb ina t ion  e l e c t r o d e s  

f a i l e d  by o x i d a t i o n  and breakage. Breakage was caused by s t r esses  c rea ted  by 

t h e  s h i f t i n g  and c o l l a p s e  of t h e  c o l d  cap. Table 15 summarizes t h e  h i s t o r y  and 

r e s u l t s  o f  e l e c t r o d e  use f o r  a l l  o f  t h e  major  development t e s t s .  I n  p rev i ous  

exper iments,  be fo re  employing t h e  g r a p h i t e  c o l l a r  techn ique  f o r  enhancing c o l d  

cap subsidence, a  p r o t e c t i v e  l a y e r  of mol ten s o i l  adhered t o  t h e  Mo e l ec t r odes ,  



TARLE 15. E l e c t r o d e  Type and T e s t i n g  Schedule 

Test 

PSFT- I (  b ,  
PSF T-2 
PSFT-3 
PSF T-4 ( c )  
PSCT-1 
PSCT-2 ( d )  
PSIIT-2 

;;yTz3 
CCT-2 
CCT-3 
PSCT-4 ( ) 
PSLW-1 
PSCT-5 

LSOAT-1 ( s )  
LSOAT-2 
LSOAT-l h)  
I..SVT-1 

ESLT 
PSFT 
PSCT 
PSRT 
CCT 
PSLW 
LSOAT 
LSVT 

Date -- 

8/80 
12/80 

1 /81 
3/8 1 
4/81 
6/81 
7/81 
9/8 1 

10/81 
12/81 

1 /82 
2/82 
2/82 
3/82 
5/82 

12/82 
5/83 
6/83 
9/83 

12/83 
2/84 
7/85 

10/85 
5/86 

Electrode Mater la l  

Mo 
Mo 
Mo 
Mo 
Mo 
Graphi te 
Graph 1 t e  
Graph 1 t e  
Graphi te 
Graphi te 
Graphi te 
Graphi te 
Graphi te 
Graph 1 t e  
Graph 1 t e  
Graph 1 t e  
Graphi te 
Graphl te 
Graph i t e  
Graphi te 
Graphi te 
Mo 
Mo 
Mo/graphlte 8 i nsu la t i on  

Mo 
Graphi te 
Graph i t e  
Graph l t e  
Graphi te 
Graphi te 
Graph i t e  
Mo 
Mo 
&/graphi te 
Mo/graphite 8 i nsu la t i on  
Mo/graphite 8 i nsu la t i on  
Mo/graphite 8 l n s u l a t l o n  
Mo/graphite 8 i nsu la t i on  

Mo 
Mo 8 i nsu la t l on  
Mo/graphite 8 i nsu la t i on  
Mo/graphite 8 i nsu la t i on  

-- 
= Engineering-Scale Laboratory Test. 
= P l lo t -Sca le  F i e l d  Test. 
= P i  lot -Scale Cold Test. 
= P i  lot-Sca l e  Radioact ive Test. 
= P i  lot -Scale Parametric Cold Cap Test. 
= P i lo t -Sca le  Lime Waste Test. 
= Large-Scale Operational Acceptance Test. 
= Large-Scale V e r i f i c a t i o n  Test. 

Electrode Resu l t s  

Success w l th  Mo 
Sta in less  s tee l  buss f a l l e d  
Successful 
Successful 
Successful 
Buss connection f a l l e d  
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
Successful 
L lmi ted  ox ida t l on  

Successful 
Excessive ox ida t l on  
L imi ted  ox ida t l on  
L imi ted  ox ida t ion  
L imi ted  ox ida t ion  
L lmi ted  ox ida t ion  
L lml ted  ox ida t ion  
R is ing  co ld  cap 
R is lng  co ld  cap 
Successful 
Successful 
Graphi te fa i led ,  Mo ox id ized 
Successful 
Graphi te f a i l ed ,  Mo protected 

R is ing  co ld  cap 
R is lng  co ld  cap 
Oxidat ion 8 f a i l u r e  
Oxldation, breakage 8 f a i l u r e  



p r o t e c t i n g  them f r o m  o x i d a t i o n .  S ince  t h e  g r a p h i t e  c o l l a r  p r e v e n t s  t h e  n a t u r a l  

p r o t e c t i v e  g l a s s  c o a t i n g  f rom fo rm ing ,  a  s u b s t i t u t e  c o a t i n g  m a t e r i a l  i s  needed 

o v e r  t h e  Mo e l  e c t  rodes when g r a p h i t e  c o l  1  a r s  a r e  employed. 

P o t e n t i a l  s o l u t i o n s  t o  t h e  o x i d a t i o n  and breakage prob lem have been i m p l e -  

mented i n  t h e  two  most r e c e n t  ISV t e s t s  u s i n g  l a r g e r  d i a m e t e r  c o l l a r s  and c o a t -  

i n g  m a t e r i a l s  i n  t h e  annu lus  between t h e  g r a p h i t e  c o l l a r  and t h e  Mo rod.  The 

b e s t  o x i d a t i o n  p r o t e c t i o n  t e c h n i q u e  i s  t h e  use o f  1  a r g e r  d i a m e t e r  (30-cm) 

g r a p h i t e  c o l l  a r s .  Exper ience  w i t h  t h i s  m a t e r i a l  has p reven ted  o x i d a t i o n  f a i  1  - 
u r e  o f  t h e  Mo e l e c t r o d e  d u r i n g  t h e  LSVT by m a i n t a i n i n g  a  shea th  o f  g r a p h i t e  

around t h e  e l e c t r o d e  i n  t h e  subs idence zone; t h i s  i s  n o t  ach ieved  w i t h  

15-cm-di a  c o l  l a r s .  The l a r g e r  d i a m e t e r  c o l  l a r s  p r o v i d e  s u f f i c i e n t  m a t e r i a l  t o  

m a i n t a i n  t h e  p r o t e c t i v e  shea th  i n  t h e  subs idence zone. The c o l l a r  s e c t i o n s  can 

a l s o  be screwed t o g e t h e r  t o  p r o v i d e  s u p p o r t  f o r  t h e  Mo e l e c t r o d e s  t o  p r o t e c t  

them from t r a n s v e r s e  l o a d s  d u r i n g  c o l d  cap subs idence o r  s o i l  s l o u g h i n g  even ts .  

Use o f  30-cm-dia ( 1 - f t - d i a )  c o l l a r  i s  a l s o  i m p o r t a n t  because e x c e s s i v e  

c u r r e n t  d e n s i t i e s  on 15-cm-dia ( 6 - i n . - d i a )  g r a p h i t e  c o l l  a r s  d u r i n g  s t a r t u p  

cause e x c e s s i v e  h e a t  g e n e r a t i o n  i n  t h e  g l a s s  near  t h e  e l e c t r o d e s .  The abnor -  

mal l y  h i g h  g l a s s  tempera tu res  c o n t r i b u t e  t o  a  more r a p i d  c o r r o s i o n / o x i d a t i o n  

r a t e  f o r  t h e  c o l l a r s  and t h e  h i g h  e l e c t r i c a l  c u r r e n t s  c r e a t e  a c t i v e  r e a c t i o n s  

a t  t h e  g r a p h i t e / g l a s s  i n t e r f a c e ,  wh ich  can t r a n s m i t  a d d i t i o n a l  s t r e s s e s  on t h e  

Mo e l  e c t  rodes . 
E s t i m a t e d  c u r r e n t  d e n s i t i e s  d u r i n g  t h e  LSVT have been de te rm ined  up t o  

0.45 Alcm2 f o r  t h e  15-cm-di a  c o l  1  a r s .  Stanek (1977 )  recommends maximum c u r r e n t  

d e n s i t i e s  f o r  g r a p h i t e  e l e c t r o d e s  o f  0.3 ~ l c m ' .  The 30-cm-dia c o l l a r  used f o r  

one o f  t h e  e l e c t r o d e s  d u r i n g  t h e  LSVT had a  maximum c u r r e n t  d e n s i t y  o f  o n l y  

0.24 A /cm2- -w i th in  t h e  e s t a b l i s h e d  1  i m i t .  V i s u a l  o b s e r v a t i o n s  c o n f i r m e d  much 

ca lmer  me1 t i ng b e h a v i o r  nea r  t h i s  e l  e c t  rode, whereas t h e  15-cm-di a  c o l  1  a r s  were 

g e n e r a t i n g  t u r b u l e n t  r e a c t i o n s  and e l e c t r i c a l  a r c i n g .  F i g u r e  37 e s t a b l i s h e s  

t h e  maximum a l l o w a b l e  c u r r e n t  t o  a  comb ina t ion  e l e c t r o d e  w i t h  a  30-cm-dia 

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

t h a n  0.25 A/crn2--the recommended 1 i m i t  f o r  ISV. Excess ive  c u r r e n t  d e n s i t y  can 

be c o n t r o l  l e d  by u s i n g  l a r g e r  d i a m e t e r  c o l  l a r s  and by c o n t r o l  1  i n g  c u r r e n t  d u r -  

i n g  t h e  s t a r t u p  sequence. Reduced amperage d u r i n g  a  c o n t r o l l e d  s t a r t u p  
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sequence reduces t h e  concern about excess ive amperage on t h e  g r a p h i t e  c o l -  

l a r s .  Amperage can be maximized and t h e  ISV process can be operated as usual  

once a  l a r g e  enough s t a b l e  conduc t i ve  pa th  i s  es tab l i shed .  

The most p rospec t i ve  c o a t i n g  ( o x i d a t i o n  b a r r i e r )  m a t e r i a l  used i n  t h e  

t e s t s  was 88% ZrB2/12% MoSi powder. Z i  rconium d i  boride/molybdenum d i  s i  1  i c i  de 

was s e l e c t e d  because o f  i t s  o x i d a t i o n  r es i s t ance  and e l e c t r i c a l  c o n d u c t i v i t y  

p r o p e r t i e s .  The ZrB2/MoSi coa t i ngs  were cons idered i n  t h r e e  fash ions :  1 )  as 

a  powder t h a t  would s i n t e r  i n t o  a  p r o t e c t i v e  coa t ing ,  2)  as a  plasma-spray 

c o a t i n g  o f  t h e  m a t e r i a l  on t h e  Mo rods, and 3 )  as a  c o a t i n g  pa in ted  on t o  p ro -  

t e c t  bare Mo sur faces  when l o w e r i  ng rep1 acement e l ec t r odes  a f t e r  f a i  1  u r e  o f  t h e  

i n i  t i  a1 e lec t rodes .  Pl  asma-spray c o a t i n g  o f  t h e  1.8-m-1 ong ( 6 - f t  -1 ong) Mo rods 

was no t  ach ievab le  by commercial plasma-spray vendors due t o  t h e  p a r t i c l e  s i z e  

c o n s t r a i n t s  o f  t h e  sp ray ing  equipment and t h e  unavai 1  ab i  1  i ty o f  1 arge 



atmosphere -con t ro l led  spray chambers. However, assoc ia ted  l a b o r a t o r y  t e s t i n g  

has been done w i t h  t h e  ZrB2/MoSi2 and HfB2/MoSi2 coa t ings .  The l a b o r a t o r y  

t e s t i n g  i n d i c a t e d  successfu l  use o f  t h e  plasma-spray c o a t i n g  as an o x i d a t i o n  

b a r r i e r  f o r  Mo. 

The ZrB2/MoSi2 powder, i n t r oduced  i n t o  t h e  annulus between t h e  g r a p h i t e  

c o l l a r  and Mo e l ec t r ode ,  proved t o  be an e f f e c t i v e  o x i d a t i o n  b a r r i e r  d u r i n g  

PSCT-5 by fo rm ing  a  s i n t e r e d ,  p r o t e c t i v e  c o a t i n g  around t h e  Mo rod. The 

s i  n t e red  coa t i ng ,  when exposed t o  o x i d i z i n g  cond i t i ons  a f t e r  t h e  g r a p h i t e  had 

burned through,  was e f f e c t i v e  i n  p r e v e n t i n g  any f u r t h e r  o x i d a t i o n  of t h e  Mo. 

Th is  p i  l o t - s c a l e  t e s t  a1 so i n d i c a t e d  t h a t  t h e r e  i s  a  t ime -a t  - temperature f a c t o r  

assoc ia ted  w i t h  t h e  s i n t e r i n g  process o f  t h e  powder. Because o f  l ower  tempera- 

t u r e s  i n  t h e  upper, s t a r t u p  reg ion  o f  t h e  e l ec t r ode ,  t h i s  r eg ion  d i d  no t  p r o -  

v i d e  an e f f e c t i v e  s i n t e r i n g  c o a t i  ng, which has been demonstrated t o  beg in  i n  

t h e  1400 t o  1600°C range. Th is  area must r e l y  on a  plasma-spray c o a t i n g  o f  

ZrB2/MoSi o r  a1 t e r n a t  i ve c o a t i n g  ma te r i  a1 (s  ). 

The ZrB2/MoSip powder was a l s o  eva lua ted  d u r i n g  t h e  LSVT. I n  t h i s  l a r g e -  

s c a l e  t e s t ,  a1 1  f o u r  e l ec t r odes  appa ren t l y  f a i l e d  by o x i d a t i o n  and/or  f r a c t u r e .  

The exact  f a i l u r e  mechanism i s  d i f f i c u l t  t o  a s c e r t a i n  due t o  1  i m i t a t i o n s  i n  

v iew ing  and t h e  i n a b i l i t y  t o  r e t r i e v e  f a i l e d  e l e c t r o d e  samples f o r  ana l ys i s .  It 

i s  thought  t h a t  t h e  i n i t i a l  f a i l u r e s  occurred because o f  breakage caused by 

f o r ces  exe r t ed  by t h e  subs id i ng  c o l d  cap and/or o x i d a t i o n  i n  t h e  i n i t i a l  s u b s i -  

dence reg ion ,  where t h e  e l ec t r odes  were no t  exposed t o  h i g h  enough temperatures 

t o  fuse t h e  ZrB2/MoSi p r o t e c t i v e  coa t ing .  Since t h e  exact  mechanism of  f a i l  - 
u r e  i s  unknown and s i n c e  a l l  f o u r  e l ec t r odes  used t h e  powder method o f  ox i da -  

t i o n  p r o t e c t i o n ,  t h e  e f f e c t i v e n e s s  o f  t h e  powder cou ld  no t  be eva lua ted  f o r  

l a r g e - s c a l e  use. However, based on t h e  p i  l o t - s c a l e  r e s u l t s ,  t h i s  t echn ique  

o f f e r s  extreme promise. 

The ZrB2/MoSi2 p a i n t  c o a t i n g  on e l e c t r o d e  replacements,  on t h e  o t h e r  hand, 

proved t o  be i n e f f e c t i v e  i n  e l i m i n a t i n g  o x i d a t i o n  of e l ec t r odes .  Replacement 

e l ec t r odes  must be coated w i t h  flame spray o r  fused c o a t i n g  m a t e r i a l s  because 

t h e  pa i  n t  components vapor ize,  bubble, and form unpro tec ted  p o r t i o n s  on t h e  Mo 

e l  e c t  rode. 



Another  o x i d a t i o n  c o a t i n g  m a t e r i a l  t h a t  shows g r e a t  promise i s  MoSi 2. The 

g lass  i n d u s t r y  has shown MoSi2 t o  be a  proven o x i d a t i o n - r e s i s t a n t  m a t e r i a l  f o r  

use i n  s e c t i o n s  t h a t  a r e  prone t o  o x i d a t i o n  (Dav ies  and Argent  1985). The 

c o a t i n g  i s  a p p l i e d  and fused  i n  a  f u r n a c e  a t  1400°C. T h i s  i s  a  much s i m p l e r  

and l e s s  c o s t l y  a p p l i c a t i o n  t e c h n i q u e  t h a n  t h e  a t m o s p h e r e - c o n t r o l l e d  plasma- 

sprayed ZrB2/MoSi2 c o a t i n g  techn ique .  However, t o  a v o i d  d i f f u s i o n  of t h e  S i  

i n t o  t h e  e l e c t r o d e  m a t e r i a l ,  wh ich  r e s u l t s  i n  t h e  l o s s  o f  t h e  c o a t i n g ,  t h e  

e l e c t r o d e  must n o t  be exposed t o  tempera tu res  g r e a t e r  t h a n  1750°C. Furnace 

t e s t s  o f  MoSi2- fused c o a t i n g s  f o r  100 hours  a t  1600°C have shown no tendency 

f o r  Si d i f f u s i o n  and have l e f t  t h e  c o a t i n g  i n t a c t .  Mo l ten  s o i l  t empera tu res  

have been measured i n  t h e  range o f  1450 t o  1600°C f o r  ISV--below t h e  maximum 

t e m p e r a t u r e  l i m i t a t i o n .  However, s i n c e  t h e  c o a t i n g  i s  b r i t t l e ,  g r e a t  c a r e  must 

be t a k e n  i n  h a n d l i n g  t h e  e l e c t r o d e s  p r i o r  t o  t h e i r  use t o  a v o i d  g e n e r a t i n g  

p i n h o l e s  o r  c r a c k s  i n  t h e  c o a t i n g  m a t e r i  a1 . 
Glass f r i t  o r  a  g l a s s  t u b e  when m e l t e d  by t h e  h e a t  of  t h e  process has a l s o  

been i n v e s t i g a t e d  as a  c o a t i n g  m a t e r i a l  t o  i n h i b i t  o x i d a t i o n  o f  t h e  Mo. The 

g l a s s  f r i t  ( o r  t u b e )  i s  p u t  i n  t h e  annu lus  between t h e  g r a p h i t e  c o l l a r  and t h e  

Mo rod.  However, when t h e  g l a s s  m e l t s ,  t h e r e  i s  no way t o  c o n t r o l  t h e  e f f e c t -  

i veness  o f  t h e  c o a t i n g ,  because t h e  g l a s s  may f l o w  uneven ly  and n o t  f o r m  a  

s i g n i f i c a n t  amount o f  p r o t e c t i o n .  It a l s o  e x h i  b i t s  a  h i g h e r  e l e c t r i c a l  r e s i s t -  

i v i t y  t h a n  a l t e r n a t i v e  p a c k i n g  m a t e r i a l s  such as ZrB2/MoSi2. L i m i t e d  d a t a  on 

t h e  use of  t h e  g l a s s  c o a t i n g  r e q u i r e  t h a t  f u r t h e r  e v a l u a t i o n  be pe r fo rmed  

b e f o r e  d e c i d i n g  on i t s  u s e f u l n e s s  as an o x i d a t i o n  b a r r i e r .  

Another  o x i d a t i o n  p r e v e n t i o n  method t e s t e d  i n  t h e  1  a s t  1  a r g e - s c a l e  t e s t  

was t h e  i n j e c t i o n  o f  N2 i n t o  t h e  a n n u l a r  r e g i o n  between t h e  Mo and t h e  graph-  

i t e .  T h i s  method i s  des igned t o  i n c r e a s e  t h e  p r e s s u r e  i n s i d e  t h e  annu lus  and 

i n h i b i t  any O2 d i f f u s i o n  and a t t a c k  on t h e  b i n d e r  i n  t h e  upper  r e g i o n  o f  t h e  

g r a p h i t e  c o l l a r .  T h i s  method i s  more complex t h a n  t h e  c o a t i n g  methods and d i d  

n o t  p rove  t o  be e f f e c t i v e .  

I n  p r e v i o u s  t e s t s ,  t h e  s u r f a c e  area of t h e  Mo rods  has been c o a t e d  w i t h  

f lame-sprayed s t a i n 1  ess s t e e l .  T h i s  worked e f f e c t i v e l y  i n  p r e v e n t i n g  o x i d a t i o n  

i n  t h e  s t a r t u p  r e g i o n .  An e x t e n s i o n  of t h i s  o p t i o n  wou ld  be t o  t e s t  a  f l a m e -  

sprayed s t a i n l e s s  s t e e l  c o a t i n g  coup led  w i t h  t h e  ZrBp/MoSi2 powder i n  t h e  



annu lus  between t h e  s t a i n l e s s  s t e e l  c o a t e d  Mo r o d  and t h e  g r a p h i t e  c o l l a r .  

These mu1 t i  -1 a y e r  b a r r i e r s  c o u l d  p r o v i d e  e f f e c t i v e  o x i d a t i o n  p r e v e n t i o n .  

However, s t a i n l e s s  s t e e l  c o a t i n g s  a r e  expec ted  t o  cause c o n t a m i n a t i o n  and 

h a r d e n i n g  o f  t h e  Mo a t  e l e v a t e d  tempera tu res  r e s u l t i n g  i n  e m b r i t t l e m e n t  . 
S t a i n l e s s  s t e e l  c o a t i n g s  may s t i  11 have some dup lex  c o a t i n g  b e n e f i t s  i n  t h e  

n e a r - s u r f a c e  subs idence zone as a  secondary o x i d a t i o n  b a r r i e r ,  b u t  t h e y  w i l l  

r e q u i r e  f u r t h e r  t e s t i n g .  

Waste Form Performance -- - ---- - - 
T h i s  s e c t i o n  d i scusses  t h e  ana lyses  per formed on t h e  s o i l  s u r r o u n d i n g  t h e  

v i t r i f i e d  b l o c k s  t o  de te rm ine  i f  waste  e lements m ig ra te .  The v i t r i f i e d  b l o c k s  

themselves  were ana lyzed  t o  t r a c e  t h e  d i s t r i b u t i o n  o f  s i m u l a t e d  waste  e l e -  

ments. The d u r a b i l i t y  o f  t h e  g l a s s  p r o d u c t  was a l s o  assessed, and t h e  assess-  

ment r e s u l t s  a r e  p resen ted  i n  t h i s  s u b s e c t i o n .  

M i g r a t i o n  -- A n a l y s i s  -- 

Most o f  t h e  s o i l  sample ana lyses  f o r  t h e  p i l o t -  and e n g i n e e r i n g - s c a l e  

t e s t s  show no m i g r a t i o n  o f  s i m u l a t e d  con taminan t  e lements beyond t h e  v i  t r i  f i c a -  

t i o n  zone. The same r e s u l t  was ach ieved  f o r  p o l y c h l o r i n a t e d  b i p h e n y l s  (PCBs) 

(Timmerman 1986). Even t h e  p a r t i a l l y  fused s o i l  a t  t h e  m o l t e n  edge approached 

t h e  d e t e c t i o n  1  i m i t s  o f  t h e s e  elements.  Thus t h e  h i g h  v i s c o s i t y  o f  t h i s  r e g i o n  

a p p a r e n t l y  p r e v e n t s  t h e  m i g r a t i o n  o f  s i m u l a t e d  contaminants  t o  t h e  o u t s i d e  o f  

t h e  v i t r e o u s  b l o c k .  An anomalous m i g r a t i o n  o f  Cs and Sr t o  t h e  s m a l l  r e g i o n  

d i r e c t l y  be low t h e  c e n t e r  o f  t h e  m e l t  o c c u r r e d  d u r i n g  PSFT-2. No o t h e r  I S V  

t e s t  has d e t e c t e d  con taminan t  m i g r a t i o n  beyond t h e  v i t r i f i e d  b l o c k .  

D e t e c t i o n  s e n s i t i v i t y  o f  r a d i o n u c l  i d e  m i g r a t i o n  was improved w i t h  t h e  

a n a l y s i s  o f  s o i l  t h a t  sur rounded t h e  g l a s s  b l o c k  d u r i n g  t h e  r a d i o a c t i v e  f i e l d  

t e s t .  S o i l  samples s u r r o u n d i n g  t h e  p i l o t - s c a l e  r a d i o a c t i v e  b l o c k  were t a k e n  t o  

d e t e r m i n e  i f  m i g r a t i o n  o f  hazardous c o n s t i t u e n t s  occu rs  beyond t h e  v i  t r i  f i c a -  

t i o n  zone. F i v e  e q u i d i s t a n t  sarr~ples were t a k e n  a t  6 - in .  i n t e r v a l s  f r o m  t h e  t o p  

t o  t h e  bo t tom o f  t h e  b l o c k  a t  t h e  n o r t h w e s t  face d i  r e c t l y  a d j a c e n t  t o  t h e  

b l o c k .  O v e r a l l ,  t h e  samples i n d i c a t e d  no d e t e c t a b l e  m i g r a t i o n  o f  r a d i o n u c l  i d e s  

o u t s i d e  t h e  v i t r i f i c a t i o n  zone (Timmerman and h a  1984). A c t i v i t y  was found  i n  

a  few o f  t h e  near -su r face  samples;  t h e s e  samples were p r o b a b l y  



cross-contami nated w i t h  su r f ace  s o i  1  t h a t  con ta ined  r a d i o a c t i v e  m a t e r i a l  from 

off-gas re leases.  Most o the r  s o i l  measurements were low enough t o  i n d i c a t e  

t h a t  no m i  g r a t i o n  occurred o u t s i d e  t h e  v i t r i f i c a t i o n  zone (exc l ud ing  any 

sampl ing e r r o r s ) .  Referenc ing these  low a c t i v i t i e s  t o  n a t u r a l  background 

l e v e l s  pu ts  these  l e v e l s  i n  perspec t i ve .  For example, 13'cs and 239/24OPu 

occur n a t u r a l l y  i n  western su r f ace  s o i l  a t  a c t i v i t i e s  o f  4.5 and 0.07 pCi/g,  

r e s p e c t i v e l y  (Robertson e t  a1 . 1981). The m a j o r i t y  of t h e  samples a re  we1 1 

be1 ow t h e  n a t u r a l  background 1 eve1 s. 

The contaminants were u n i f o r m l y  d i s t r i b u t e d  throughout  t h e  v i t r i f i e d  s o i  1  

b locks  i n  a1 1 non rad ioac t i  ve p i  l o t  - sca le  t e s t s ,  i n d i c a t i n g  t h a t  ex tens i ve  con- 

v e c t i v e  m i x i n g  occurred d u r i n g  opera t ion .  Concen t ra t ion  p r o f i l e s  show t h a t  

near t h e  edge o f  t h e  v i t r i f i c a t i o n  zone t h e  contaminant concen t ra t i ons  decrease 

t o  n a t u r a l  s o i l  l e v e l s .  Concen t ra t ion  p l o t s  a l s o  show t h a t  w i t h i n  t h e  dense 

g l  ass 1 ayer  of t h e  me1 t t h e  contami nant concent r a t  i ons reach t he i  r respec t  i ve, 

even ly  d i s t r i b u t e d  amounts. I n  one p i l o t - s c a l e  t e s t ,  f o r  example, t h e  Cs02 

concen t ra t i on  was 0.04 wt%, t h e  Sr02 concen t ra t i on  was 0.08 w t % ,  and t h e  Lao2 

concen t ra t i on  was 0.05 wt% w i t h i n  t h e  i n n e r  g lass  zone. These values c o r r e s -  

pond c l o s e l y  t o  t h e  p r e d i c t e d  homogeneous values o f  0.04, 0.08, and 0.04 wt%, 

respec t  i ve ly .  Apparent ly ,  convect i ve m i  x i  ng and an even d i s t r i b u t i o n  o f  

contami nants  occur w i t h i n  t h e  mol ten core.  Contami nant concen t ra t ions  i n  t h e  

rock l a y e r  a re  lower  due t o  t h e  d i l u t i o n  e f f e c t s  o f  t h e  rocks.  Samples f rom 

t h e  uppermost porous l a y e r  show t h e  same r e l a t i v e  d i s t r i b u t i o n s  and con- 

c e n t r a t i o n s  o f  t h e  contaminants as i n  t h e  g lass  r eg ion  o f  t h e  m e l t ;  however, 

when employing c o l d  cap subsidence techniques,  t h e  porous reg ion  o n l y  encom- 

passes a smal l  ( < 5  wt%) p o r t i o n  o f  t h e  v i t r i f i e d  b lock .  

Whi le Cs s e l e c t i v e l y  m ig ra ted  upward i n  some eng ineer ing -sca le  t e s t s ,  

t h e r e  was no evidence o f  t h i s  movement i n  t h e  p i l o t - s c a l e  t e s t s .  P i l o t - s c a l e  

t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  convec t i ve  m i x i ng  p a t t e r n s  may dominate t h e  d i f -  

f u s i o n  mechanisms th rough  t h e  mol ten s o i l  and p rov i de  a un i fo rm d i s t r i b u t i o n  o f  

contaminants.  An example o f  a  t y p i c a l  d i s t r i b u t i o n  p a t t e r n  f o r  r a r e  ea r t hs  i s  

p rov i ded  i n  F i gu re  38 f o r  Ce (Oma, Farnsworth, and Rusin 1982). The f i n a l  con- 

c e n t r a t i o n  o f  Ce was 14 t imes l e s s  than  i t s  i n i t i a l  concen t ra t ion .  Th is  u n i  - 
form d i s t r i b u t i o n  of t h e  r a r e  ea r t hs  (Ce, La, and Nd) suggests t h a t  a c t i n i d e s  
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F I G U R E  38. C e r i  um C o n c e n t r a t i o n  P r o f i l e  B e f o r e  and A f t e r  
V i  t r i  f i c a t  i on, PSFT-3 

such as Pu, wh ich  t h e  r a r e  e a r t h  e lements  s i m u l a t e ,  wou ld  n o t  m i g r a t e  e i t h e r .  

S e l e c t i v e  m i g r a t i o n  ( m a i n l y  s e t t l  i n g )  of Pu has been a  concern  because of  t h e  

c r i t i c a l i t y  p o t e n t i a l  o f  Pu. T h i s  f i n a l  d i s t r i b u t i o n  o f  Ce and o t h e r  e lements  

a i d s  i n  d i s p e l l i n g  t h i s  concern  about  s e l e c t i v e  m i g r a t i o n  e f f e c t s .  

These c o n c l u s i o n s  a r e  c o n f i  rmed by c o r e  s e c t i o n  ana lyses  of  t h e  p i  l o t  - 
s c a l e  r a d i o a c t i v e  b l o c k .  F i g u r e s  39 and 40 p r o v i d e  t h e  c o n c e n t r a t i o n  d i s t r i  bu-  

t i o n s  f o r  TRUs and f i s s i o n  p roduc ts .  The d i s t r i b u t i o n  p r o f i l e s  i n d i c a t e  a  

r e l a t i v e l y  u n i f o r m  d i s t r i b u t i o n  ( w i t h i n  a  f a c t o r  of 3 )  f o r  a1 1  r a d i o n u c l  i d e s  

excep t  Ru and f o r  one co re ,  Co. P l u t o n i u m  and s t r o n t i u m  d a t a  a l s o  i n d i c a t e  a  

u n i f o r m  d i s t r i b u t i o n .  These d a t a  c o n f i r m  p r e v i o u s  i n d i c a t i o n s  (Oma e t  a1 . 
1983) of an even d i s t r i b u t i o n  of Pu and a l l a y  any c r i t i c a l i t y  concerns  about  

t h e  s e l e c t i v e  m i g r a t i o n  of  Pu. 
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F I G U R E  39. D i s t r i b u t i o n  P r o f i  1  es o f  TRU Radionucl i des  
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FIGURE 40. D i s t r i b u t i o n  P r o f i  l e s  o f  F i s s i o n  Product  Rad ionuc l  i d e s  -- 



Product Durabi 1  i t y  

A f t e r  each p i l o t - s c a l e  f i e l d  t e s t ,  t h e  v i t r i f i e d  b l ocks  were removed from 

t h e  t e s t  area and sec t ioned  f o r  eva lua t i on .  The v i t r i f i e d  s o i l  f rom each of  

t h e  t e s t s  has remained a  s o l i d ,  n e a r l y  c rack - f r ee  b lock  u n t i l  pu rpose fu l l y  

f r a c t u r e d  f o r  ana lys is .  I n  genera l ,  t h e  i n t e r i o r  o f  t h e  b lock  i s  a  nonporous 

g lass  s i m i l a r  t o  n a t u r a l  obs i d i an  (see F igu re  41). 

Leaching s tud ies  o f  v i t r i f i e d  Hanford s o i l  were conducted t o  determine i t s  

chemical d u r a b i l i t y .  Two types  o f  l each  t e s t s  were performed on ISV f i e l d  t e s t  

p roduc ts :  a  24-h soxh le t  t e s t  i n  99°C de ion ized  water  and a  28-day M a t e r i a l s  

C h a r a c t e r i z a t i o n  Center Test (MCC-1) (MCC 1981) i n  90°C s o l u t i o n s  of de i on i zed  

water,  s i l i c a t e  water,  and b r i ne .  A comparison o f  t h e  r e s u l t i n g  c o r r o s i o n  r a t e  

d u r i n g  soxh le t  l each ing  w i t h  pub l i shed  da ta  ( P l a t t  1973 and McElroy 1975) i s  

p rov ided  i n  F i gu re  42, showing t h a t  t h e  bu lk  leach  r a t e  o f  v i t r i f i e d  s o i l  i s  

s i g n i f i c a n t l y  l e s s  than  t h a t  o f  marb le  o r  b o t t l e  g lass  and i s  comparable t o  

Pyrex@ and g r a n i t e .  

Samples o f  t h e  porous rock and g lass  l a y e r s  from PSFT-1 and -2 were t e s t e d  

by soxh le t  l each ing .  The second f i e l d  t e s t  product  a l s o  formed v i t r e o u s  and 

c r y s t a l l i n e  phases t h a t  were leach  t es ted .  Table 16 presents  t h e  r e s u l t s  o f  

t h e  soxh le t  l each  t e s t s .  Other m a t e r i a l s  and t h e i r  r e s p e c t i v e  leach  losses  a re  

1  i s t e d  below t h e  I S V  samples f o r  comparison. Comparable leach  losses  between 

t h e  f i r s t  two f i e l d  t e s t  products  and t h e  var ious  l a y e r s  formed a re  a l s o  

shown. The soxh le t  l each  t e s t  r e s u l t s  show t h a t  t h e  leach  res i s t ances  o f  ISV 

p roduc ts  a re  b e t t e r  than  those o f  o t h e r  waste glasses. Th is  i s  p r i m a r i l y  due 

t o  t h e  h i gh  s i  1  i c a  and alumina con ten ts  and t h e  low a1 k a l i  con ten t  i n  t h e  ISV 

g lass.  The soxh le t  l each  t e s t  r e s u l t s  a l s o  i n d i c a t e  t h a t  ISV g lass  t h a t  con- 

t a i n s  a  c r y s t a l  l i n e  phase exh i  b i t s  a  s l i g h t l y  improved leach  res i s t ance .  These 

r e s u l t s  i n d i c a t e  t h a t  t h e  c r y s t a l l i z a t i o n  of ISV g lass  may a c t u a l l y  enhance 

waste form durab i  1  i t y .  

I n  t h e  28-day, M C C - 1  l each  t e s t ,  g lasses w i t h  and w i t h o u t  a  c r y s t a l l i n e  

phase were examined. T h e i r  l each  res i s t ances  a re  shown i n  Table 17. Glass 

@ Pyrex i s  a  r e g i s t e r e d  t radernark of Dow-Corni ng Glassworks, Corn ing , 
New York. 
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FIGURE 42. Leach Res is tances  o f  Se lec ted  M a t e r i a l s  --- 

1 

TABLE 16. Soxh le t  Leach Test  R e s u l t s  f o r  PSFT-1 and PSFT-2 
- - - - - - -- - 

PSFT-1 Sampl es 

S u r f  ace 

Porous l a y e r  

Rock l a y e r  

Glass l a y e r  

PSFT-2 Sampl es 

Porous l a y e r  

Rock/porous i n t e r f a c e  

Glass l a y e r  

G l  ass w i t h  c r y s t a l  l i n e  

W t  % Loss 

Comparison w i t h  Glass Samples 

Commerci a1 waste  g l  ass (PNL 76-68) 1.6 

Defense waste  g l  ass (SRL-131) 2.0 t o  3.5 



TABLE 17. Comparison of I S V  G l a s s / C r y s t a l l i n e  Leach Resistances 
With Commerci a1 Waste G l  ass PNL 76-68 

Element 

Normal i zed E l  ernental Loss, g/m 2  (a  

I S V G l a s s  C r y s t a l s  PNL76-68(b)  

( a )  MCC-1  leach e s t  i n  90°C de ion ized  water ,  
SA/V  = 10 m - I  f o r  28 days. 

( b )  Strachan, Turco t te ,  and Barnes (1980). 

con ta i ns  an observable  c r y s t a l  l i n e  phase, which i s  formed by n u c l e a t i o n  s i t e  

growth and slow c o o l i n g  (Tirnmerman and Lokken 1983), e x h i b i t s  equal o r  b e t t e r  

leach  r e s i s t a n c e  than  t h e  s ing le-phase g lass.  Th is  i s  c o n s i s t e n t  w i t h  t h e  

s o x h l e t  weight  losses.  The g lass  leach  r a t e s  f o r  t h e  m a j o r i t y  o f  elements 

l i s t e d  a re  s i g n i f i c a n t l y  l e s s  than  t hose  o f  t h e  commercial HLW g lass  PNL 76-68. 

Cesium y i e l d e d  t h e  h i ghes t  leach  r a t e  ( a l t hough  s t i l l  low) ,  w h i l e  t h e  r a r e  

ea r t hs  leached l e s s  than  t h e  a n a l y t i c a l  d e t e c t i o n  l i m i t s .  The leach  r e s i s t a n c e  

observed i n  t h e  o t h e r  p i l o t - s c a l e  t e s t s  i s  s i m i l a r  t o  t h a t  shown i n  Table  17. 

Leach t e s t s  were a1 so conducted on sampl es of TRU-contami nated , v i  t r i  f i ed 

s o i l  u s i n g  t h e  M C C - 1  t e s t  method. A 200-9 s o i l  sample was ob ta ined  from w e l l  

d r i l l i n g  o f  a  TRU-contaminated s o i l  s i t e  (Kasper 1981). The s o i l  was v i t r i f i e d  

a t  1600°C i n  a  c r u c i b l e  p laced  i n s i d e  a  res is tance-hea ted  l a b o r a t o r y  furnace.  

The v i t r i f i e d  me l t  was r a d i o a c t i v e l y  nonsmearable and f r ee  o f  major  c racks ,  

thus  a l l o w i n g  f o r  easy c u t t i n g  o f  t h e  samples f o r  t h e  MCC-1  l each  t e s t .  



Tab le  18 l i s t s  t h e  M C C - 1  l e a c h  t e s t  r e s u l t s ,  g i v i n g  t h e  n o r m a l i z e d  elemen- 

t a l  re1  eases f rom t h e  v i t r i f i e d  s o i  1, b o r o s i  1  i c a t e  g lass ,  a1 umi n o s i  1  i c a t e  

g l a s s ,  b a s a l t  - g l  ass ceramic ,  and PNL 76-68 g l a s s  (Ross e t  a1 . 1982). T h i s  

compar ison w i t h  o t h e r  waste forms a l l o w s  f o r  an e v a l u a t i o n  o f  t h e  r e l a t i v e  

b e n e f i t s  f r o m  ISV o f  s o i  1. The o v e r a l l  l e a c h  r a t e  o f  t h e  v i t r i f i e d  s o i  1  i s  

comparable t o  t h e  PNL 76-68 g l a s s  and o t h e r  TRIJ waste forms. However, t h e  

r e l e a s e  o f  Pu i s  h i g h e r  f r o m  t h e  v i t r i f i e d  s o i l  t h a n  f r o m  t h e  b o r o s i l i c a t e  and 

a1 u m i n o s i l  i c a t e  g lasses.  The s i m i  l a r i t y  between Pu r e l e a s e s  f r o m  t h e  v i t r i f i e d  

s o i l  and t h e  b a s a l t - g l a s s  ceramic  i n d i c a t e s  t h a t  t h e  Pu i n  b o t h  waste  fo rms may 

be i n  a  c r y s t a l l i n e  fo rm t h a t  may be more r e a d i l y  leached.  T h i s  may be due t o  

reduced t i m e  a t  t h e  1600°C m e l t  t e m p e r a t u r e  i n  t h e  c r u c i b l e  compared t o  m e l t i n g  

t i m e s  d u r i n g  1  a rge -sca le  ISV. Thus some unmelted o r  c r y s t a l  1  i n e  m a t e r i a l  m i g h t  

be p r e s e n t  i n  t h e  c r u c i b l e  m e l t ,  making Pu l e s s  l e a c h  r e s i s t a n t .  However, t h e  

p r e v i o u s l y  d i scussed  1  each r e s i s t a n c e  s t u d i e s  on n o n r a d i o a c t i v e  v i t r i f i e d  s o i  1  

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

c r y s t a l  1  i n e  phases a r e  n o t  d e t r i m e n t a l  t o  o v e r a l l  l e a c h  r e s i s t a n c e .  ( T h i s  i s  

a l s o  i n d i c a t e d  i n  Tab le  18, wh ich  g i v e s  r e l e a s e s  f o r  o t h e r  e lements.)  

The l e v e l  o f  a c t i v i t y  i n  t h e  p i l o t - s c a l e  r a d i o a c t i v e  b l o c k  was t o o  l o w  t o  

o b t a i n  a b s o l u t e  q u a n t i t a t i v e  r e s u l t s  f r o m  t h e  M C C - 1  l e a c h  t e s t .  P r o j e c t e d  

l e a c h  q u a n t i t i e s  a r e  t h r e e  o r d e r s  o f  magni tude below t h e  d e t e c t i o n  l i m i t s .  To 

p u t  t h e  d u r a b i  1  i t y  o f  t h e  ISV p r o d u c t  i n  p e r s p e c t i v e ,  c o n c e n t r a t e d  h y d r o f  1  u o r i  c  

a c i d  had t o  be used i n s t e a d  o f  c o n c e n t r a t e d  h y d r o c h l o r i c  a c i d  t o  e f f e c t i v e l y  

remove enough Pu and Sr f r o m  t h e  c o r e  samples t o  pe r fo rm t h e i r  r e s p e c t i v e  ana l  - 
yses.  P rev ious  l e a c h  t e s t  r e s u l t s  (Oma e t  a l .  1983) have i l l u s t r a t e d  t h e  

i m p r e s s i v e  d u r a b i l i t y  o f  t h e  I S V  waste  form. 

The d u r a b i l i t y  o f  t h e  ISV waste  form can a l s o  be e s t i m a t e d  by examin ing 

t h e  d u r a b i l i t y  of o b s i d i a n ,  wh ich  i s  a  n a t u r a l l y  o c c u r r i n g  g l a s s  w i t h  s i m i l a r  

p h y s i c a l  p r o p e r t i e s  and chemical  compos i t i on  (Ewi ng and Hoaker 1979). Obs id ian  

i s  formed when c o o l i n g  v o l c a n i c  l a v a  l o s e s  heat  t o o  q u i c k l y  t o  p e r m i t  c r y s t a l  - 

1  i z a t i o n .  The wea the r ing  process o f  o b s i d i a n  i n  a  n a t u r a l  e n v i  ronment t h a t  i s  

n o t  s a t u r a t e d  w i t h  f r e e  w a t e r  i n v o l v e s  t h e  h y d r a t i o n  o f  a tmospher i c  w a t e r  t h a t  

i s  c h e m i c a l l y  absorbed on t h e  s u r f a c e .  The wa te r  t h e n  d i f f u s e s  i n t o  t h e  
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o b s i d i a n  as a  f u n c t i o n  o f  t i m e  and temperature .  T h i s  t y p e  o f  w e a t h e r i n g  wou ld  

be expected f o r  t h e  ISV waste f o r m  because o f  i t s  chemical  and p h y s i c a l  

s i m i l a r i t y  t o  o b s i d i a n .  

The r a t e  o f  h y d r a t i o n  i s  expected t o  be l i m i t e d  by d i f f u s i o n ,  w i t h  t h e  

t h i c k n e s s  o f  t h e  h y d r a t i o n  p r o f i l e  i n c r e a s i n g  p r o p o r t i o n a l l y  t o  t h e  square r o o t  

of  t h e  h y d r a t i  on t ime .  Laursen and L a n f o r d  (1978) r e p o r t  t h a t  a r c h a e o l o g i c a l  
2 ev idence shows t h a t  t h e  h y d r a t i o n  r a t e  v a r i e s  f rom 1 t o  20 ~ r n  / l o 0 0  yr.  If a  

2  f r e s h  f r a c t u r e  s u r f a c e  i s  exposed f o r  one y e a r  a t  a  h y d r a t i o n  r a t e  o f  10 w / 
1000 y r ,  assuming a  l i n e a r  wea the r ing  r a t e ,  t h e  r e s u l t i n g  h y d r a t i o n  l a y e r  w i l l  

be 1 x  1 0 - ~ - c m  t h i c k .  

A  v e r y  c o n s e r v a t i v e  e s t i m a t e  t h a t  assumes t h a t  t h e  h y d r a t e d  g l a s s  fo rmed 

d u r i n g  each one-year p e r i o d  has no e f f e c t  on t h e  h y d r a t i o n  r a t e  of a d j a c e n t  

f r e s h  m a t e r i a l  wou ld  r e s u l t  i n  a  h y d r a t i o n  t h i c k n e s s  o f  o n l y  1 mm i n  

10,000 y e a r s .  There fo re ,  t h e  ISV waste fo rm would be expected t o  remain  

v i r t u a l l y  unweathered f o r  a  t i m e  p e r i o d  o f  much g r e a t e r  t h a n  10,000 yea rs .  

Thus l e a c h  t e s t i n g  and a  l o n g - t e r m  g e o l o g i c  compar ison have shown t h a t  t h e  ISV 

process genera tes  a  h i g h l y  d u r a b l e  waste form. 

T h i s  a n a l y s i s  can be c o r r e l a t e d  w i t h  t h e  l e a c h  t e s t i n g  d a t a  o f  t h e  ISV 

waste  form. As d e s c r i b e d  i n  t h i s  s e c t i o n ,  t h e  r e l e a s e  o f  v a r i o u s  e lements  f r o m  

ISV g l a s s  has been t e s t e d  a t  90°C. The r e l e a s e  o f  s o l u b l e  spec ies  (whose 

r e l e a s e  i s  an i n d i c a t o r  of t h e  dep th  o f  h y d r a t i o n  of t h e  g l a s s )  i n c r e a s e s  p a r a -  

b o l  i c a l  l y  between 14 and 28 days ( t h e  d u r a t i o n  of t h e  t e s t ) .  The r a t e  i s  about  

2 1tm2/yr. The a c t i v a t i o n  energy f o r  t h e  e f f e c t  of t empera tu re  on t h e  h y d r a t i o n  

o f  o b s i d i a n s  i s  20 k c a l  /mole (Fr iedman and Long 1976). Based on t h i s ,  t h e  

p a r a b o l i c  h y d r a t i o n  r a t e  f o r  t h e  1SV g l a s s  would be 5  p 1 ~ / 1 0 0 0  y r  a t  25°C 
2 (e.g., exposed t o  a i r )  and 1 IJN / I 0 0 0  y r  a t  10°C (e.g., b u r i e d  i n  s o i l ) .  These 

va lues  a r e  one- ten th  of t h e  assumpt ion used t o  o b t a i n  a  h y d r a t i o n  t h i c k n e s s  o f  

1 mm/10,000 yr.  

Obs id ians  have been found t o  be h y d r a t i n g  p a r a b o l i c a l l y  f o r  p e r i o d s  as 

l o n g  as a  mi 11 i o n  y e a r s  (Friedman and Obredovich 1981). A1 so, t h e  r a t e  o f  

h y d r a t i o n  o f  a  n a t u r a l  o b s i d i a n  has been measured a t  95°C and found t o  be about  



9 ILm2/yr (Fr iedman and Long 1976). Rases on t h i s  a n a l y s i s ,  i t  i s  r e a s o n a b l e  t o  

assume t h a t  t h e  I S V  waste f o r m  would be e f f e c t i v e  f o r  p e r i o d s  g r e a t e r  t h a n  one 

m i l l i o n  y e a r s .  
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PROCESS PARAMETERS 

Parameters t h a t  may a f f e c t  t h e  per formance of  ISV a r e  addressed i n  t h i s  

s e c t i o n .  These parameters  i n c l u d e  s o i  1  p r o p e r t i e s ,  s i t e  geometry, and waste  

t Y  Pe 

INFLUENCE OF SOIL PROPERTIES 

Hanford  s o i l  t h a t  c o n t a i n s  b o t h  s i m u l a t e d  and a c t u a l  r a d i o n u c l i d e s  has 

been s u c c e s s f u l l y  v i t r i f i e d  i n  p lace .  S ince  t h e  p r o p e r t i e s  of s o i l s  va ry  among 

t h e  d i f f e r e n t  waste  s i t e s  where ISV c o u l d  be a p p l i e d ,  i t  i s  necessary  t o  i n v e s -  

t i g a t e  p o t e n t i a l  p rocess l i m i t a t i o n s  due t o  s o i l  c h a r a c t e r i s t i c s .  S o i l  p r o p e r -  

t i e s  t h a t  can i n f l u e n c e  t h e  ISV p rocess  i n c l u d e :  

chemical  c o m p o s i t i o n  

the rma l  c o n d u c t i v i t y  

f u s i o n  tempera tu re  

s p e c i f i c  h e a t  

e l e c t r i c a l  c o n d u c t i v i t y  

v i s c o s i t y  

d e n s i t y  

Thermal c o n d u c t i v i t y  i s  dependent on b o t h  s o i l  c o m p o s i t i o n  and morphology.  

Fus ion  tempera tu re ,  s p e c i f i c  hea t ,  e l e c t r i c a l  c o n d u c t i v i t y ,  and v i s c o s i t y  a r e  

dependent on s o i l  compos i t i on .  The b u l k  d e n s i t y  o f  t h e  s o i l  depends on i t s  

morphology.  The d e n s i t y  o f  t h e  v i t r i f i e d  m a t e r i a l  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  

c o m p o s i t i o n a l  v a r i a t i o n s .  

S o i l  p r o p e r t y  d a t a  were o b t a i n e d  f r o m  l i t e r a t u r e  su rveys  and l a b o r a t o r y  

c h a r a c t e r i z a t i o n  t e s t s  on s o i l  f r o m  Harnwe l l ,  South C a r o l i n a ;  Hanford,  Washing- 

t o n  ; Idaho N a t i o n a l  Engi n e e r i  ng 1.abaratory ( INEL), Idaho;  Los A1 arnos Nat i s n a l  

L a b o r a t o r y  (LANL), New Mexico;  Maxey F l a t s ,  Kentucky;  t h e  Nevada Test  S i t ?  

(NTS) , Nevada; Oak Ridge N a t i o n a l  L a b o r a t o r y  (ORNL) , Tennessee; She-if i e l d ,  

I 1  1  i n o i s ;  and West V a l l e y  Nuc lea r  S e r v i c e s  Co., I nc .  (WVNS), New York. 

A d e s c r i p t i o n  o f  t h e  e f f e c t s  c ~ f  changes i n  t h e  s o i l  p r o p e r t i e s  l i s t e d  

above and t h e  e f f e c t s  o f  s o i l  a d d i t i v e s  on t h e  p r o p e r t i e s  f o l l o w  he re .  



Chemi c a l  Composi t i  on 

The chemical composit ions o f  so i  1 f rom p o t e n t i a l  I S V  s i t e s  were determined 

u s i  ng i nduc t i  on-coup1 ed p l  asma (ICP) spectroscopy . The averaged s o i  1 composi - 
t i o n s  f rom each o f  t h e  l o c a t i o n s  a re  shown i n  Table 19. I n d i v i d u a l  sample 

analyses a re  presented i n  Table 20. A l l  s o i l s  t e s t e d  were composed p r i m a r i l y  

of S i02 and A1203 (70 t o  98%). Higher  l e v e l s  o f  these oxides tend t o  inc rease  

t h e  chemical d u r a b i l i t y  o f  t h e  r e s u l t i n g  g lass,  bu t  have t h e  negat i ve  e f f e c t s  

o f  i nc reas ing  i t s  v i s c o s i t y  and decreas ing i t s  e l e c t r i c a l  c o n d u c t i v i t y .  A1 1 of 

t h e  s o i l s  a l s o  conta ined s i g n i f i c a n t  amounts o f  Na20 and K20, which a c t  as t h e  

pr imary charge c a r r i e r s  i n  mol ten s o i l .  A number o f  t h e  so i  1 s a l s o  con ta ined  

s i g n i f i c a n t  amounts o f  CaO and MgO, ox ides t h a t  tend  t o  suppress t h e  e l e c t r i c a l  

c o n d u c t i v i t i e s  of mol ten s i l i c a t e s  (Stanek 1977). The e f f e c t s  o f  Na02 and CaO 

a d d i t i o n s  t o  I S V  s o i l  a re  discussed i n  more d e t a i l  l a t e r  i n  t h i s  sec t i on .  

Thermal Conduct i v i  t y  

V a r i a t i o n s  i n  t h e  thermal c o n d u c t i v i t i e s  o f  s o i l  can i n f l u e n c e  t he  maximum 

temperature t h a t  can be reached by t h e  mol ten zone and t h e  r a t e  a t  which heat  

TABLE 19. Oxide Composit ions o f  S o i l s  f rom Selected U.S. Loca t ions  

Composition, w t ~  5 I' 
Sol 1 A l k a l i  A lka l  lne Earth / 

Other (a)  
Locat i on Type 9 A120j C ~ O  0 M ~ O  & 0xioes - 

Barnwe l I Fuquay 0.20 0.24 9-26 0.04 2.75 0.12 86.7 0.68 

Hanfora N D ( ~ )  1.80 3.02 13.6 6.00 9.55 2.88 60.9 1.95 

l NEL N D ( ~ )  2.52 1.35 11.4 9.97(d) 4.07 -- 69.6 1-07 

LANL Carj o 2.82 2.73 12.4 0.94 2.93 0.60 76.8 0.78 

PU ye 3.39 3.87 13.0 0.51 2.38 0.37 76.1 0.45 

Tuf f  4.44 4.44 12.3 0.46 1 -23 -- 76.9 0.16 

Maxey F l a t s  T l l s l t  1.12 0.44 7.79 0.06 3.13 0.43 85.5 1.52 
NTS Beatty 3.88 3.54 13.6 2.89 2.87 1.25 71 .3 0.74 
ORNL ND 2.55 0.32 17.3 0.11 11.0 0.97 66.5 1.28 
She f f l e ld  Fayette 1.97 1.60 10.8 0.78 3.82 0.87 79.1 0.96 

WVNS Churchvi l l e  2.69 1.09 14.2 3.22 5.01 2.03 70.4 1.29 

(a) Other oxides Include T102, P205, and Zr02. 
( b )  Not determined. 
(c) From INEL Radloactlve Waste Management Complex. 
( d l  CaO + MgO. 
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energy can be t r a n s f e r r e d  t o  t h e  unmelted s o i l .  A l ow thermal  c o n d u c t i v i t y  

s o i l  wi 11 r e s u l t  i n  a  h i g h e r  mol ten zone temperature f o r  a  g iven  r a t e  o f  m e l t  

p ropaga t ion .  However, thermal  c o n d u c t i v i t y  v a r i a t i o n s  w i t h i n  t h e  mo l ten  zone 

w i l l  n o t  s i g n i f i c a n t l y  a f f e c t  t h e  temperature p r o f i l e  of t h e  mo l ten  zone s i n c e  

convec t i ve  m i x i n g  produces a  r e l a t i v e l y  even temperature p r o f i l e .  V a r i a t i o n s  

i n  thermal  c o n d u c t i v i t y  ma in l y  a f f e c t  t h e  thermal  g r a d i e n t  between t h e  boundary 

l a y e r  o f  t h e  mo l ten  s o i l  boundary l a y e r  and t h e  s o i l  a t  ambient temperature.  

Thermal c o n d u c t i v i t i e s  o f  s o i l s  a t  ambient temperature a re  ve ry  low, rang-  

i n g  f rom 0.09 t o  0.15 W/m°K as shown i n  Table  21. These low c o n d u c t i v i t i e s  a re  

caused by t h e  smal l  p a r t i c l e s  i n  t h e  m a j o r i t y  of t h e  s o i l s ,  which i nc rease  

g r a i n - t o - g r a i n  con tac t  res is tance .  Heat conduc t ion  by t h e  gas phase i s  ve ry  

low because o f  t h e  ex t reme ly  smal l  e f f e c t i v e  pore  s i z e  o f  these  s o i l s .  The 

smal l  po re  s i z e  e l i m i n a t e s  convec t i ve  heat  t r a n s f e r  and e f f e c t i v e l y  reduces 

TABLE 21. Thermal Conducti v i  t i e s  o f  Soi 1s a t  Ambient Temperature 

Soi 1  
Loca t i on  Type 

Barnwel l  Fuquay 

Hanf o r d  

LANL Ca r j o  

Puye 

Maxey F l a t s  T i l s i t  

NTS Bea t t y  

ORNL N D 

S h e f f i e l d  Faye t t e  

WVNS Churchvi 11 e  

Thermal 
Conduct i  v i  t y  , ( a )  

W/m°K 

0.151 

0.131 

0.109 

0.108 

( a )  Thermal conduc t i  v i  t y  measurements were 
made o f  d i s t u r b e d  s o i l  t h a t  was com- 
pacted t o  s i m u l a t e  nond is tu rbed  s o i l .  
Thermal c o n d u c t i v i t i e s  o f  ac tua l  non- 
d i s t u r b e d  s o i l s  a re  expected t o  be 
10 t o  20% h i g h e r  than  t h e  va lues 
repo r t ed  i n  t h i s  t a b l e .  

( b )  Not determined. 



c o n d u c t i o n  w i t h i n  po res  ( P a r r o t t  and Stuckes 1975). Soi  1s t h a t  c o n t a i n e d  r o c k s  

and pebb les ,  such as c e r t a i n  samples f r o m  Hanford  and NTS, had h i g h e r  conduc- 

t i v i t i e s .  T h i s  was expec ted  because c o n d u c t i o n  t h r o u g h  s o l i d  m a t e r i a l s  i s  much 

h i g h e r  t h a n  t h r o u g h  porous,  f i  n e - g r a i  ned s o i  1. 

Both  t h e  measured and c a l c u l a t e d  va lues f o r  t h e  the rma l  c o n d u c t i v i t i e s  as 

a  f u n c t i o n  o f  t empera tu re  of Hanford  s o i l  a r e  shown i n  F i g u r e  43. The conduc- 

t i v i t i e s  o f  Han fo rd  s o i l  and a l l  o t h e r  s o i l s  t h a t  were measured (NTS, Maxey 

F l a t s ,  and WVNS) a p p r o x i m a t e l y  doub led  when heated f r o m  200 t o  800°C. T h i s  

i n c r e a s e  was due p r i m a r i l y  t o  an i n c r e a s e  i n  t h e  c o n d u c t i v i t y  o f  t h e  porous 

phase. The i n i t i a l  i n c r e a s e  i n  c o n d u c t i v i t y  o f  Han fo rd  s o i l  above 800°C i s  

caused b y  a  decrease i n  g r a i n - t o - g r a i n  c o n t a c t  r e s i s t a n c e ,  wh ich  occu rs  a t  t h e  

onse t  o f  t he rma l  s o i l  f u s i o n .  C o n d u c t i v i t y  measurements c o u l d  n o t  be made a t  

BULK SOlL MEASUREMENTS 

FUSED SOlL MEASUREMENTS 

VALUES CALCULATED FROM 
FUSED SOlL DATA 
(T3 RELATIONSHIP) 

/ 
/ i:I 

TEMPERATURE, OC 

FIGURE 43. Thermal C o n d u c t i v i t i e s  o f  Han fo rd  S o i l  



t empera tu res  above 1000°C due t o  d e f o r m a t i o n  o f  t n e  samples. A t  t h e s e  tempera-  

t u r e s ,  however, i n c r e a s i n g  c o n d u c t i v i t y  w i t h  i n c r e a s i n g  temperatures i s  caused 

by r a d i a t i v e  c o n d u c t i o n  (Bates  1975).  T h i s  c o n t r i b u t i o n  t o  c o n d u c t i v i t y  
3 i n c r e a s e s  p r o p o r t i o n a l l y  t o  t e m p e r a t u r e  cubed ( T  ) .  The va lues  above 1000°C 

were c a l c u l a t e d  u s i n g  t h i s  T' r e l a t i o n s h i p  and t h e  measured c o n d u c t i v i t y  o f  a  

p o r t i o n  o f  f u s e d  Hanford  s o i l  a t  1000°C. Because o f  t h e  u n c e r t a i n t i e s  i n h e r e n t  

i n  t h i s  c a l c u l a t i o n ,  t h e  e r r o r  b a r s  on t h e  c u r v e  a r e  f a i r l y  l a r g e .  S i m i l a r  

b e h a v i o r  i s  expec ted  f r o m  t h e  r e m a i n i n g  s o i l  samples. The u n i f o r m  t e m p e r a t u r e  

p r o f i l e  i n  t h e  m o l t e n  zone i s  a t t r i b u t e d  t o  t h e  h i g h  c o n d u c t i v i t y  a t  m o l t e n  

s o i  1  tempera tu res  (>1200°C) and c o n v e c t i  ve mi x i  ng. The 1  ow s o i  1  c o n d u c t i  v i  t y  

be low 1000°C r e s u l t s  i n  s t e e p  the rma l  g r a d i e n t s  i n  t h e  s o i l  a t  t h e  o u t e r  bound- 

a r i e s  o f  t h e  ISV m e l t  zone. 

Fus ion  Temperature 

The tempera tu res  a t  wh ich  s o i l s  i n i t i a l l y  f u s e  were de te rm ined  f rom t h e r -  

mal c o n d u c t i v i t y  measurements. These d a t a  were a v a i  1  a b l e  f o r  t h e  Maxey F l a t s ,  

T i l s i t ,  t h e  NTS B e a t t y ,  and t h e  WVNS C h u r c h v i l l e  s o i l s .  The i n i t i a l  f u s i o n  

p o i n t  was assumed t o  be t h e  tempera tu re  a t  wh ich  t h e  c o n d u c t i v i t y  began t o  

i n c r e a s e  a t  a  much h i g h e r  r a t e  t h a n  i t  had a t  l o w e r  tempera tu res .  The tempera-  

t u r e  a t  wh ich  t h e  s o i l  wou ld  c o m p l e t e l y  f u s e  was assumed t o  be -200°C h i g h e r  

t h a n  t h i s  i n i t i a l  f u s i o n  tempera tu re .  A n t i c i p a t e d  f u s i o n  tempera tu res  o f  t h e  

o t h e r  s o i l s  were c a l c u l a t e d  by compar ing t h e i r  a l k a l i n e  e a r t h  and a l k a l i  l e v e l s  

w i t h  t h o s e  o f  t h e  t h r e e  p r e v i o u s l y  measured s o i l s .  The f u s i o n  t e m p e r a t u r e s  o f  

t h e  s o i l s  a r e  l i s t e d  i n  Tab le  22. Fus ion  tempera tu res  f o r  a l l  s o i l s  t e s t e d  

ranged f r o m  1100 t o  1400°C, t o o  l o w  t o  impose any ISV process l i m i t a t i o n .  The 

g l a s s  tempera tu res  observed d u r i n g  p i l o t - s c a l e  t e s t s  have exceeded 1700°C--well  

above any o f  t h e  f u s i o n  p o i n t s .  

Speci  f i c  Heat 

Knowing t h e  s p e c i f i c  hea t  o f  a  s o i l  i s  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  power 

r e q u i r e d  t o  m e l t  i t. A  h i g h  s p e c i f i c  hea t  i s  u n d e s i r a b l e  because i t  i n c r e a s e s  

t h e  energy needed t o  h e a t  t h e  s o i l  t o  t h e  p o i n t  of  v i t r i f i c a t i o n  and a l s o  s lows  

t h e  v i t r i f i c a t i o n  r a t e .  



TABLE 22. Fus ion  Temperatures o f  S o i l s  

Soi 1  
L o c a t i o n  TY pe 

Barnwe l l  Fuquay 

Han fo rd  N D ( ~ )  

INEL N  D  

LANL Puye 

C a r j o  

T u f f  

Maxey F l a t s  T i l s i t  

NTS B e a t t y  

T u f f  

ORNL N D 

S h e f f  i e l  d  F a y e t t e  

WVNS Churchv i  1  l e  

Fus ion  
Temperature, " C  

1400( a ) 

( a )  Fus ion  t e m p e r a t u r e  e s t i m a t e d  f r o m  s o i l  
compos i t i on .  

( b )  Not determined.  

The s p e c i f i c  h e a t  va lues  o f  t h e  s o i l s  shown i n  F i g u r e  44 were measured a t  

t empera tu res  o f  f r o m  150 t o  500°C u s i n g  d i f f e r e n t i a l  scann ing c a l o r i m e t r y .  

Most s o i l s  had s p e c i f i c  hea t  v a l u e s  i n  t h e  range o f  0.19 t o  0.22 ca l /g°C.  The 

s p e c i f i c  hea t  va lues  o f  s o i l  f r o m  Maxey F l a t s  were h i g h e r ,  a t  0.23 t o  

0.29 ca l /g°C.  These va lues  a r e  c o n s i s t e n t  w i t h  t h o s e  found  f o r  o t h e r  ce ramic  

m a t e r i a l s  (Nor ton  1968). The v a r i a t i o n  i n  s p e c i f i c  heat  among t h e  s o i l s  i s  n o t  

c o n s i d e r e d  an ISV p rocess  1  i m i  t . Higher  s p e c i f i c  h e a t  m a t e r i  a1 s  r e q u i  r e  more 

power f o r  m e l t i n g ;  however, s o i l  m o i s t u r e  c o n t e n t  o f t e n  i n f l u e n c e s  power i n p u t  

as much o r  more t h a n  s p e c i f i c  heat .  

A t  h i g h e r  tempera tu res  (1500 t o  2000°C), a  s p e c i f i c  h e a t  v a l u e  o f  0.25 t o  

0.28 c a l  /g°C wi  11 be reached by most s o i l s .  The measured and a n t i c i p a t e d  spe- 

c i f i c  h e a t  va lues  o f  a  Han fo rd  s o i l  i n  t h e  tempera tu re  range o f  25 t o  2000°C 

a r e  shown i n  F i g u r e  45. S ince measurements c o u l d  n o t  be made a t  t empera tu res  

o v e r  600°C due t o  equipment l i m i t a t i o n s ,  i t  was assumed t h a t  above 400°C, t h e  
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FIGURE 44. S p e c i f i c  Heats o f  Var ious Soi 1 Types 
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F I G U R E  35. S p e c i f i c  Heat o f  Han fo rd  S o i l  28-2 a t  Va r ious  Temperatures 

s p e c i f i c  h e a t  would i n c r e a s e  l i n e a r l y  w i t h  tempera tu re ,  and a t  h i g h e r  tempera-  

t ! l r e s  s h o u l d  exceed 5.96 c a l / g  atom*"C ( K i n g e r y  1960).  T h i s  i s  equa l  t o  

0.26 c a l  /g°C f o r  Hanford  s o i  1. 

E l e c t r i c a l  Cl3nducti v i  t y  

V a r i a t i o o s  i n  t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  o f  m o l t e n  s o i l s  i n f l u e n c e  t h e  

o p ~ r a k i r i y  v n l  t a y e  d f  an I S V  system. Low-conductance s o i l s  may l i m i t  t h e  e l e c -  

t r o d e  s e ; ) s r a t i o r l  t h a t  i s  a t t a i n a b l e  i f  t h e  e l e c t r i c a l  v o l t a g e  r e q u i r e d  t o  

dch ieve  I S V  s t d r t u p  exceeds t h e  a v a i  1  a b l e  s u p p l y  v o l t a g e .  The r e f e r e n c e  

large-:c#+le I S V  system has an e l e c t r o d e  supp ly  v o l t a g e  l i m i t  o f  4160 V ,  a  corn- 

monly s u p p l i e d  v o l t a g e  r a t i n g ,  b u t  c e r t a i n l y  n o t  t h e  maximum a v a i l a b l e .  

The e l e c t r o d e  c o n d u c t i v i t i e s  o f  t h r e e  m o l t e n  s o i l s  were measured u s i n g  a  

t , ~ o - p r o b e  method; t h e  va lues  o b t a i n e d  a r e  shown i n  F i g u r e  46. A t  h i g h  tempera-  

t u r e s  t h e  Han fo rd  and NTS t u f f  m a t e r i a l s  had v e r y  s i m i l a r  c o n d u c t i v i t i e s .  The 

rlaxey F l a t s  T i  1  s i t  s o i  1  had a  c o n d u c t i v i t y  a p p r o x i m a t e l y  one o r d e r  o f  magni tude 

lower .  T h i s  i s  p r i m a r i l y  due t o  i t s  l o w e r  a l k a l i  o x i d e  (Na20 + K20) c o n t e n t .  

He fo re  t h e  capab i  1  i t y  t o  measure h i  gh- temperature  (>1600°C) e l e c t r i c a l  

c o n d u c t i v i t i e s  e x i s t e d ,  f i v e  s o i l s  were chosen f o r  measurement u s i n g  t h e  two-  

probe method i n  a l o w e r  t e m p e r a t u r e  system. Due t o  t h e  h i g h  m e l t i n g  tempera- 

t u r e s  o f  t h e  s o i l s ,  -10 w t% Na20 was added t o  each sample t o  reduce t h e  m e l t i n g  



F I G U R E  46. E l e c t r i c a l  C o n d u c t i v i t i e s  o f  M o l t e n  So i  1  s  

t i m e  and  t e m p e r a t u r e .  The c a l c u l a t e d  c o n d u c t i v i t i e s ,  c o r r e c t e d  f o r  t h e  Na20 

a d d i t i o ~ ,  a r e  a l s o  shown i n  F i g u r e  46. It can  be  seen  t h a t ,  w i t h  t h e  e x c e p t i o n  

o f  t h e  l l axey  F l a t s  T i l s i t ,  a l l  o f  t h e  measured  and c a l c u l a t e d  e l e c t r i c a l  c o n -  

d u c t i v i t i e s  f d l l  w i t h i n  a  n a r r o w  range .  The c o n d u c t i v i t i e s  o f  o t h e r  s o i l s  w i l l  

depend,  o f  c o i j r s p ,  or1 t h e i r  c o m p o s i t i o n s .  A1 k a l i  o x i d e s  (Na20, K20, L i 2 0 )  



i n c r e a s e  c o n d u c t i v i t y ,  w h i l e  t h e  a1 k a l  i n e  e a r t h  o x i d e s  (CaO, Mg) t e n d  t o  

decrease c o n d u c t i v i t y  (Stanek 1977).  Soi  1  w i t h  h i  gher amounts o f  r e f r a c t o r y  

o x i d e s  (S i02 ,  A1203) has a  h i g h e r  v i s c o s i t y  and t h e r e f o r e  a  l o w e r  e l e c t r i c a l  

c o n d u c t i v i t y  due t o  decreased c o n d u c t i o n  i o n  mobi 1  i t y .  Rased on compari son o f  

s o i l  compos i t i ons ,  a l l  o t h e r  s o i l s  i n  t h i s  s t u d y  a r e  expected t o  f a l l  w i t h i n  

t h e  range shown i n  F i g u r e  46. 

The v a r i a t i o n  i n  e l e c t r i c a l  c o n d u c t i v i t y  among t h e  s o i l  s  t e s t e d ,  i n c l u d i n g  

t h a t  o f  t h e  T i l s i t ,  does n o t  l i m i t  t h e  a p p l i c a t i o n  o f  t h e  I S V  p rocess.  Such 

v a r i a t i o n  can e a s i l y  be compensated f o r  by m o d i f y i n g  t h e  s t a r t u p  techn ique .  

Vo l tage  d u r i n g  s t a r t u p  i s  dependent on t h e  g r a p h i t e - f r i t  s t a r t u p  m i x t u r e ,  n o t  

on s o i l  c o n d u c t i v i t y .  Once t h e  g r a p h i t e  s t a r t u p  m a t e r i a l  has burned,  t h e  v o l t -  

age reaches i t s  maximum, wh ich  i s  dependent on t h e  c r o s s - s e c t i o n a l  a rea and 

c o n d u c t i v i t y  o f  t h e  m o l t e n  pa th .  Beyond t h i s  p o i n t ,  v o l t a g e  decreases as t h e  

m o l t e n  zone expdnds. I f  t h e  maximum s t a r t u p  v o l t a g e  exceeds t h e  supp ly  v o l t a g e  

because t h e  s o i l  c o n d u c t i v i t y  i s  low, t h e  s t a r t u p  v o l t a g e  can he lowered  by 

i n c r e a s i n g  t h e  w i d t h  dnd dep th  o f  t h e  g r a p h i t e - f r i t  p a t h  and by choos ing  a  f r i t  

t h a t  i s  h i g h l y  c o n d ~ l c t i v e .  These a c t i o n s  w i l l  i n c r e a s e  t h e  c r o s s - s e c t i o n a l  

area o f  t he  m o l t e n  p a t h  and t h e  g l a s s  c o n d u c t i v i t y  i n  t h a t  pa th ,  t h u s  decreas-  

i n g  t h e  max im~~oi  v 3 l t a g e  d u r i n g  t h e  s t a r t u p  p e r i o d .  

F i g u r e  47 shows t h e  a n t i c i p a t e d  e l e c t r i c a l  c o n d u c t i v i t y  o f  Han fo rd  s o i  1  

3 u r i n g  t h e  h e a t i n g  p o r t i o n  o f  t h e  process.  A t  t empera tu res  below -600°C t h e  

s f ) i l  w i l l  n o t  have fused  a t  a l l  and w i t h  t h e  m o i s t u r e  evapora ted,  i t s  conduc- 

t i  v i t y  w i l l  he v e r y  l ow  ( 1 0 - l 5  o r  10-16 ohm- l -cm- l ) .  Once t h e  s o i  1  b e g i n s  t o  

fuse ,  i t w i l l  s t a r t  t o  conduct ,  and t h i s  c o n d u c t i v i t y  w i l l  i n c r e a s e  r a p i d l y  

l l n t i l  t h e  s o i l  i s  c o m p l e t e l y  mo l ten .  The dashed l i n e  i n  F i g u r e  47 r e p r e s e n t s  a  

p o s s i b l e  b e h a v i o r  of t h e  s o i l  i n  t h i s  r e g i o n .  S i m i l a r  b e h a v i o r  i s  expec ted  o f  

t h s  o t h e r  s o i l s  s t : ~ d i e d  i n  t h i s  work. A t  t empera tu res  above 1200 t o  1300°C t h e  

s o i  1 s h o ~ l l  d he compl e t e l y  me1 ted.  A t  t h e s e  tempera tu res  t h e  c o n d u c t i v i t y  w i  11 

he t h e  same a!; t h a t  o f  t h e  v i t r i f i e d  s o i l s  whose measurements a r e  shown i n  F i g -  

u r e  45. 



FIGIIKF: 47. E l e c t r i c a l  C o n d u c t i v i t i e s  a t  40 Hz o f  V i t r i f i e d  Han fo rd  -- 
Soi 1  f r o m  PSFT-4 

V i s c o s i t y  

A m o l t e n  s o i l ' s  v i s c o s i t y  w i l l  a f f e c t  t h e  o p e r a t i n g  t e m p e r a t u r e  f o r  a  

g i v e n  power i n p u t  r a t e .  A more f l u i d  medium w i l l  g e n e r a l l y  m e l t  more q u i c k l y  

and w i  11 have s m a l l  e r  t e m p e r a t u r e  g r a d i e n t s  due t o  g r e a t e r  c o n v e c t i v e  mi x i  ng i n  

the  m e l t .  



The v i s c o s i t i e s  o f  f o u r  m o l t e n  s o i l s  were measured u s i n g  a  r o t a t i n g  s p i n -  

d l e  techn ique .  One sample each was o b t a i n e d  f r o m  Hanford  PSFT-1 and -4. The 

o t h e r  two s o i l s  were p o r t i o n s  o f  Maxey F l a t s  T i l s i t  and NTS t u f f .  T h e i r  v i s -  

c o s i t i e s  a r e  shown i n  F i g u r e  48. The v i s c o s i t i e s  o f  t h e  t u f f  and T i l s i t  a r e  

s i m i l a r  and abou t  two o r d e r s  o f  magni tude h i g h e r  t h a n  t h o s e  o f  t h e  Han fo rd  sam- 

p l e s .  T h i s  i s  due t o  t h e  h i g h e r  S i  O2 + A1 203 and l o w e r  Na20 + K20 c o n t e n t  o f  

t h e  t u f f  and T i l s i t .  The h i g h e r  Fe203 c o n t e n t  i n  t h e  Han fo rd  m a t e r i a l  a l s o  

c o n t r i b u t e d  t o  i t s  l o w e r  v i s c o s i t y .  Based on t h e  compos i t i ons  o f  t h e  o t h e r  

s o i l s  i n  t h i s  s tudy ,  i t  i s  a n t i c i p a t e d  t h a t  a l l  s o i l s  w i l l  have v i s c o s i t i e s  

w i t h i n  t h e  range found i n  F i g u r e  48. Whi le  comple te  v i t r i f i c a t i o n  o f  m a t e r i a l s  

such as t u f f  and T i l s i t  may r e q u i r e  somewhat h i g h e r  m e l t  t empera tu res  and 

l o n g e r  m e l t  t i m e s ,  m e l t i n g  can s t i l l  be accompl ished.  However, s o i l  a d d i t i o n s  

s h o u l d  be c o n s i d e r e d  t o  l o w e r  m e l t  t empera tu re  when approach ing  t e m p e r a t u r e  

1  i m i t a t i o n s  o f  e l e c t r o d e s  and t h e i r  c o a t i n g  m a t e r i a l s  ( i  .e., 1750°C f o r  MoSi 2- 

c o a t e d  Mo e l  e c t  rodes ) . 
Densi t v  

The decrease i n  s o i l  volume due t o  v i t r i f i c a t i o n  i s  de te rm ined  by  t h e  s o i l  

d e n s i t y  va lues  b e f o r e  and a f t e r  m e l t i n g .  The d e n s i t i e s  o f  unmel ted s o i l  a r e  

most s t r o n g l y  a f f e c t e d  by  s o i l  morphology and p a r t i c l e  s i z e ,  as w e l l  as t h e  

degree t o  wh ich  t h e  s i t e ' s  s o i l  has been d i s t u r b e d .  The d e n s i t i e s  of t h r e e  

m e l t e d  s o i l s  a t  room tempera tu re  a r e  shown i n  Tab le  23. A l though  t h e  i n i t i a l  

s o i l  d e n s i t i e s  can v a r y  s i g n i f i c a n t l y ,  t h e  f i n a l  d e n s i t i e s  o f  t h e  m e l t e d  mate-  
3  r i a l s  a r e  v e r y  s i m i l a r ,  r a n g i n g  f r o m  2.30 t o  2.43 g/cm . 

F i g u r e  49 shows t h e  way i n  wh ich  a  t y p i c a l  s o i l  ' s  d e n s i t y  m i g h t  change 

d u r i n g  p rocess ing .  Han fo rd  s o i l  i s  used as an example. D u r i n g  h e a t i n g ,  no 

d e n s i t y  change i s  seen u n t i l  t h e  s o i l  beg ins  t o  f u s e  a t  -700 t o  900°C. The 

d e n s i t y  t h e n  i n c r e a s e s  u n t i l  t h e  s o i l  i s  c o m p l e t e l y  fused  a t  -1400°C. A 

decrease i n  d e n s i t y  occu rs  a t  h i g h e r  tempera tu res  due t o  t h e  the rma l  expans ion  

o f  t h e  m a t e r i a l .  D u r i n g  c o o l i n g ,  t h e  d e n s i t y  i n c r e a s e s  as t h e  m o l t e n  s o i l  con- 

t r a c t s  and t h e n  s o l  i d i  f i es. 

It i s  expected t h a t  a l l  v i t r i f i e d  s o i l s  i n  t h i s  s t u d y  w i l l  e x h i b i t  d e n s i -  
3  t i e s  i n  t h e  range o f  2.2 t o  2.5 g/cm , r e g a r d l e s s  o f  t h e i r  i n i t i a l  d e n s i t i e s .  



RECIPROCAL TEMPERATURE, 1O4I0K 

FIGURE 48. V i s c o s i t i e s  o f  M o l t e n  S o i l s  



TABLE 23. B u l k  D e n s i t y  o f  V i t r i f i e d  S o i l  

V i t r i f i e d  
Soi  1  D e n s i y ,  

L o c a t i o n  TY pe g/cm 

Hanford  ND 2.43 

LANL T u f f  2.33 

Maxey F l a t s  T i l s i t  2.30 

COOLING 

2.f ---- 

TEMPERATURE. "C 

FIGURE 49. Change i n  Han fo rd  S o i l  D e n s i t y  D u r i n g  P rocess ing  

Those s i t e s  w i t h  l o w e r  i n i t i a l  d e n s i t i e s  s h o u l d  subs ide  more d u r i n g  ISV and 

would r e q u i r e  more b a c k f i l l  m a t e r i a l  f o r  r e c o n t o u r i n g  t h e  l a n d  a f t e r  ISV. 

E f f e c t s  o f  S o i l  A d d i t i v e s  

By m o d i f y i n g  t h e  s o i  1  c o m p o s i t i o n ,  c e r t a i n  p r o p e r t i e s ,  i n c l u d i n g  v i s c o s i t y  

and e l e c t r i c a l  c o n d u c t i v i t y ,  can be a d j u s t e d  t o  s u i t  t h e  ISV a p p l i c a t i o n .  A 

s e r i e s  o f  exper imen ts  was conducted w i t h  v i t r i f i e d  Hanford  s o i l  t h a t  c o n t a i n e d  

v a r y i n g  amounts o f  Na20 and CaO as m o d i f i e r s .  



D u r i n g  t h e  i n i t i a l  s c o p i n g  t e s t s ,  i t  was found t h a t  t h e  s o i l  c r y s t a l l i z e d  

r a t h e r  t h a n  v i t r i f i e d  a t  Na20 c o n c e n t r a t i o n s  i n  excess o f  35 t o  40 wt%, even 

under  r a p i d  c o o l i n g  c o n d i t i o n s .  The m o l t e n  s o i l  was found  t o  be v e r y  conduc- 

t i v e  e l e c t r i c a l l y  a t  t h e  h i g h  Na20 c o n c e n t r a t i o n ;  on t h e  o r d e r  o f  1 (ohm-cm)-' 

a t  l o w  m e l t  t empera tu res .  Under t h e  h i g h  Na20 c o n d i t i o n s ,  a d d i t i o n s  o f  CaO d i d  

n o t  h e l p  t h e  s o i l  v i t r i f y  and d i d  n o t  a c t  t o  decrease t h e  e l e c t r i c a l  c o n d u c t i v -  

i t y .  The a d d i t i o n  o f  CaO, however, d i d  i n c r e a s e  t h e  m e l t i n g  t e m p e r a t u r e  o f  t h e  

c r y s t a l  1  i ne m a t e r i  a1 . 
Based on t h e  i n i t i a l  f i n d i n g s  o f  t h e  e x t r e m i t y  p o i n t s ,  t h e  boundar ies  f o r  

a  three-component m i x t u r e  s t u d y  were d e f i n e d  t o  produce a  v i t r i f i e d  g l a s s  p r o d -  

u c t .  A s e r i e s  o f  14  d i f f e r e n t  samples o f  Han fo rd  s o i l  w i t h  v a r y i n g  amounts o f  

Na20 and CaO was p repared  and t e s t e d  f o r  v i s c o s i t y  and e l e c t r i c a l  c o n d u c t i v i t y .  

The c o m p o s i t i o n a l  a rea  o f  i n v e s t i g a t i o n  was as f o l l o w s :  ha20, 3-35%; CaO, 

5-20%; and base s o i l ,  60-92%. The c o m p o s i t i o n  o f  t h e  base s o i l  was t h a t  o f  

Hanford  PSCT-1 s o i  1  ( r e f e r  t o  Tab le  20) minus t h e  Na20 and CaO. 

F i g u r e  50 shows t h e  e f f e c t  o f  t h e  c o m p o s i t i o n  o f  t h e  th ree -phase  m i x t u r e  

on t h e  v i s c o s i t y  and e l e c t r i c a l  c o n d u c t i v i t y  a t  a  c o n s t a n t  t e m p e r a t u r e  

(1325°C). i m p o r t a n t  o b s e r v a t i o n s  f r o m  t h e  da ta  a r e  1  i s t e d  be low:  

Mo l ten  s o i l  v i s c o s i t y  i s  m a i n l y  dependent on t h e  c o n c e n t r a t i o n  o f  t h e  

base s o i l .  The a d d i t i o n  o f  g l a s s  m o d i f i e r s ,  such as Na20 o r  CaO, 

cause t h e  v i s c o s i t y  t o  decrease f o r  a  g i v e n  tempera tu re .  

Mo l ten  s o i l  v i s c o s i t y  a t  c o n s t a n t  t empera tu re  (1325°C) can be 

decreased f r o m  a p p r o x i m a t e l y  2000 P f o r  t h e  base s o i l  c o m p o s i t i o n  t o  

near  10 P  by i n c r e a s i n g  t h e  Na20 c o n c e n t r a t i o n  f r o m  3% t o  35%. T h i s  

i s  o v e r  two o r d e r s  o f  magni tude r e d u c t i o n  i n  v i s c o s i t y .  

The e l e c t r i c a l  c o n d u c t i v i t y  i s  m a i n l y  dependent on t h e  Na20 concen- 

t r a t i o n ,  because b o t h  CaO and base s o i l  a c t  t o  d i l u t e  t h e  Na20 and 

l o w e r  c o n d u c t i v i t y .  

E l e c t r i c a l  c o n d u c t i v i t y  a t  c o n s t a n t  t e m p e r a t u r e  (1325°C) can be 

i n c r e a s e d  f r o m  a p p r o x i m a t e l y  0.01 (ohm-cm)-' t o  1.4 (ohm-cm)-' by 



(ohm-cm) - 

FIGURE 50. E f f e c t s  o f  Na20 and CaO on t h e  V i s c o s i t y  and E l e c t r i c a l  
Conduc t i v i t y  of Hanford Soi 1 a t  Constant Temperature 
(1325°C) 



i n c r e a s i n g  t h e  Na20 c o n c e n t r a t i o n  of  t h e  base s o i l  f rom 3% t o  352. 

T h i s  i s  an i n c r e a s e  of o v e r  two o r d e r s  of magni tude i n  t h e  e l e c t r i c a l  

conduct  i v i  t y  . 
A t e r n a r y  p l o t  showing t h e  e f f e c t s  o f  s o i l  c o n c e n t r a t i o n  on t e m p e r a t u r e  

and e l e c t r i c a l  c o n d u c t i v i t y  a t  a  c o n s t a n t  v i s c o s i t y  (100 P )  i s  shown i n  F i g -  

u r e  51. The f o l l o w i n g  c o n c l u s i o n s  were made f r o m  t h e  da ta .  

The m e l t  t e m p e r a t u r e  a t  c o n s t a n t  v i s c o s i t y  (100 P) i s  m a i n l y  depend- 

e n t  on t h e  base s o i l  c o n c e n t r a t i o n .  A d d i t i o n  o f  Na20 and CaO w i t h i n  

t h e  t e s t  m a t r i x  boundar ies  can reduce t h e  100-P v i s c o s i t y  t e m p e r a t u r e  

f rom o v e r  1600°C t o  l e s s  t h a n  1100°C. 

E l e c t r i c a l  c o n d u c t i v i t y  i n c r e a s e s  as Na20 i s  added, even though t h e  

t e m p e r a t u r e  i s  l owered  t o  m a i n t a i n  a  c o n s t a n t  v i s c o s . i t y .  The e l e c -  

t r i  c a l  c o n d u c t i v i t y  i n c r e a s e s  f r o m  l e s s  t h a n  0.1 (ohm-cm)- l  t o  

g r e a t e r  t h a n  0.6 (ohm-cm)-l  when t h e  Na20 c o n c e n t r a t i o n  i s  i n c r e a s e d  

from 3% t o  23%. 

Adding CaO t o  t h e  s o i l  w i l l  l o w e r  t h e  r e q u i r e d  m e l t  t e m p e r a t u r e  f o r  a  

g i  ven ~i s c o s i  t y  , t h e r e b y  1  ower i  ng t h e  e l e c t r i c a l  c o n d u c t i  v i  t y  

s i g n i f i c a n t l y .  

These r e s u l t s  suggest  t h a t  t h e  m e l t i n g  p r o p e r t i e s  o f  d i f f e r e n t  s o i l s  a t  

p o t e n t i a l  ISV s i t e s  can be a d j u s t e d  by a d d i t i o n s  o f  Na20, CaO, o r  o t h e r  g l a s s  

m o d i f i e r s .  The e f f e c t s  o f  t h e s e  m o d i f i e r s  on e l e c t r o d e  c o r r o s i o n ,  c o l d  cap 

f o r m a t i o n ,  and o f f - g a s  r e l e a s e s  have n o t  been de te rm ined  and may l i m i t  t h e  

upper  range o f  q u a n t i t i e s  added. However, t h e  reduced o p e r a t i n g  t e m p e r a t u r e s  

t h a t  a r e  a c h i e v a b l e  w i t h  t h e  m o d i f i e r s  s h o u l d  m i n i m i z e  any of t h e s e  concerns .  

For  Han fo rd  s o i l s ,  t h e  p r a c t i c a l  range f o r  t h e  a d d i t i v e s  t e s t e d  i s  0  t o  35% 

Na20 and 0  t o  20% CaO. C o n c e n t r a t i o n s  g r e a t e r  t h a n  t h e s e  l i m i t s  can r e s u l t  i n  

e x c e s s i v e  c r y s t a l  1  i z a t i o n ,  even d u r i n g  r a p i d  c o o l i n g .  

PERFORMANCE PREDICTIONS FOR DIFFERENT SITE GEOMETRIES 

P h y s i c a l  geomet r i es  o f  p o t e n t i a l  ISV waste s i t e s  range f r o m  wide,  s h a l l o w  

zones (e.g., ponds) t o  nar row,  deep zones (e.g., b o r e  s h a f t s ) .  The zone t h a t  

an ISV p rocess  can v i t r i f y  i n  one o p e r a t i o n  has c e r t a i n  w i d t h  and dep th  l i m i t s  



FIGURE 51. E f f e c t s  o f  Na20 and CaO on t h e  Temperature and E l e c t r i c a l  -- 
Conduct i v i  t y  o f  Hanf o r d  Soi 1 a t  Constant  V i s c o s i t y  (100P) 
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imposed by t h e  power s u p p l y  r a t i n g  and t h e  s p e c i f i c  s o i l  p r o p e r t i e s .  A  mathe- 

m a t i c a l  model has been deve loped f o r  p r e d i c t i n g  ISV p rocess  per formance f o r  

d i f f e r e n t  b u r i a l  s i t e  geomet r i es  and f o r  a s s i s t i n g  w i t h  p rocess  s c a l e - u p  t o  

l a r g e  commercia l  ISV systems. It i s  i n t e n d e d  t o  reduce and i n  many cases e l i m -  

i n a t e  t h e  need f o r  expens ive  and t ime-consuming f i e l d  t e s t s .  The m o d e l i n g  s im-  

u l a t i o n  can r e v e a l  t h e  e f f e c t s  t h a t  changes i n  s o i l  p r o p e r t i e s ,  power sys tem 

des ign ,  and waste  s i t e  geometry w i l l  have on p rocess  per formance.  I n f o r m a t i o n  

such as energy  consumpt ion,  mass v i t r i f i e d ,  o p e r a t i n g  t i m e ,  m e l t  depth ,  and 

m e l t  w i d t h  a r e  r e a d i l y  a v a i l a b l e  f r o m  t h e  model. 

Mathemat ica l  Model D e s c r i p t i o n  

The ISV mathemat i ca l  model has been deve loped u s i n g  a  H e w l e t t  Packard 

S e r i e s  200 computer  equ ipped w i t h  a  BASIC 3.0 o r  3.1 language o p e r a t i n g  system. 

The model has been m o d i f i e d  so t h a t  i t  wi  11 a1 so r u n  on an App le  512K Mac in tosh  

computer and a  Mac in tosh  P lus  computer  u s i n g  v e r s i o n  1.0 o f  TML Systems Pascal  

c o m p i l e r .  D u r i n g  o p e r a t i o n  o f  t h e  program, t h e  ISV m e l t  zone d e p t h  grows down- 

ward i n  e q u a l l y  spaced inc remen ts .  A t  each s t e p ,  an energy  ba lance  i s  p e r -  

formed u s i n g  power i n p u t ,  hea t  l o s s e s ,  and s o i  1  p r o p e r t i e s  t o  d e t e r m i n e  t h e  

mass v i t r i f i e d  and t i m e  r e q u i r e d  f o r  t h e  v i t r i f i c a t i o n .  Power i n p u t  i s  depend- 

e n t  on power t r a n s f o r m e r  s i z e ,  v o l t a g e  t a p  s e l e c t i o n ,  and m e l t  zone r e s i s t a n c e .  

The e q u a t i o n s  used t o  c a l c u l a t e  power a r e  

( c o n s t a n t  v o l t a g e  o p e r a t i  on )  

and 

2  P = I R  ( c o n s t a n t  c u r r e n t  o p e r a t i o n )  

The r e s i s t a n c e  i s  c a l c u l a t e d  between edge e l e c t r o d e s  (Re) and d i a g o n a l  e l e c -  

t r o d e s  (Rd) as d e s c r i b e d  by t h e  f o l l o w i n g  two e q u a t i o n s :  



where p i s  t h e  average e l e c t r i c a l  r e s i s t i v i t y  of t h e  g l a s s ,  Se i s  t h e  e l e c t r o d e  

s e p a r a t i o n  a l o n g  t h e  edge, and Sd i s  t h e  d i a g o n a l  e l e c t r o d e  s e p a r a t i o n  (Stanek 

1977).  The e l e c t r o d e  d i a m e t e r  (D) and m o l t e n  g l a s s  d e p t h  (Dg) a l s o  a f f e c t  

r e s i s t a n c e .  The o v e r a l l  m e l t  zone r e s i s t a n c e  i s  t h e n  c a l c u l a t e d  by:  

The ma themat i ca l  model c a l c u l a t e s  h e a t  l o s s e s  t h r o u g h  t h e  exposed upper  

su r face  and i n t o  t h e  s u r r o u n d i  ng s o i  1  . Heat 1  osses i n t o  t h e  s o i  1  a r e  c a l  cu -  

l a t e d  u s i n g  d con.;t?rlt h e a t  f l u x  v a l u e  a p p l i e d  t o  t h e  m o l t e n  zone s i d e  and b o t -  

torn su r face  a r e a  i n  c o n t a c t  w i t h  s o i l .  The s u r f a c e  h e a t  l o s s e s  a r e  de te rm ined  

i n  a s i m i l a r  f a s h i o n  u s i n g  t h e  a r e a  d e f i n e d  by  t h e  f o u r  c o r n e r  e l e c t r o d e s  f o r  

h e a t  t r a n s f e r .  Heat f l u x  va lues  have been de te rm ined  f r o m  p i l o t - s c a l e  t e s t  

da ta .  Us ing  an average s o i l  t h e r m a l  c o n d u c t i v i t y  o f  0.20 W/m°K, t h e  h e a t  f l u x  
2 f r o m  m o l t e n  g l a s s  t o  s u r r o u n d i n g  s o i l  ranged f r o m  2.3 t o  3.2 kW/m . The max i -  

mum va lue ,  3.2 kw/m2, was c o n s e r v a t i v e l y  s e l e c t e d  as t h e  h e a t  f l u x  t e r m  f o r  

h e a t  l o s s e s  i n t o  t h e  s u r r o u n d i n g  s o i l .  Based on a  measured nominal  s u r f a c e  

tempera tu re  o f  570°C, t h e  h e a t  f l u x  t h r o u g h  t h e  upper  s u r f a c e  was 32 kw/m2. 

T h i s  v a l u e  i s  c o n s i s t e n t  w i t h  a c t u a l  p i l o t - s c a l e  and l a r g e - s c a l e  t e s t  d a t a  and 

was s e l e c t e d  as t h e  s u r f a c e  hea t  f l u x  t e r m  f o r  t h e  model. 

The model assumes t h a t  g l a s s  tempera tu re  i s  c o n s t a n t  and the rma l  conduc- 

t i o n  o f  t h e  e l e c t r o d e s  has an e f f e c t .  Wh i le  g l a s s  t e m p e r a t u r e  does change d u r -  

i n g  an a c t u a l  o p e r a t i o n  due t o  chang ing power d e n s i t y ,  t h e  average t e m p e r a t u r e  

used by  t h e  model agrees w e l l  w i t h  a c t u a l  p i l o t - s c a l e  data .  Thermal c o n d u c t i o n  

by g r a p h i t e  c o l l a r s  causes t h e  downward g rowth  o f  t h e  m o l t e n  zone t o  be 

s l i g h t l y  g r e a t e r  a t  t h e  e l e c t r o d e s .  T h i s  i s  n o t  t h e  case when o n l y  t h e  s m a l l e r  

d iamete r  Mo e l e c t r o d e s  a r e  ex tended t o  t h e  b o t t o m  o f  t h e  v i t r i f i e d  zone. 

Mathemat ica l  Model V e r i f i c a t i o n  ---------- 

The r e s u l t s  o f  t h e  model were compared w i t h  t h o s e  o f  two p i l o t - s c a l e  ISV 

t e s t s  (PSFT-1 and PSRT). Tab le  24 l i s t s  t h e  parameters  used f o r  t h e  model. 



TABLE 24. Model Parameters Used f o r  PSFT-1 and t h e  PSRT 

Parameter 

Maximum power, kW 

Transformer  v o l t a g e  t a p s ,  V 

E l e c t  rode  spac ing,  m  

E l e c t  rode  d i  ameter  , cm 

Sur face  h e a t  f l u x ,  kwlm2 

S o i l  h e a t  f l u x ,  kw/m2 

Average tempera tu re ,  O C  

Soi 1 h e a t  c a p a c i t y  , c a l  /g°C 

Soi 1 m o i s t u r e  c o n t e n t ,  % 

Soi 1  d e n s i t y ,  g/cm 3  

Glass d e n s i t y  ( a t  t e m p e r a t u r e ) ,  g/cm 3  

PSRT 

400 

1000, 560, & 422 

1.2 

15.2 

32 

3.2 

2000 

0.24 

5  

1.6 

2.2 

The model p r e d i c t i o n s  ag ree  v e r y  w e l l  w i t h  a c t u a l  t e s t  d a t a  as shown i n  

Tab le  25. A l l  p r e d i c t e d  parameters  d e v i a t e d  <7% f r o m  t h e  a c t u a l  t e s t  parame- 

t e r s  d u r i n g  PSFT-1. F i g u r e s  52 and 53 show t h e  power i n p u t  p r e d i c t e d  by t h e  

model and t h a t  measured d u r i n g  PSFT-1 and PSRT, r e s p e c t i v e l y .  The model p r e -  

d i c t i o n s  a r e  v e r y  c l o s e  t o  t h e  a c t u a l  case. 

TABLE 25. A c t u a l  and P r e d i c t e d  T e s t  Data f o r  PSFT-1 and t h e  PSRT 

Parameter A c t u a l  P r e d i c t e d  % Dev. A c t u a l  P r e d i c t e d  % Dev. 

Run t i m e ,  h  21.0 20.7 -1.4 23 21.8 -5.2 

M e l t  depth ,  m  1.1 1.17 +6.0 1.5 1.5 0  

M e l t  w i d t h ,  m  1.8 1.92 +6.3 1.8 2.17 + 20 

Volume v i t r i f i e d ,  m3 3.6 3.4 -5.9 4 . 9 ( 4  5.3 +8.2 

Mass v i t r i f i e d ,  kg  5670 5380 -5.4 8 6 0 0 ( ~ )  8500 -1.2 

Average power, kW 205 20 1 -1.5 300 300 0  

T o t a l  energy,  kwh 4300 4200 -2.4 6900 6500 -5.8 

Energylmass, kWh/kg 0.76 0.78 +2.6 0.80 0.76 -5.0 

( a )  E s t i m a t e d  va lues .  



RUN TIME, h 

F I G U R E  52. P red i c t ed  and Measured Operat ing Parameters f o r  PSFT-1 
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F I G U R E  53. P red i c t ed  and Measured Opera t ing  Parameters f o r  t h e  PSRT 
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Large-Sca le  Ma themat i ca l  P r e d i c t i o n s  and V e r i f i c a t i o n  

S ince  t h e  model r e s u l t s  agreed w e l l  w i t h  p i l o t - s c a l e  f i e l d  t e s t  da ta ,  t h e  

model was t h e n  used t o  p r e d i c t  t h e  per formance o f  t h e  3750-kW, l a r g e - s c a l e  ISV 

system. The m a j o r  c o n t r o l  v a r i a b l e s  were e l e c t r o d e  s e p a r a t i o n ,  s o i  1  m o i s t u r e ,  

and s u r f a c e  h e a t  l o s s .  

Because r e s i s t a n c e  between e l e c t r o d e  p a i  r s  d rops  as t h e  v i t r i f i e d  zone 

grows, t h e  l a r g e - s c a l e  ISV system i s  based on a  power t r a n s f o r m e r  t h a t  has 

16 v o l t a g e  t a p s  r a n g i n g  f r o m  4160 V and 450 A p e r  e l e c t r o d e  p a i r  f o r  s t a r t u p ,  

down t o  280 V and 4000 A  p e r  e l e c t r o d e  p a i r  l a t e  i n  t h e  run.  ( A t  t h i s  l o w e s t  

v o l t a g e  t a p ,  t h e  amperage i s  l i m i t e d  by t h e  p h y s i c a l  s i z e  o f  t h e  t r a n s f o r m e r  

c o i l s . )  By s e l e c t i n g  more v o l t a g e  t a p s ,  a  h i g h e r  average power can be ma in -  

t a i n e d  d u r i n g  t h e  ISV o p e r a t i o n .  

F i g u r e  54 shows s t a r t u p  v o l t a g e  as a  f u n c t i o n  o f  e l e c t r o d e  s e p a r a t i o n  f o r  

e n g i n e e r i n g - ,  p i l o t - ,  and l a r g e - s c a l e  t e s t s .  The d a t a  p o i n t  f o r  t h e  p i l o t -  

s c a l e  t e s t  i s  t h e  average f o r  t h e  f i r s t  t h r e e  f i e l d  t e s t s .  E x t r a  g r a p h i t e  

s t a r t e r  m a t e r i a l  can be added t o  reduce t h e  magni tude o f  t h e  s t a r t u p  v o l t a g e ,  

if necessary ,  t o  a c h i e v e  s t a r t u p s  f o r  s e p a r a t i o n s  l a r g e r  t h a n  6 m. A lso ,  

s t a r t u p  v o l t a g e  can be g r e a t l y  reduced by u s i n g  a  g radua ted  s t a r t u p  t e c h n i q u e  

as was done d u r i n g  LSVT-1. T h i s  t e c h n i q u e  i n v o l v e s  u s i n g  v e r y  l o w  power i n p u t  

d u r i n g  s t a r t u p  and t h e n  g r a d u a l l y  i n c r e a s i n g  power a t  a  p r e s c r i b e d  r a t e  u n t i l  

f u l l  power i s  ach ieved.  T h i s  may t a k e  8 t o  12 hours ,  b u t  t h i s  t e c h n i q u e  s i g -  

n i  f i c a n t l y  1  owers t h e  p a r t i c u l a t e  genera ted  d u r i n g  s t a r t u p .  

One o f  t h e  o b j e c t i v e s  o f  t h e  LSOAT was t o  d e t e r m i n e  t h e  a b i l i t y  o f  t h e  

model t o  p r e d i c t  t h e  r u n  t i m e ,  depth ,  w i d t h ,  and shape o f  t h e  m e l t ,  ene rgy  

r e q u i r e m e n t s  t o  v i t r i f y  a  g i v e n  volume o f  s o i l ,  and v o l t a g e  and c u r r e n t  r e l a -  

t i o n s h i p s  d u r i n g  l a r g e - s c a l e  p r o c e s s i n g .  The accuracy  o f  t h e s e  p r e d i c t i o n s  

p r o v i d e s  c o n f i d e n c e  i n  o u r  a b i  1  i t y  t o  p r e d i c t  g e o m e t r i c  l i m i t a t i o n s  o f  t h e  

process.  

Tab le  26 i s  a  compar ison o f  p r e d i c t e d  ve rsus  measured p rocess  pa ramete rs  

f o r  t h e  t h r e e  LSOAT s e t t i n g s  and t h e  LSVT. The range o f  p r e d i c t e d  v a l u e s  i s  

bounded by d i f f e r e n t  assumpt ions  r e l a t e d  t o  t h e  hea t  l o s s e s  emanat ing  f r o m  t h e  

s u r f a c e  o f  t h e  v i t r i f i e d  zone. The l o w - h e a t - l o s s  assumpt ion  accoun ts  f o r  t h e  



FIGURE 54. Scale-Up C o r r e l a t i o n s  f o r  S t a r t u p  

presence o f  a  c o l d  cap o v e r  t h e  m o l t e n  s o i  1  , w h i l e  t h e  h i  gh-heat-1 oss model 

assumes t h e  e l i m i n a t i o n  o f  t h e  c o l d  cap and i t s  a s s o c i a t e d  i n s u l a t i o n  va lue .  

The d i f f e r e n t  mode l i ng  assumpt ions o n l y  a f f e c t  p rocess  e f f i c i e n c y ,  as demon- 

s t r a t e d  by r u n  t i m e  and energy  compar isons.  The LSOAT-1 and -2 o p e r a t e d  w i t h  

t h e  e x i s t e n c e  o f  a  c o l d  cap w h i l e  LSOAT-3 and t h e  LSVT d i d  n o t .  I n  l a t e r  

t e s t s ,  t h e  e l i m i n a t i o n  o f  t h e  c o l d  cap was a s s i s t e d  by 8  cm o f  f i b e r g l a s s  i n s u -  

l a t i o n  o v e r  t h e  m o l t e n  s u r f a c e ,  w i t h  an i n s u l a t i o n  v a l u e  e q u i v a l e n t  t o  t h a t  o f  

a  c o l d  cap. An e s t i m a t e  o f  t h e  mass o f  t h e  LSVT b l o c k ,  based on measurements 

o f  geomet r i c  shape o b t a i n e d  f r o m  c o r e  d r i l l i n g ,  i s  590,000 k g  a t  a  v i t r i f i e d  

b u l k  d e n s i t y  o f  2.2 g/mL. The low-  and h i g h - h e a t - l o s s  models a t  t h e  energy  

d i s s i p a t i o n  o f  435,000 kwh would  p r e d i c t  a  v i t r i f i e d  mass o f  580,000 k g  and 

420,000 kg, r e s p e c t i v e l y .  A lso ,  t h e  measured s u r f a c e  h e a t  l o s s e s  f r o m  LSVT a r e  



TABLE 26. A Comparison o f  P r e d i c t e d  and Measured Parameters D u r i n g  t h e  La rge -Sca le  Tes ts  

LSOAT LSVT 

Prea i ctea Resb l t s  Actual Resu I I-5 Prealctea Resul ts 

Low High Low High Actual 
Heat Lobs Heat Loss LSOAT-1 LSOAT-2 LSOAT-3 Heat Lob5 Heat Loss Resul ts 

Run Time, h - 
exc lua ing aowntirne 

Me l t  Depth, rn 

M e l t  Width, m 

w 
w Volume, rn 

3 
N 

Mass, t 

F i n a l  Voltage/ 
Current, V/A 

Average Power, kW - 
exc lud ing downtime 

Energy Dissipated,  
MWh 

NOTE: Values i n  parentheses are estirnatea basea on low heat loss model energy t o  mass r a t i o .  



202 kW, whereas t h e  l o w -  and h i g h - h e a t - l o s s  models p r e d i c t  390 and 1480 kW, 

r e s p e c t i v e l y .  Consequent ly ,  t h e  a c t u a l  p rocess parameters  more c l o s e l y  match 

t h e  l o w - h e a t - l o s s  model, wh ich  w i  11 be used f o r  f u t u r e  geomet r i c  p r e d i c t i o n s .  

The measured geomet r i c  shape, however, d i f f e r e d  s l i g h t l y  from t h e  p r e d i c t e d  

r e s u l t s .  F i g u r e s  55 and 56 d e p i c t  a  compar ison o f  p r e d i c t e d  ve rsus  ach ieved  

m e l t  shape f o r  t h e  LSOAT-2 and LSVT. The l a r g e - s c a l e  system produces v i t r i f i e d  

b l o c k s  s l i g h t l y  w i d e r  and s h a l l o w e r  t h a n  p r e d i c t e d .  The v a r i a n c e  may be due t o  

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

t h a t  may encourage ou tward  growth.  Another  p o t e n t i a l  cause may be e l e c t r o d e  

f a i l u r e  be low t h e  m e l t  s u r f a c e ,  wh ich  c o n c e n t r a t e s  h e a t  i n  t h e  upper  m o l t e n  

r e g i o n  encourag ing  ou tward  growth .  The v a r i a n c e  i n  measured ve rsus  p r e d i c t e d  

geometry wou ld  n o t  a f f e c t  t h e  a b i  1  i t y  o f  t h e  process t o  meet t h e  a t t a i n a b l e  

d e p t h  o f  13  m r e p o r t e d  by B u e l t  and C a r t e r  (1986b).  I n  f a c t ,  s i n c e  t h e  r e s u l t s  

more c l o s e l y  match t h e  l o w - h e a t - l o s s  model, t h e  p r a c t i c a l  dep th  l i m i t  of 25 m 

i s  more l i k e l y  t o  be ob ta ined .  

Western S i t e  ISV P r e d i c t i o n s  

The e f f e c t  o f  e l e c t r o d e  s e p a r a t i o n  on m e l t  d e p t h  and r u n  t i m e  i n  Han fo rd  

s o i l  t h a t  c o n t a i n s  5% m o i s t u r e  can be seen i n  F i g u r e  57. The su r face  h e a t  f l u x  

a rea  was assumed t o  be nomina l  ( l o w  h e a t  l o s s ) .  M e l t  dep ths  o f  16 m  o r  g r e a t e r  

wou ld  be p o s s i b l e  u s i n g  e l e c t r o d e  s e p a r a t i o n s  o f  3 t o  4  m. However, r u n  t i m e s  

o f  g r e a t e r  t h a n  500 hours  wou ld  be necessary  t o  a c h i e v e  t h e s e  depths .  

As a  c o n s e r v a t i v e  measure, a  h i g h - h e a t - l o s s  case was cons ide red .  The s u r -  

f a c e  h e a t  f l u x  was a p p l i e d  t o  t h e  e n t i r e  upper  a rea  o f  t h e  m o l t e n  g l a s s  zone, 

wh ich  expands d u r i n g  o p e r a t i o n  beyond t h e  area d e f i n e d  by t h e  f o u r  e l e c t r o d e s .  

T h i s  more c l o s e l y  models t h e  case where no i n s u l a t i v e  c o l d  cap o r  s u r f a c e  i n s u -  

l a t i o n  i s  p r e s e n t .  F i g u r e s  58 and 59 show t h e  h i g h - h e a t - l o s s  model p r e d i c t i o n s  

f o r  u n s a t u r a t e d  s o i l  c o n t a i n i n g  5% and 25% m o i s t u r e ,  r e s p e c t i v e l y .  The m e l t  

dep th  a t  wh ich  h e a t  l o s s e s  become 80% o f  t o t a l  power [ t h e  p r a c t i c a l  l i m i t  g i v e n  

by  B u e l t  and C a r t e r  ( 1 9 8 6 b ) l  i s  i l l u s t r a t e d  by t h e  dashed l i n e .  Wh i le  t h e  

i n c r e a s e d  m o i s t u r e  c o n t e n t  i n  u n s a t u r a t e d  s o i l  does n o t  reduce t h e  a t t a i n a b l e  

m e l t  depth ,  i t  does i n c r e a s e  t h e  t i m e  r e q u i r e d  t o  reach  t h a t  depth .  I n c r e a s e d  

s o i l  m o i s t u r e  has t h e  same e f f e c t  on ISV as an i n c r e a s e d  s o i l  h e a t  c a p a c i t y  

wou ld  s i n c e  a d d i t i o n a l  h e a t  i s  r e q u i r e d  t o  c o n v e r t  t h e  w a t e r  a t  ambient  



DISTANCE FROM ELECTRODES (CROSS-SECTIONAL VIEW), r n  

F I G U R E  55. P r e d i c t e d  ve rsus  Ach ieved LSOAT M e l t  Shape 

t e m p e r a t u r e  t o  a  superhea ted  vapor.  However, w i t h  s a t u r a t e d ,  s w e l l i n g  s o i l s ,  

t h i s  i s  n o t  t h e  case. It r e q u i r e s  abou t  t h e  same amount o f  ene rgy  t o  c o n v e r t  a  

g i v e n  volume o f  w a t e r  a t  ambient  t e m p e r a t u r e  t o  a  superheated steam as i t  does 

t o  h e a t  t h e  same volume o f  t h e o r e t i c a l l y  dense s o i l  f r o m  ambient  t o  2000°C. 



SOUTHEWEST CENTER OF 
ELECTRODE LSVT MELT ZONE 

SOIL ELEVATION 0-0 

t SUBSIDENCE 0.69 m 

POROUS GLASS ZONE 
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SOLID GLASS ZONE 

DEPTH = 7.1 rn- I 

FIGURE 56. V i t r i f i e d - M a s s  P r o f i l e  f o r  t h e  LSVT 



FIGURE 5 7 .  E f f e c t  o f  E l e c t r o d e  S e p a r a t i o n  on M e l t  Depth and Run Time f o r  
Han fo rd  Soi 1  w i t h  Nominal Heat Losses and 5% M o i s t u r e  

S a t u r a t e d  s ludges  w i t h  70% m o i s t u r e  c o n t e n t  have been v i t r i f i e d  w i t h  t h e  p i l o t -  

s c a l e  u n i t  u s i n g  no more energy  t h a n  r e q u i r e d  f o r  Han fo rd  s o i l  a t  5% m o i s t u r e  

(0.8 kWh/kg). 

E a s t e r n  S i t e  ISV P r e d i c t i o n s  

A l t h o u g h  i t  has been shown t h a t  d i f f e r e n c e s  i n  c e r t a i n  s o i l  p r o p e r t i e s  a t  

t h e  v a r i o u s  waste  s i t e s  t h r o u g h o u t  t h e  U n i t e d  S t a t e s  a r e  s m a l l ,  d i f f e r e n c e s  i n  

m o i s t u r e  c o n t e n t  among s i t e s  a r e  l a r g e .  The s o i l  m o i s t u r e  c o n t e n t  above t h e  

w a t e r  t a b l e  a t  e a s t e r n  s i t e s  such as ORNL o r  SRP averages between 20 and 25%, 

w h i l e  a t  Han fo rd  4 t o  5% i s  more t y p i c a l .  



ELECTRODE SEPARATION, m 

1000 - 

FIGURE 58. E f f e c t  of E l e c t r o d e  S e p a r a t i o n  on M e l t  Depth and Run Time f o r  
Han fo rd  S o i l  w i t h  H igh  Heat Losses and 5% M o i s t u r e  

500 

F a c t o r s  t h a t  i n f l u e n c e  t h e  l e v e l  o f  m o i s t u r e  i n  a  p a r t i c u l a r  s o i l  a r e  

w a t e r  t a b l e  depth ,  c l i m a t e ,  and t h e  s o i l ' s  h y d r a u l i c  p r o p e r t i e s .  The f a c t o r  

t h a t  p o t e n t i a l l y  has t h e  g r e a t e s t  e f f e c t  on ISV i s  t h e  w a t e r  t a b l e  depth .  The 

w a t e r  t a b l e  i s  t h e  upper  s u r f a c e  o f  t h e  w a t e r - s a t u r a t e d  zone when t h e  a q u i f e r  

i s  uncon f ined .  The degree o f  s a t u r a t i o n  can range f r o m  10 t o  60%, depend ing on 

- 
- 
- 
- 
- MELT DEPTH, m 

HEAT LOSS = 80% of POWER INPUT 

s o i l  p o r o s i t y .  A d d i t i o n a l  power i s  r e q u i r e d  t o  v i t r i f y  waste  be low t h e  w a t e r  

t a b l e  s i n c e  wa te r  may be recharged  i n t o  t h e  a rea  t h a t  i s  b e i n g  v i t r i f i e d .  

HANFORD SOIL 

HIGH HEAT LOSS 

5% MOISTURE 

I I 

3 4 5 6 7 

Eng ineered  b a r r i e r s  o r  w a t e r  w e l l s  c o u l d  be used t o  a r t i f i c i a l l y  l o w e r  t h e  

w a t e r  t a b l e  and reduce o r  e l i m i n a t e  w a t e r  recharge  d u r i n g  an ISV o p e r a t i o n .  I f  
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ELECTRODE SEPARATION, m 

FIGURE 59. E f f e c t  o f  E l e c t r o d e  S e p a r a t i o n  on M e l t  Depth and Run Time f o r  
Han fo rd  S o i l  w i t h  H igh  Heat Losses and 25% M o i s t u r e  

s o i l  p e r m e a b i l i t y  i s  l ow  enough, recharge  i s  i n s i g n i f i c a n t ,  and t h e  r a t i o  of 

s o i l  t o  w a t e r  i n  t h e  s a t u r a t e d  zone has e s s e n t i a l l y  no e f f e c t  on t h e  a t t a i n a b l e  

m e l t  dep th  and o p e r a t i o n a l  t i m e .  

C l  i n i a t i c  even ts ,  w a t e r  p o t e n t i a l ,  and h y d r a u l i c  c o n d u c t i v i t y  a t  s a t u r a t i o n  

a r e  r e s p o n s i b l e  f o r  t h e  s o i l  m o i s t u r e  c o n t e n t  above t h e  w a t e r  t a b l e .  The 

amount o f  p r e c i p i t a t i o n  c o n t r o l s ,  i n  p a r t ,  t h e  r a t e  a t  wh ich  w a t e r  i s  added t o  

t h e  s o i l ,  w h i l e  s o i l  c h a r a c t e r i s t i c s  d e t e r m i n e  t h e  conductance o f  w a t e r  t h r o u g h  

t h e  waste  s i t e .  The volume o f  bonded w a t e r  i n  s o i l  i s  a l s o  somewhat dependent 

on t h e  r a t e  o f  d ra inage .  

Water can accumula te  i n  a  b u r i a l  t r e n c h ,  even though t h e  t r e n c h  i s  l o c a t e d  

w e l l  above t h e  w a t e r  t a b l e .  The p e r m e a b i l i t y  o f  t h e  d i s t u r b e d  s o i l  p l a c e d  o v e r  

t h e  waste s i t e  i s  t y p i c a l l y  much h i g h e r  t h a n  t h a t  o f  t h e  s u r r o u n d i n g  u n d i s -  

t u r b e d  s o i  1. I n c l u s i o n s  o f  s o l  i d  waste  i n  t h e  s o i  1, wh ich  c r e a t e  



i r r e g u l  a r i  t i  es and v o i d  spaces, f u r t h e r  i n c r e a s e s  waste  s i t e  permeabi 1  i t y  . 
P r e c i p i t a t i o n  can accurnul a t e  a t  t h e  bo t tom o f  t h e  t r e n c h ,  becomi ng ponded above 

t h e  a c t u a l  w a t e r  t a b l e ,  s i n c e  w a t e r  d r a i n s  t h r o u g h  t h e  excavated waste area 

f a s t e r  t h a n  t h r o u g h  u n d i s t u r b e d  s o i l .  Ponded w a t e r  may e x i s t  i n  TRU waste  

t r e n c h  bot toms a t  s i t e s  l i k e  ORNL and SRP, wh ich  r e c e i v e  h i g h  annual 

r a i n f a l l  . I n  l a r g e  waste t r e n c h e s  above t h e  w a t e r  l e v e l  w i t h  re1  a t i  v e l y  

impermeable s o i l  s u r r o u n d i n g  t h e  t r e n c h ,  ponded w a t e r  w i l l  i n c r e a s e  t h e  

r e q u i  r e d  power i npu t  f o r  ISV. 

L i m i t a t i o n s  t o  ISV imposed by s o i l  m o i s t u r e  a r e  most p r o b a b l e  a t  ORNL 

where some t r e n c h e s  a r e  excavated t o  dep ths  below t h e  w a t e r  t a b l e .  Trenches a t  

ORNL a r e  t y p i c a l l y  2.1- t o  4.3-m deep, and t h e  dep th  t o  t h e  w a t e r  t a b l e  ranges 

f rom ground l e v e l  t o  4..6 m, depending on t h e  l o c a t i o n  and season (Webster  

1979).  A b u r i a l - g r o u n d  s c e n a r i o  under  extreme c o n d i t i o n s  a t  ORNL was used t o  

e v a l u a t e  how m o i s t u r e  c o u l d  l i m i t  t h e  ISV process.  The b u r i a l  t r e n c h  used i n  

t h e  s c e n a r i o  was excavated t o  a  dep th  o f  4.3 m i n  an area w i t h  t h e  w a t e r  t a b l e  

a t  ground l e v e l  and a  h i g h l y  permeable, sandy l a y e r  below t h e  6.4-m l e v e l  ( see  

F i g u r e  60) .  Water pernieabi 1  i t y  f o r  ORNL s o i  1  averages 3.0 cmlday (Luxmoore, 

Spa ld ing ,  and Yonroe 1981).  S o i l  i n  t h e  upper  6.4 rn i s  c o n s e r v a t i v e l y  assumed 
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t o  have a  p o r o s i t y  o f  57% and a  permeabi 1  i t y  o f  6.1 cmlday. The permeabi  1  i t y  

o f  t h e  sandy a rea  be low 6.4 m i s  assumed t o  be h i g h ,  a t  500 cmlday. 

The ma themat i ca l  model was used t o  d e t e r m i n e  t h e  maximum v i t r i f i c a t i o n  

d e p t h  a t t a i n a b l e  f o r  ISV i n  t h e  b u r i a l - g r o u n d  s c e n a r i o .  The p r i m a r y  d e p t h  l i m -  

i t a t i o n  i s  imposed by t h e  a q u i f e r  depth .  Based on model p r e d i c t i o n s  shown i n  

F i g u r e  61, m o i s t u r e  l e v e l s  w i l l  n o t  l i m i t  t h e  ISV process a t  ORNL, i f  t h e  

d e s i r e d  v i t r i f i c a t i o n  zone does n o t  j o i n  w i t h  any areas o f  h i g h  p e r m e a b i l i t y .  

PERFORMANCE OF I N  SITU VITRIFICATION WITH DIFFERENT WASTES 

Many waste  s i t e s  c o n t a i n  b u r i e d  i n c l u s i o n s  w i t h i n  t h e  s o i l  t h a t  may a f f e c t  

t h e  ISV process.  Transuranic-contaminated s o i l  s i t e s  o f t e n  i n c l u d e  wood o r  

c o n c r e t e  c r i b s ,  ce ramic  French d r a i n s ,  and t i  l e  f i e l d s .  Sol  i d - w a s t e  b u r i a l  
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grounds i n c o r p o r a t e  a  l a r g e  q u a n t i t y  and w i d e r  v a r i e t y  o f  wastes,  such as m e t a l  

drums and p rocess  components, combus t ib les ,  and c o n c r e t e  m o n o l i t h s .  The s o i l  

wastes c o n s i d e r e d  h e r e  a r e  me ta l  s, cements, ceramics ,  combus t ib les  , s ludges,  

hazardous o r g a n i c s ,  s e a l e d  c o n t a i n e r s ,  e x p l o s i v e s ,  and e lements  t h a t  c o u l d  

cause a  c r i t i c a l i t y .  The p r e d i c t e d  e f f e c t s  o f  each waste  t y p e  on t h e  ISV p r o c -  

ess a r e  d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  

Meta l  I n c l u s i o n s  

Me ta l  , which has a  much h i g h e r  e l e c t r i c a l  c o n d u c t i v i t y  t h a n  rnol t e n  s o i  1  , 
can decrease e l e c t r o d e  v o l t a g e  when p r e s e n t  d u r i n g  ISV, and i n  ex t reme cases i t  

can r e s u l t  i n  a  s h o r t  c i r c u i t .  The ma themat i ca l  model and a  s e r i e s  o f  f o u r  

e n g i n e e r i n g - s c a l e  t e s t s  were used t o  e v a l u a t e  t h e  e f f e c t  o f  m e t a l s  on t h e  ISV 

process.  

The me ta l  i n c l u s i o n  model i s  based on a  t w o - e l e c t r o d e  system. F i g u r e  62 

shows t h e  p h y s i c a l  model, w i t h  t h e  me ta l  r e s t i n g  a t  t h e  bo t tom o f  t h e  m e l t  i n  

Zone 2. Zone 1 i s  t h e  h i g h - t e m p e r a t u r e  g l a s s  a r e a  i n  wh ich  t h e  mean tempera-  

t u r e  i s  -1700°C, w h i l e  Zone 2  i s  t h e  c o o l e r  l e a d i n g  edge o f  t h e  m e l t  zone. As 

FIGURE 62. Me ta l  I n c l u s i o n  Model 



t h e  m e l t  grows and proceeds downward t h r o u g h  a  me ta l  o b j e c t ,  t h e  m e t a l  w i l l  

m e l t  and s e t t l e  i n  t h e  c o o l e r  Zone 2  a rea ,  r e s o l i d i f y i n g  i f  t e m p e r a t u r e s  a r e  

be low  t h e  m e t a l ' s  m e l t i n g  p o i n t  (1565OC f o r  ca rbon  s t e e l  and 1420 t o  1500°C f o r  

s t a i n l e s s  s t e e l  ). 

The m e t a l  i n c l u s i o n  model was used t o  e v a l u a t e  t h e  e f f e c t  o f  v a r y i n g  

Zone 1 dep th ,  Zone 2 dep th ,  me ta l  w i d t h ,  and me ta l  volume on t h e  e l e c t r o d e  

v o l t a g e ,  power, and power d e n s i t y .  The model c o r r e l a t e s  q u i t e  w e l l  w i t h  d a t a  

f rom t e s t s  where no me ta l  was p r e s e n t .  

F i g u r e  63 shows t h e  e f f e c t  o f  t h e  me ta l  w i d t h  as a  f r a c t i o n  o f  t h e  e l e c -  

t r o d e  s p a c i n g  on power and v o l t a g e  f o r  a  p i l o t - s c a l e  e l e c t r o d e  p a i r .  As t h e  

f r a c t i o n  i n c r e a s e s ,  t h e  power and v o l t a g e  d e c l i n e  g r a d u a l l y  u n t i l  t h e  m e t a l  

approaches t h e  e l e c t r o d e s  and a  s h o r t  c i r c u i t  occu rs .  The power d i s t r i b u t i o n s  

as a  f u n c t i o n  o f  Lm/Le ( l e n g t h  o f  m e t a l  d i v i d e d  by d i s t a n c e  between e l e c t r o d e s )  

a r e  shown i n  F i g u r e  64. As t h e  me ta l  p a t h  i n c r e a s e s  between e l e c t r o d e s ,  h i g h -  

t e m p e r a t u r e  a reas  f o r m  i n  t h e  m e l t  between t h e  m e t a l  and e l e c t r o d e s  i n  

FRACTION OF ELECTRODE SPACING OCCUPIED BY METAL 

FIGURE 63. E f f e c t  o f  Me ta l  Wid th  on Power and E l e c t r o d e  P o t e n t i a l  
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FRACTION OF ELECTRODE SPACING OCCUPIED BY METAL 

FIGURE 64. E f f e c t  o f  Me ta l  Wid th  on Power D i s t r i b u t i o n  

Zone 2. A c o o l  a r e a  i s  l i k e l y  t o  f o r m  above t h e  me ta l  i n  Zone 1 i f  c o n v e c t i v e  

c u r r e n t s  a r e  i n s u f f i c i e n t  i n  t h e  m o l t e n  g lass .  The r e s u l t  may be an i n c r e a s e d  

c o l d  cap. 

The model a l s o  p r e d i c t s  t h a t  v a r y i n g  t h e  mass o f  m e t a l  i n  t h e  s o i l  has 

e s s e n t i a l l y  no e f f e c t  on power i n p u t  and e l e c t r o d e  v o l t a g e  f o r  a  g i v e n  m e t a l  

w i d t h .  Acco rd ing  t o  t h e  model, t h e  power and v o l t a g e  decrease by  <0.1% when 

t h e  m e t a l l i c  mass i s  i n c r e a s e d  by a  f a c t o r  o f  10 f o r  a  f i x e d  Lm/Le r a t i o .  

Four  eng i  n e e r i  n g - s c a l e  1  a b o r a t o r y  t e s t s ,  ESLT-10 t h r o u g h  ESLT-13, were 

pe r fo rmed  t o  v e r i f y  t h e  e f f e c t s  o f  me ta l  i n c l u s i o n s  on t h e  I S V  process.  Summa- 

r i e s  o f  each t e s t  a r e  g i v e n  i n  Tab le  27. The q u a n t i t y  o f  m e t a l  p l a c e d  i n  t h e  

s o i l  ranged f r o m  2  t o  5% o f  t h e  f i n a l  v i t r i f i e d  b l o c k  we igh t .  Each t e s t  p r o -  

ceeded t o  c o m p l e t i o n  w i t h  no m a j o r  d i f f i c u l t i e s .  I n  ESLT-12, a  s t a i n l e s s  s t e e l  



TABLE 27. Summary o f  R e s u l t s  f r o m  E n g i n e e r i  ng-Sca le  L a b o r a t o r y  T e s t s  
C o n t a i n i n g  Meta l  I n c l u s i o n s  

Tes t  Parameter 

Power l i m i t ,  kW 

Meta l  mass, k g  

Me ta l  l o a d i n g ,  w t %  

E l e c t r o d e  s p a c i n g  f r a c t i o n  
occup ied  by me ta l  , Lm/Le 

Corr~busti  b l e  mass, k g  

Run t i m e ,  h  

T o t a l  energy ,  kwh 

Average power, kW 

Mass s o l i d i f i e d ,  k g  

Energylmass , kWh/kg 

and a  carbon s t e e l  c a n i s t e r ,  each c o n t a i n i n g  m e t a l  s c r a p  o f  t h e  same composi-  

t i o n ,  were p l a c e d  edge t o  edge, occupy ing  71% o f  t h e  d i s t a n c e  between e l e c -  

t r o d e s .  To comp le te  t h e  t e s t ,  i t  was necessary  t o  i n c r e a s e  t h e  power t o  t h e  

e n g i n e e r i n g - s c a l e  u n i t  f r o m  7  t o  10 kW. T h i s  may have been due t o  t h e  h e a t - f i n  

e f f e c t  o f  t h e  m e t a l ,  wh ich  i n c r e a s e d  h e a t  l o s s e s  t o  t h e  s o i l .  

F i g u r e  65 shows t h e  e f f e c t  o f  me ta l  i n c l u s i o n s  as p r e d i c t e d  by t h e  model 

compared t o  a c t u a l  d a t a  f r o m  t h e  e n g i n e e r i n g - s c a l e  ISV system. The model p r e -  

d i c t e d  a  l a r g e r  d r o p  i n  v o l t a g e  due t o  me ta l  i n c l u s i o n s  t h a n  was a c t u a l l y  

observed.  A t  an Lm/Le r a t i o  o f  0.7, e n g i n e e r i n g - s c a l e  t e s t s  showed a  v o l t a g e  

d r o p  o f  21%. T h i s  means t h a t  t h e  l o w e s t  v o l t a g e  t a p  o f  t h e  power t r a n s f o r m e r  

s h o u l d  be des igned  21% l o w e r  t h a n  r e q u i r e d  w i t h  normal s o i l  t o  m a i n t a i n  t h e  

same h i g h  power i n p u t  l e v e l  d u r i n g  I S V  o f  s o i l  w i t h  me ta l  i n c l u s i o n s .  The d a t a  

i n d i c a t e  t h a t  me ta l  may occupy up t o  90% o f  t h e  l i n e a r  s e p a r a t i o n  between 

e l e c t r o d e s .  

Cement and Ceramic I n c l u s i o n s  

U n l i k e  m e t a l s ,  t h e  e l e c t r i c a l  c o n d u c t i v i t i e s  o f  cement and ce ramic  waste  

i n c l u s i o n s  a r e  n o t  h i g h  enough r e l a t i v e  t o  t h e  s o i l  t o  c r e a t e  a  s h o r t  c i r c u i t .  

I n s t e a d ,  t h e y  a r e  u s u a l l y  i n  t h e  o x i d e  f o r m  and a r e  v e r y  s i m i l a r  t o  many o f  t h e  



FRACTION OF ELECTRODE SPACING OCCUPIED BY METAL 

F I G U R E  65. Measured and P r e d i c t e d  Vo l tage  Drop Due t o  a  M e t a l l i c  I n c l u s i o n  

compounds found n a t u r a l l y  i n  s o i l .  The volume o f  cement and ce ramic  waste  

i n c l u s i o n s  i n  a  waste  t r e n c h  i s  t y p i c a l l y  v e r y  sma l l  compared t o  c o m b u s t i b l e  

and m e t a l l i c  waste volumes. The cements and ceramics  i n c l u d e  l a r g e  c o n c r e t e  

casks  used t o  c o n t a i n  i n d u s t r i a l  wastes a t  most TRU s i t e s ,  cement p a s t e  i n  c o r -  

r u g a t e d  me ta l  p i p e s  a t  LANL, and c o n c r e t e  c r i b s  and v i t r i f i e d  c l a y  French 

d r a i n s  a t  Hanford.  Because a lmos t  a l l  b u r i e d  n o n m e t a l l i c  m a t e r i a l s  a r e  some 

f o r m  o f  cement p r o d u c t ,  c o n c r e t e  waste  i n c l u s i o n s  a r e  ana lyzed  most e x t e n s i v e l y  

i n  t h i s  s e c t i o n ,  a l t h o u g h  o t h e r  ce ramic  m a t e r i a l s  a r e  a l s o  d iscussed.  

Cement can be d e f i n e d  as an adhes ive  complex o f  n o n m e t a l l i c  ox ides ,  w i t h  

CaO as t h e  p r i m a r y  c o n s t i t u e n t .  Hardened cement c o n t a i n s  up t o  33.3 w t %  

( 2 0  w t% average)  wa te r ,  wh ich  a c t s  as t h e  adhes ive  f o r  t h e  complexed o x i d e s  

(Lea 1971). Conc re te  c o n t a i n s  l e s s  w a t e r  t h a n  p u r e  cement (-5%) because o f  i t s  

h i g h  volume o f  sand and g r a v e l .  



The compounds i n  cements a r e  formed by t h e  i n t e r a c t i o n  d u r i n g  t h e  b u r n i n g  

o f  CaO, Si02,  A1 203, and Fe203 compounds. A l though  t h e  pe rcen tages  o f  t h e s e  

compounds v a r y  g r e a t l y  among cement t y p e s  (see Tab le  28) ,  when combined t h e y  

make up o v e r  85% o f  each cement t y p e .  P o r t l  and cement i s  composed of  o v e r  90% 

CaO, A l 2 O 3 ,  and S i02.  O f  t h e  t h r e e  m a j o r  o x i d e  c o n s t i t u e n t s  i n  c o n c r e t e ,  b o t h  

CaO and A1 203 l o w e r  e l e c t r i c a l  c o n d u c t i v i t y  upon a d d i t i o n  t o  s o i l ,  w h i l e  S i 0 2  

does n o t  (Stanek 1977).  Concre te  a l s o  has a  h i g h e r  s p e c i f i c  h e a t  t h a n  s o i l .  

To v e r i f y  t h e  a b i l i t y  o f  t h e  ISV process t o  hand le  cement, ESLT-14 and -15 

were conduc ted  u s i n g  r e l a t i v e l y  l a r g e  c o n c r e t e  masses i n  t h e  s o i l .  I n  t h e  

f i r s t  t e s t ,  a  ca rbon  s t e e l  can encapsu la ted  i n  c o n c r e t e  was v i t r i f i e d ,  w h i l e  i n  

t h e  second t e s t ,  two  m o n o l i t h s ,  one o f  c o n c r e t e  and t h e  o t h e r  o f  cement pas te ,  

were v i t r i f i e d  (see T a b l e  29 f o r  t h e  t e s t  summaries). A f t e r  t h e  t e s t s ,  a l l  of  

t h e  c o n c r e t e  had been v i t r i f i e d  w i t h i n  t h e  b l o c k s .  Glass samples o f  t h e  f i r s t  

c o n c r e t e  ISV t e s t  were ana lyzed  and showed v e r y  u n i f o r m  Ca d i s t r i b u t i o n  

t h r o u g h o u t  t h e  g l a s s  me1 t. 

A t  ambient  t empera tu re ,  hardened P o r t l a n d  cement w i t h  >20 w t% w a t e r  i s  

much more e l e c t r i c a l  l y  c o n d u c t i v e  t h a n  normal s o i  1. As h e a t  i s  genera ted  i n  

and around t h e  c o n c r e t e  i n c l u s i o n ,  i t  b e g i n s  t o  expand. A t  t e m p e r a t u r e s  above 

TABLE 28. Compos i t i on  o f  Va r ious  Cements 

Component 

CaO 

Si  O 2  

2'3 

Fe203 

so3 
FeO 

S  

Compos i t ion ,  w t% 

P o r t l  and Cement Other  

64.1 38 t o  65 

( a )  I n c l u d e s  Erz,  F e r r a r i  , Kuhl , P o r t l a n d  
B l a s t  Furnace, E i sen -Por t1  and, Hochofen, 
S l a g  Supersu l  phated,  and H igh  A1 umi na 
cements (Lea 1971).  



TABLE 29. Summary o f  R e s u l t s  f r o m  Eng ineer ing -Sca le  L a b o r a t o r y  Tes ts  
C o n t a i n i n g  Concre te  I n c l u s i o n s  

Tes t  Parameter 

Power l i m i t ,  kW 

Cement mass, kg  

Cement l o a d i n g ,  w t% 

Meta l  mass, k g  

Meta l  l o a d i n g ,  wt% 

E l e c t r o d e  s p a c i n g  f r a c t i o n  
occup ied  by c o n c r e t e ,  Lm/Le 

T o t a l  energy,  kwh 

Average power, kW 

Mass s o l i d i f i e d ,  k g  

Energylmass, kWh/kg 

100°C, t h e  expans ion  o f  t h e  c o n c r e t e  p a s t e  and aggrega te  beg ins  t o  be opposed 

by a  c o n t r a c t i o n  mechanism as w a t e r  i s  d r i v e n  o f f .  A t  -300°C, c o n t r a c t i o n  due 

t o  w a t e r  l o s s  becomes g r e a t e r  t h a n  t h e  t h e r m a l  expans ion,  and t h e  m a t e r i a l  

s t a r t s  s h r i n k i n g ,  w i t h  u l t i m a t e l y  20.5% c o n t r a c t i o n  f r o m  t h e  o r i g i n a l  ambient  

d imens ions (Harada e t  a l .  1972; Zo ldne rs  1971). T h i s  c o n t i n u e s  p a s t  400 t o  

450°C, where f r e e  Ca20H2 i s  dehydra ted.  The p a r t i a l l y  dehydra ted  cement s t a r t s  

expand ing a g a i n  a t  t empera tu res  exceed ing  700°C. Because t h e  aggrega te  i s  con- 

t i n u a l l y  expand ing w h i l e  t h e  cement p a s t e  i s  c o n t r a c t i n g ,  seve re  c r a c k i n g  

occurs .  As a  r e s u l t ,  t h e  c o n c r e t e  s t r u c t u r e  i s  broken up i n t o  s m a l l e r  f r a g -  

ments t h a t  a r e  b e l i e v e d  t o  be u n i f o r m l y  d i s p e r s e d  t h r o u g h o u t  t h e  g l a s s  by con-  

v e c t i o n  c u r r e n t s .  A l though  t h e  r a t e  o f  comple te  d e h y d r a t i o n  i s  s l o w  a t  534"C, 

comple te  d e h y d r a t i o n  occu rs  q u i c k l y  a t  t empera tu res  above 1090°C (Pe te rsen  

1966). The ISV l a r g e - s c a l e  system, as d e s c r i b e d  p r e v i o u s l y ,  w i l l  accommodate 

t h e s e  w a t e r  re1  eases. 

The e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  m e l t e d  s o i l  i n c r e a s e s  as t h e  cement i s  

m e l t e d  and becomes u n i f o r m l y  d i spe rsed .  T h i s  was observed d u r i n g  ESLT-14, i n  

wh ich  an 8.8% l o a d i n g  o f  c o n c r e t e  i n  t h e  s o i l  r a i s e d  t h e  m o l t e n  zone 's  e l e c t r i -  

c a l  r e s i s t i v i t y  s i g n i f i c a n t l y  ( see  F i g u r e  66).  Because t h e  ISV o p e r a t i n g  v o l t -  

age depends i n  p a r t  on t h e  e l e c t r i c a l  r e s i s t i v i t y  o f  t h e  m o l t e n  p a t h  and t h e  



FIGURE 66. E f f e c t  o f  Concre te  I n c l u s i o n s  on M e l t  Zone R e s i s t a n c e  

d i s t a n c e  between e l e c t r o d e s ,  an i n c r e a s e  i n  e l e c t r i c a l  r e s i s t i v i t y  caused by 

c o n c r e t e  can be o f f s e t  by a  c o r r e s p o n d i n g  decrease i n  e l e c t r o d e  spac ing .  A 

decreased e l e c t r o d e  s p a c i n g  s h o u l d  be r e q u i r e d  o n l y  i f  t h e  cement i n c l u s i o n  i s  

a t  o r  n e a r  t h e  s u r f a c e  o f  t h e  waste s i t e .  I f  t h e  c o n c r e t e  i s  encoun te red  a f t e r  

t h e  m e l t  zone has grown, h i g h e r  v o l t a g e  t a p s  s h o u l d  be a v a i l a b l e  on t h e  power 

t r a n s f o r m e r  t o  accommodate any i n c r e a s e d  r e s i s t i v i t y  caused by  t h e  c o n c r e t e .  

T h i s  i n c r e a s e d  r e s i s t i v i t y  o f  t h e  m o l t e n  zone can be compensated f o r  by a  v o l t -  

age i n c r e a s e  t o  one o f  t h e  p r e v i o u s  v o l t a g e  t a p s .  The power i n p u t  t o  t h e  m e l t  

zone wi  11 n o t  be reduced.  

The volume o f  w a t e r  vapor  g i v e n  o f f  d u r i n g  c o n c r e t e  d e h y d r a t i o n  becomes a  

s i g n i f i c a n t  p o r t i o n  o f  t h e  gaseous e f f l u e n t s  t h a t  a r e  n o r m a l l y  t r e a t e d  by t h e  

I S V  o f f - g a s  system. F i g u r e  67 shows t h e  i n c r e m e n t a l  o f f - g a s  c a p a c i t y  r e q u i r e d  





f o r  t r e a t i n g  w a t e r  vapor f r o m  v a r i o u s  c o n c r e t e  and cement l o a d i n g s .  The graphs 

assume t h a t  t h e  s p e c i f i c  hea ts  and m e l t i n g  r a t e s  o f  s o i l ,  cement, and c o n c r e t e  

a r e  t h e  same. A t  most, even a  100% l o a d i n g  o f  cement p a s t e  i n  a  TRU s i t e  does 

n o t  exceed l a r g e - s c a l e  o f f - g a s  c a p a c i t i e s .  Concrete,  wh ich  i s  more common t h a n  

cement pas te ,  can o n l y  compr ise  < l o %  o f  t h e  o f f  gas t o  m a i n t a i n  hood vacuum. 

Large c o n c r e t e  s t r u c t u r e s  (e.g., t r e n c h  caps, c r i b s ,  l a r g e  i n d u s t r i a l  

waste  boxes)  a r e  common i n  TRU waste  s i t e s .  Concre te  i s  more c o n d u c t i v e  t h a n  

unme l ted  s o i l ;  however, an e l e c t r i c a l  s h o r t  c i r c u i t  i s  n o t  p o s s i b l e  d u r i n g  ISV 

if t h e  c o n c r e t e  occup ies  a  l a r g e  p o r t i o n  o f  t h e  space between e l e c t r o d e s ,  

because t h e  m o l t e n  s o i l  i s  much more c o n d u c t i v e  t h a n  c o n c r e t e .  

The v i t r i f i c a t i o n  o f  ce ramic  m a t e r i a l s  i s  n o t  expec ted  t o  l i m i t  t h e  p r o c -  

ess s i g n i f i c a n t l y .  The h i g h  m e l t i n g  p o i n t s  and r e f r a c t o r y  n a t u r e  o f  most 

ce ramics  may p r e v e n t  them f rom compl e t e l y  me1 t i  ng o r  d i  s s o l  v i  ng. To d e t e r m i  ne 

t h e  degree o f  e n c a p s u l a t i o n  i n  t h e  m e l t ,  a lum ina  and z i r c o n i a  b r i c k s  were 

i n c l  uded i n  PSFT-3. V i  s u a l  i n s p e c t  i o n  o f  t h e  g l  ass a f t e r  v i  t r i  f i c a t i  on 

r e v e a l e d  a  h i g h  degree o f  ceramic  e n c a p s u l a t i o n  w i t h  m in ima l  s u r r o u n d i n g  v o i d  

space. 

Combust ib les  (Dry  A c t i v e  Wastes ) 

D u r i n g  ISV o f  a  waste  s i t e ,  any s o l i d  c o m b u s t i b l e  i n c l u s i o n s  w i t h i n  t h e  

s o i l  a r e  p y r o l y z e d  i n t o  c o m b u s t i b l e  gases a t  t h e  h i g h  tempera tu res  o f  t h e  m e l t .  

The p y r o l y s i s  gases move upward t h r o u g h  t h e  m o l t e n  zone, expand ing  as t h e y  a r e  

heated.  Combustion does n o t  o c c u r  u n t i l  t h e  p y r o l y z e d  gases c o n t a c t  a i r  a t  t h e  

s u r f a c e  o f  t h e  m o l t e n  s o i l ,  s i n c e  t h e  m o l t e n  g l a s s  i s  r e d u c i n g  i n  n a t u r e .  W i th  

a  c o l d  cap o r  an i n s u l a t e d  s u r f a c e ,  t h e  r e l e a s e  o f  gases occu rs  p r i m a r i l y  n e a r  

t h e  e l e c t r o d e s ,  because t h e  g l a s s  i s  h o t t e r  and has a  l o w e r  v i s c o s i t y  i n  t h e  

a reas  o f  h i g h e s t  c u r r e n t  d e n s i t y .  When a  c o l d  cap i s  n o t  p r e s e n t ,  r e l e a s e  o f  

gases i s  more u n i f o r m  o v e r  t h e  m o l t e n  s u r f a c e .  Severa l  e f f e c t s  o f  t h e s e  gas 

r e l e a s e s  must  be c o n s i d e r e d  i n  e s t a b l i s h i n g  t h e  d e s i g n  of t h e  hood and o f f -gas  

system: 

P y r o l y s i s  gases c a r r y  w i t h  them t o  t h e  o f f - g a s  sys tem a  p o r t i o n  o f  

r a d i  onuc l  i de e lements  a s s o c i a t e d  w i t h  t h e  c o m b u s t i b l e  waste. (No te  



t h a t  o n l y  t h e  con taminan ts  a s s o c i a t e d  w i t h  t h e  c o m b u s t i b l e s  a r e  

a v a i l a b l e  f o r  r e l e a s e - - t h o s e  a l r e a d y  i n c o r p o r a t e d  i n  t h e  m e l t  remain  

i n  t h e  v i t r e o u s  mass.) 

The p r o t e c t i v e ,  subs ided  c o l d  cap may be broken up by a c t i v e  gas 

r e l e a s e s ,  t h e r e b y  i n c r e a s i n g  h e a t  l o s s e s  and hood tempera tu res .  

P y r o l y s i s  gases t h a t  a r e  superheated i n  t h e  m o l t e n  zone b u r n  i n  t h e  

hood plenum, t h e r e b y  c r e a t i n g  h i g h  tempera tu res  i n  t h e  hood and 

i n c r e a s i n g  t h e  h e a t  removal requ i remen ts  o f  t h e  o f f - g a s  system. 

The gas g e n e r a t i o n  r a t e  o f  b u r i e d  combus t ib les  and t h e  a i r  r e q u i r e d  

t o  combust t h e  gases d e t e r m i n e  t h e  maximum o f f - g a s  f l o w  r a t e  r e q u i r e d  

f o r  t h a t  a p p l i c a t i o n .  

The magni tude o f  t h e  e f f e c t s  o f  t h e  gas r e l e a s e 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  t h e  r a t e  a t  wh ich  p y r o l y z e d  gases a r e  genera ted  and re leased .  E n g i n e e r i n g -  

s c a l e  and p i  1  o t  - s c a l  e  t e s t s  have shown t h a t  combust i  b l  e  gas r e 1  ease i s  s p o r a d i c  

and may o c c u r  i n  a  v e r y  s h o r t  t i m e  p e r i o d .  D u r i n g  ESLT-11, 0.2 kg  o f  s i m u l a t e d  

c o m b u s t i b l e  waste was p l a c e d  i n s i d e  a m e t a l  c a n i s t e r .  A c t i v e  s u r f a c e  combus- 

t i o n  o f  t h e  p y r o l y z e d  gases o c c u r r e d  o v e r  an 18-min p e r i o d  d u r i n g  t h e  12-h 

t e s t .  Thus t h e  r e l e a s e  p e r i o d  was o n l y  2.5% o f  t h e  t o t a l  ISV t i m e .  S i m i l a r  

o b s e r v a t i o n s  have been made d u r i n g  t h e  p i l o t - s c a l e  t e s t s .  

Fo r  example, PSFT-3 was conducted t o  e v a l u a t e  ISV per formance w i t h  a  208-L 

( 5 5 - g a l )  meta l  drum c o n t a i n i n g  s i m u l a t e d  c o m b u s t i b l e  waste  and s o i l  b u r i e d  

between e l e c t r o d e s .  F i g u r e  68 i 1  l u s t r a t e s  t h e  s i m u l a t e d  waste drum p lacement ,  

and Tab le  30 g i v e s  t h e  waste compos i t i on .  When t h e  m o l t e n  s o i l  f i r s t  c o n t a c t e d  

t h e  waste  drum, r a p i d  v e n t i n g  o f  p y r o l y z e d  gases and carbonaceous p a r t i c u l a t e  

o c c u r r e d  f o r  about  30 minutes .  The o f f - g a s  p a r t i c l e  l o a d i n g ,  wh ich  was h i g h  

d u r i n g  t h i s  p e r i o d ,  reached 3600 mg/m3. S lower  v e n t i n g s  t h a t  l a s t e d  f o r  15 t o  

30 m inu tes  each o c c u r r e d  a t  two o t h e r  t i m e s  l a t e r  i n  t h e  t e s t .  The ISV p rocess  

was o p e r a t e d  f o r  38 hours ;  however, most p y r o l y s i s  gas v e n t i n g  t o o k  p l a c e  o v e r  

a  p e r i o d  o f  about  1 hour  (2.6% o f  t h e  t o t a l  ISV t i m e ) .  

The l a r g e - s c a l e  o f f - g a s  sys tem c a p a c i t y  of 104 s t d  m3/min i s  s u f f i c i e n t  t o  

c o n t a i n  combust ion  gas r e 1  eases f r o m  a  v a r i e t y  o f  waste  c o n f i g u r a t i o n s .  Assum- 

i n g  an i n v e r s e  e x p o n e n t i a l  r e l e a s e  r a t e  o f  c o m b u s t i b l e  gases o v e r  30 m i n u t e s  
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TABLE 30. Waste Drum Combust ib les  Content  D u r i n g  PSFT-3 

M a t e r i  a1 

Paper 

PVC 

P o l y e t h y l e n e  

Neopyrene 

Po lyp ropy lene  

C o t t o n  

Buna r u b b e r  

Hydrau l  i c  o i  1  

I o n  exchange r e s i n  

Te f  1  on 

TOTAL 

Weight, kg  

16.9 

Weight % 

44.0 

(based on e n g i n e e r i n g -  and p i  1  o t - s c a l e  t e s t s ) ,  t h e  l a r g e - s c a l e  system i s  a b l e  

t o  c o n t a i n  gas r e l e a s e d  f r o m  c o m b u s t i b l e  volumes t y p i c a l  o f  t h a t  shown i n  F i g -  

u r e  69, when m o l t e n  s o i l  c o n t a c t s  them. P y r o l y z e d  gases f r o m  c o m b u s t i b l e  v o l -  

umes as l a r g e  as 0.9 m3 can be c o n t a i n e d  w i t h o u t  l o s i n g  hood vacuum w h i l e  

c o n t i n u a l l y  s u p p l y i n g  20% excess combust ion  a i r  t o  bu rn  t h e  gases as t h e y  a r e  
3  re leased .  L i k e w i s e ,  a  con lbus t i b le  volume o f  >3 m  wou ld  be c o n t a i n e d  b e f o r e  

MOLTEN 
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FIGURE 69. Gas Release f r o m  a  Combus t ib le  Volume 



hood vacuum i s  l o s t  i f  combust ion  a i r  i s  n o t  s u p p l i e d .  The same o f f - g a s  sys tem 

i s  c a p a b l e  o f  c o n t a i n i n g  t h e  gases genera ted  f r o m  a  v o i d  volume o f  4.3 m3;  t h i s  

assumes a  d e s i g n  f a c t o r  o f  two and t h e  gases a r e  r e l e a s e d  u n i f o r m l y  o v e r  a  5-s 

p e r i o d  as m o l t e n  g l a s s  r a p i d l y  f i l l s  t h e  v o i d  volume (see F i g u r e  70 ) .  F o r  

homogeneous m i x t u r e s  o f  c o m b u s t i b l e s  and as l i t t l e  as 30 v o l %  s o i l ,  t h e  l a r g e -  

s c a l e  o f f - g a s  sys tem i s  capab le  o f  p r o v i d i n g  20% excess combus t i on  a i r  and con-  

t a i n i n g  combus t i on  gas f r o m  3200 kg  c o m b u s t i b l e s  f o r  e v e r y  m e t e r  o f  d e p t h  b e i n g  

v i t r i f i e d  p e r  s e t t i n g .  The p r e d i c t e d  per fo rmance o f  t h e  p rocess  under  t h e s e  

t y p e s  o f  c o n d i t i o n s  i s  a l s o  based on a  d e s i g n  f a c t o r  o f  two.  

Wet I n d u s t r i  a1 S l  udge 

The p rocess  i s  a p p l i c a b l e  t o  wet  i n d u s t r i a l  s l udges  w i t h  m o i s t u r e  c o n t e n t  

up t o  70%. S o l i d i f i c a t i o n  o f  10,000 k g  o f  an i n d u s t r i a l  s l u d g e  h e a v i l y  l a d e n  

w i t h  z i r c o n i a  and l i m e  has been s u c c e s s f u l l y  demonst ra ted  by t h e  p i l o t - s c a l e  

ISV p rocess  ( B u e l t  and F r e i m  1986).  The p rocess  d e s t r o y s  o r g a n i c  c o n s t i t u e n t s ,  

f i x e s  heavy m e t a l  and r a d i o a c t i v e  components, and d r a s t i c a l l y  reduces  Rn emana- 

t i o n  f r o m  Ra sou rces  i n  t h e  s ludge .  As a  r e s u l t ,  t h e  v i t r i f i e d  s l u d g e  can be 

d i s p o s e d  o f  i n  a  s m a l l e r  a r e a  i n  a  f o r m  t h a t  i s  u n l i k e l y  t o  r e q u i r e  f u r t h e r  

t r e a t m e n t  f o r  e n v i r o n m e n t a l  p r o t e c t i o n .  The s u c c e s s f u l  t e s t  c o n s t i t u t e d  t h e  

f i r s t  a d a p t a t i o n  o f  t h e  ISV p rocess  t o  n o n s o i l  a p p l i c a t i o n s .  

VOID VOLUME 

FIGURE 70. Gas Re lease f r o m  a  Vo id  Volume 



The o b j e c t i v e  o f  t h i s  s t u d y  was t o  de te rm ine  t h e  f e a s i b i l i t y  o f  a p p l y i n g  

ISV t o  a  s p e c i f i c  i n d u s t r i a l  s l u d g e  by p e r f o r m i n g  t e s t s  u s i n g  t h e  bench-sca le  

and p i l o t - s c a l e  equipment.  The s t u d y  n o t  o n l y  v e r i f i e d  t h e  a d a p t a b i l i t y  o f  t h e  

process,  b u t  p r o v i d e d  e x t e n s i v e  d a t a  on t h e  c h a r a c t e r i s t i c s  o f  t h e  gaseous 

e f f l u e n t s  t h a t  emerge f r o m  t h e  v i t r e o u s  s l u d g e  d u r i n g  p r o c e s s i n g .  

The b a s i s  f o r  c o n d u c t i n g  t h e  p i  1  o t - s c a l e  d e m o n s t r a t i  on was e s t a b l  i s h e d  by 

t h e  success o f  t h e  bench-sca le  f e a s i b i l i t y  t e s t .  The bench-sca le  v i t r i f i c a t i o n  

t e s t ,  wh ich  was t h e  f i r s t  s t a g e  o f  t h i s  s tudy ,  g r e a t l y  reduced t h e  mass and 

volume o f  t h e  s l u d g e  t o  30% and 15% o f  t h e  o r i g i n a l ,  r e s p e c t i v e l y .  The encour -  

a g i n g  t e s t  r e s u l t s  l e d  t o  t h e  d e c i s i o n  t o  t e s t  t h e  process on a  more rep resen-  

t a t i v e  s c a l e ,  t h e  p i  l o t - s c a l e  u n i t .  

The p i l o t - s c a l e  1SV sys tem was used t o  p rocess  8.9 m3 o f  s l u d g e  i n  t h r e e  

days. A schemat ic  of t h e  p i l o t - s c a l e  t e s t  se tup  i s  shown i n  F i g u r e  71. The 

process s u c c e s s f u l l y  m e l t e d  t h e  s l u d g e  t o  a  d e p t h  o f  3.0 m y  s i g n i f i c a n t l y  

r e d u c i n g  i t s  volume and d r i v i n g  m o i s t u r e  and a s s o c i a t e d  process e f f  1  uen ts  f rom 

t h e  s ludge.  

Because o f  t h e  e x t e n s i v e  c o n s o l i d a t i o n  o f  t h e  s l u d g e  ach ieved  d u r i n g  i n i -  

t i a l  s t a r t u p  a t t e m p t s ,  s o i l  and soda ash were added t o  t h e  s l u d g e  s u r f a c e  t o  

a c h i e v e  s u c c e s s f u l  p rocess  s t a r t u p .  The presence o f  t h e  s o i l  added t o  t h e  s u r -  

face of t h e  s l u d g e  accounts  f o r  83% o f  t h e  f i n a l  v i t r i f i e d  volume as de te rm ined  

by  i o n - c o u p l e d  plasma a n a l y s i s  o f  t h e  v i t r i f i e d  m a t e r i a l .  The f i n a l  b l o c k  

volume, as de te rm ined  by p h y s i c a l  measurements, i s  one t h i r d  o f  t h e  o r i g i n a l  

volume o f  t h e  s ludge.  I n  o t h e r  words, t h e  p rocess  a t t a i n e d  an e f f e c t i v e  

vo lume- reduc t ion  f a c t o r  o f  3.2, even w i t h  t h e  added s o i l  and soda ash. D i s -  

c o u n t i n g  t h e  m o l t e n  s o i l  volume, t h e  maximum a c h i e v a b l e  volume r e d u c t i o n  o f  t h e  

s l u d g e  would have been 18. The p i  l o t - s c a l e  t e s t  r e v e a l e d  no d e t r i m e n t a l  p r o c -  

e s s i n g  b e h a v i o r  as more s l u d g e  was i n c o r p o r a t e d .  T h e r e f o r e ,  we can conc lude  

t h a t  an i n d e f i n i t e  amount o f  s l u d g e  can be i n c o r p o r a t e d  i n t o  t h e  v i t r e o u s  mass 

once s t a r t u p  i s  a t t a i n e d ,  and t h e  h i g h e r  vo lume- reduc t ion  v a l u e  can be 

achieved.  

The a n a l y t i c a l  d a t a  r e v e a l e d  l o w  c o n c e n t r a t i o n s  o f  f l u o r i d e s ,  c h l o r i d e s ,  

and s u l f u r  i n  t h e  form o f  SO, and H2S d u r i n g  t h e  p i l o t - s c a l e  demons t ra t i on .  

Measured H2S c o n c e n t r a t i o n s  i n  t h e  o f f  gas were o n l y  a  f r a c t i o n  o f  SO2 



F I G U R E  71. B u r i e d  C u l v e r t  w i t h  Z i  r c o n i  a/Lime S ludge 

- 

c o n c e n t r a t i o n s  and were a lways be low t h e  t h r e s h o l d  l i m i t  v a l u e  o f  10  ppm f o r  

d i  r e c t  w o r k e r  exposure  (American Conference o f  Governmental I n d u s t  r i  a1 Hygi  en-  

i s t s  1984).  The maximum SO2 c o n c e n t r a t i o n  i n  t h e  o f f  gas was 66 ppm, wh ich  i s  

f a r  be low maximum p e r m i s s i b l e  a tmospher i c  em iss ions  o f  1000 ppm e s t a b l i s h e d  by  

l o c a l  government agenc ies  (Washington A d m i n i s t r a t i v e  Code). Even though  t h e  

r e t e n t i o n  o f  f l u o r i d e s  and c h l o r i d e s  i n  t h e  v i t r i f i e d  p r o d u c t  was between 85 

and 99% d u r i n g  p r o c e s s i n g ,  t h e  pe rcen tage  t h a t  v o l a t i l i z e d  f r o m  t h e  m e l t  

r e s u l t e d  i n  condensate  c o n c e n t r a t i o n s  r a n g i n g  f r o m  400 t o  8300 ppm. Because o f  

d i l u t i o n  due t o  a i r  i n l e a k a g e  i n t o  t h e  hood, however, t h e  maximum c o n c e n t r a t i o n  
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o f  c h l o r i d e  i n  t h e  o f f  gas was 15 ppm, wh ich  o c c u r r e d  d u r i n g  t h e  i n i t i a l  

s t a r t u p  phase. The c o n c e n t r a t i o n  o f  c h l o r i d e  i n  t h e  o f f  gas decreased t e n f o l d  

when s o i l  was used t o  a c h i e v e  s t a r t u p .  The a d d i t i o n a l  s o i l  i n c r e a s e s  t h e  d e p t h  

of s l u d g e  b e i n g  v i t r i f i e d ,  wh ich  improves r e t e n t i o n  o f  semivo l  a t i  l e  components, 

as d e s c r i b e d  e a r l i e r .  A l though  f l u o r i d e  was n o t  d e t e c t a b l e  i n  t h e  samp l ing  

system s o l u t i o n s  t o  de te rm ine  i t s  c o n c e n t r a t i o n  i n  t h e  o f f  gas, i t s  c o n c e n t r a -  

t i o n  i s  expec ted  t o  be s i m i l a r  t o  t h a t  o f  c h l o r i d e .  The o n l y  d e t e c t a b l e  con- 

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

phase w i t h o u t  s o i l  a d d i t i o n .  Again, i t s  c o n c e n t r a t i o n  can be reduced as demon- 

s t r a t e d  i n  t h e  p i l o t - s c a l e  d e m o n s t r a t i o n  by t h e  use o f  s o i l  d u r i n g  s t a r t u p .  

The l a r g e r  v i t r e o u s  mass a s s o c i a t e d  w i t h  t h e  s o i l  p r o v i d e s  l o n g e r  c o n t a c t  t i m e  

f o r  improved r e t e n t i o n  o f  F, C1, and S and improved d e s t r u c t i o n  o f  n i t r a t e s  and 

o r g a n i c s .  

As ide f r o m  t h e  waste  f o r m  c h a r a c t e r i s t i c s  d e s c r i b e d  p r e v i o u s l y ,  t h e  g l  ass 

and c r y s t a l l i n e  m a t e r i a l  produced by t h e  process a l s o  f i x e s  Rn-genera t i ng  i s o -  

t o p e s  i n  t h e  s ludge ,  namely 2 2 6 ~ a ,  i n t o  i t s  s t r u c t u r e .  T h i s  w i l l  reduce Ra 

emanat ion from t h e  v i t r i f i e d  s l u d g e  by a  f a c t o r  o f  more t h a n  10' when compared 

t o  n a t u r a l  s ludge.  A l though  Rn-emanation power f r o m  t h e  s l u d g e  v i t r i f i e d  i n  

t h i s  s t u d y  was n o t  determined,  s i m i l a r  s t u d i e s  w i t h  u ran ium m i l l  t a i l i n g s  w i t h  

much h i g h e r  Ra c o n c e n t r a t i o n s  showed t h a t  t h e  d i f f u s i b l e  Rn was reduced f r o m  

9% t o  0.003%. 

Hazardous Organ ics  

The ISV p rocess  has been e v a l u a t e d  f o r  p o t e n t i a l  a p p l i c a t i o n  t o  s o i l s  con- 

t a m i n a t e d  w i t h  hazardous o r g a n i c s ,  such as PCBs. An e n g i n e e r i n g - s c a l e  ISV t e s t  

w i t h  PCB-contaminated s o i l  has been s u c c e s s f u l l y  pe r fo rmed  f o r  t h e  E l e c t r i c  

Power Research I n s t i t u t e  (EPRI) t o  d e t e r m i n e  t h e  f a t e  o f  PCBs and t h e i r  byp rod -  

u c t s  when t h e  p rocess  i s  a p p l i e d  (Timmerman 1986). 

The EPRI PCB t e s t  was pe r fo rmed  u s i n g  t h e  e n g i n e e r i n g - s c a l e  ISV system 

equ ipped w i t h  an o f f - g a s  hood t o  m a i n t a i n  t h e  p rocess  under  a  s l i g h t  vacuum. 

Loamy-clay t y p e  s o i l  c o n t a i n i n g  500 ppm PCBs was p l a c e d  i n  a  20-cm-dia 

( 8 - i n . - d i a )  by  30-cm ( 1 - f t )  deep zone b e g i n n i n g  a t  t h e  25-cm d e p t h  between t h e  

f o u r  Mo e l e c t r o d e s .  F i g u r e  72 shows t h e  c o n f i g u r a t i o n  o f  t h e  e n g i n e e r i n g - s c a l e  

ISV system d u r i n g  t h e  EPRI PCB t e s t .  The t e s t  was pe r fo rmed  o v e r  a  6-h p e r i o d ,  
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F I G U R E  72. E n g i n e e r i n g - S c a l e  ISV System and Sample 
L o c a t i o n s  f o r  t h e  EPRI PCB T e s t  

ach ieved  a  dep th  o f  81 cm (32  i n . ) ,  and produced a  v i t r i f i e d  0.14-m3 ( 5 - f t 3 )  

b l o c k  t h a t  weighed 220 k g  (480 l b ) .  No o p e r a t i o n a l  problems were encoun te red  

d u r i n g  t h e  t e s t ,  and o n - l i n e  g rab  samp l ing  f o r  C1 and HC1 r e v e a l e d  l e s s  t h a n  

d e t e c t a b l e  q u a n t i t i e s  (<0.33 ppm and <0.2 ppm r e s p e c t i v e l y ) .  F o r  s a f e t y  and 

e n v i  ronmenta l  c o n t r o l ,  a  d u a l  -s tage a c t i v a t e d  carbon f i l t e r  was used t o  c o n t a i n  

any PCBs r e l e a s e d  t o  t h e  o f f - g a s  system. 

Samples c o l l e c t e d  t o  a n a l y z e  I S V  p r o c e s s i n g  e f f e c t s  on PCBs i n c l u d e d :  

1 )  o f f - g a s  emiss ions ,  2 )  r e s i d u e s  i n  o f f - g a s  1  i n e s  and con ta inmen t  equipment,  

3 )  m i g r a t i o n  t o  t h e  s o i l  s u r r o u n d i n g  t h e  b l o c k ,  and 4 )  t h e  r e s i d u a l  l e v e l  i n  

t h e  v i t r i f i e d  b l o c k .  Data f r o m  o f f - g a s  r e l e a s e  and s o i l  c o n t a i n e r  smears p r o -  

v i d e d  t h e  most q u a n t i t a t i v e  v a l u e s  on t h e  r e l e a s e  f r o m  t h e  m e l t  d u r i n g  and 



a f t e r  p rocess ing .  I n f o r m a t i o n  c o l l e c t e d  f r o m  t h e  f l o r i s i l  a d s o r p t i o n  tubes  and 

t h e  smear sample e x t r a c t i o n s  i n d i c a t e d  a  4.2 mg t o t a l  o f f - g a s  emiss ion ,  1.1 mg 

of wh ich  was d e p o s i t e d  on c o n t a i n e r  s u r f a c e s .  These o f f - g a s  r e l e a s e s  accoun t  

f o r  0.05 w t %  o f  t h e  i n i t i a l  PCB q u a n t i t y ,  c o r r e s p o n d i n g  t o  a  g r e a t e r  t h a n  99.9% 

the rma l  DRE f o r  t h e  ISV process.  T h i s  c a l c u l a t i o n  does n o t  account  f o r  t h e  

removal e f f i c i e n c y  o f  t h e  o f f - g a s  system; t h e r e f o r e ,  a  system DRE cannot be 

c a l c u l a t e d  f r o m  t h e  a v a i l a b l e  data .  A c t i v a t e d  carbon f i l t e r s  can e f f e c t i v e l y  

c o n t a i n  any o f  t h e s e  o f f - g a s  emiss ions,  however, t o  ach ieve  an o v e r a l l  DRE o f  

g r e a t e r  t h a n  99.9999%. 

The a n a l y s i s  o f  f l o r i s i l  a l s o  i n d i c a t e d  a  s m a l l  amount f u r a n  (PCDF) and 

d i o x i n  (PCDD) genera ted  i n  t o t a l  q u a n t i t i e s  o f  0.4 pg and 0.1 pg, r e s p e c t i v e l y .  

The PCDF was d e t e c t e d  o n l y  i n  t h e  t e t r a  and pen ta  isomers ,  w h i l e  t h e  PCDD was 

d e t e c t e d  o n l y  i n  t h e  hep ta  and o c t a  isomers .  However, t h e s e  sma l l  q u a n t i t i e s  

a r e  l e s s  t h a n  t h e  r e p o r t e d  amounts t y p i c a l l y  genera ted  by a  PCB f i r e  and do n o t  

r e p r e s e n t  a  hazardous o p e r a t i o n a l  concern.  

Sampl ing o f  t h e  v i t r i f i e d  mass showed no d e t e c t a b l e  r e s i d u a l  l e v e l  o f  

PCBs, wh ich  i s  t o  be expec ted  c o n s i d e r i n g  t h e  h i g h  p r o c e s s i n g  tempera tu res .  

A lso ,  no PCB c o n t a m i n a t i o n  was d e t e c t e d  i n  t h e  m a j o r i t y  o f  s o i l  s u r r o u n d i n g  t h e  

v i t r i f i e d  b l o c k ,  i n d i c a t i n g  t h a t  m i g r a t i o n  o u t s i d e  t h e  v i t r i f i c a t i o n  zone was 

n o t  a  s i g n i f i c a n t  problem. A  few samples d i r e c t l y  a d j a c e n t  t o  t h e  b l o c k  

c o n t a i n e d  measurable c o n c e n t r a t i o n s  up t o  0.7 ppm. These i n i t i a l  t e s t  d a t a  

i n d i c a t e  t h a t  t h e  v i t r i f i c a t i o n  r a t e  i s  h i g h e r  t h a n  t h e  d i f f u s i o n  r a t e  o f  v o l a -  

t i l i z e d  PCBs i n  s o i l ,  t h u s  overcoming m i g r a t i o n  away f r o m  t h e  h o t  m o l t e n  mass. 

Sea led C o n t a i n e r s  

Gas may be r e l e a s e d  r a p i d l y  f r o m  a  s e a l e d  c o n t a i n e r  i n  s o i l  t h a t  i s  b e i n g  

v i t r i f i e d .  C o n t a i n e r s  h o l d i n g  combust i  b l e s  can b u i l d  up p ressu re ,  and when 

t h e y  a r e  breached,  r e l e a s e  t h a t  p ressu re ,  w i t h  gases escap ing  t o  t h e  hood o v e r  

a  v e r y  s h o r t  t i m e  p e r i o d  ( a p p r o x i m a t e l y  two seconds).  

I n  some cases a f t e r  t h e  c o n t a i n e r  i s  breached, i t  may r e s e a l  i t s e l f .  As 

shown i n  F i g u r e  73, t h e  imperv ious ,  f u s e d  s o i l  l a y e r  t h a t  b o r d e r s  t h e  v i t r e o u s  

s o i l  becomes s e a l e d  t o  t h e  me ta l  c o n t a i n e r .  S ince  t h e  m e l t i n g  t e m p e r a t u r e  o f  

most s t e e l s  i s  near  1400°C and t h e  t e m p e r a t u r e  o f  t h e  p a r t i a l l y  f u s e d  zone i s  
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FIGURE 73. Gas Release f r o m  a  Sealed Me ta l  C o n t a i n e r  

l l O O ° C ,  t h e  me ta l  c o n t a i n e r  can p r o t r u d e  i n t o  t h e  fused  zone, t r a p p i n g  t h e  

gases i n s i d e  t h e  c o n t a i n e r .  However a t  t h e s e  tempera tu res ,  t h e  s t r e n g t h  o f  t h e  

c o n t a i n e r  w i l l  be reduced s u b s t a n t i a l l y .  When enough p r e s s u r e  i s  b u i l t  up, i t  

i s  p o s t u l a t e d  t h a t  t h e  f u s e d  zone c racks ,  r e l e a s i n g  gases i n t o  t h e  hood. 

T h e o r e t i c a l  gas r e 1  eases have been c a l c u l a t e d  f o r  v a r i o u s  geomet r i es  o f  

s e a l e d  me ta l  c o n t a i n e r s  t o  d e t e r m i n e  t h e  maximum gas r e l e a s e  r a t e  a f t e r  t h e  

f u s e d  zone has been breached.  Tab le  31 shows a  g r e a t e r  r e l e a s e  r a t e  w i t h  a  

19-L ( 5 - g a l )  b u c k e t  t h a n  w i t h  a  208-L ( 5 5 - g a l )  drum. T h i s  i s  because g r e a t e r  

p r e s s u r e  i s  r e q u i r e d  t o  breach t h e  fused  zone o v e r  t h e  na r rower  gap between t h e  

me ta l  s i d e s  of a  19-L bucke t ,  r e s u l t i n g  i n  a  h i g h e r  b u r s t  p r e s s u r e  and a  

g r e a t e r  gas r e l e a s e  r a t e .  

TABLE 31. C a l c u l a t e d  Re1 ease Rates  f r o m  Sealed Me ta l  C o n t a i n e r s  

B u r s t  Max. Gas 
Pressure ,  Re1 ease Rate,  

C o n t a i n e r  D ia ,  m  a  tm s t d  m3/min 

19-L (5 -ga l  ) b u c k e t  0.27 2  5  64 

34-L ( 1 0 - g a l )  b u c k e t  0.27 2  5  6  4  

208-L (55-ga l  ) drum 0.56 6  3  5  



Actua l  t e s t  da ta  i n d i c a t e  t h a t  d u r i n g  ISV p ressure  con ta i ne rs  w i l l  f a i l  a t  

pressures f a r  be1 ow t h e i r  atmospher ic b u r s t  pressure.  For  example, an aeroso l  

can t h a t  was p ressu r i zed  t o  over  300 p s i  be fo re  f a i l u r e  i n  a i r ,  f a i l e d  a t  

7.6 p s i  d u r i n g  ESLT-20. When f i l l e d  w i t h  50 rnL o f  water,  t h e  aeroso l  can 

reached a  peak p ressure  o f  o n l y  24.5 p s i  be fo re  f a i l i n g  d u r i n g  ESLT-21. To 

i n v e s t i g a t e  t h e  d e p r e s s u r i z a t i o n  c h a r a c t e r i s t i c s  o f  a  h i g h  i n t e g r i t y  con ta i ne r ,  

a  5-m-di a  ( 2 - i  n  . -d ia )  by 30-cm-long ( 1 - f t - l o n g )  Schedule 10 p i p e  w i t h  p l a t e s  

welded t o  t h e  ends was v i t r i f i e d  d u r i n g  PSCT-4. The h i g h  i n t e g r i t y  c o n t a i n e r  

had 17 mL o f  t r i c h l o r o t h y l e n e  as a  s imu la ted  hazardous waste gas generator .  

The dep ressu r i za t i on  o f  t h e  c o n t a i n e r  was a n t i c l i m a t i c ,  o c c u r r i n g  over  about a  

10-min per iod .  F i g u r e  74 shows t h e  d e p r e s s u r i z a t i o n  curve.  The depressur i  za- 

t i o n  h a l f - l i f e  d u r i n g  t h i s  t e s t  was h i ghe r  than  expected a t  about two minutes.  

The f a c t  t h a t  a c t u a l  b u r s t  pressures a r e  much l e s s  than  c a l c u l a t e d  f o r  l a r g e -  

s c a l e  des ign adds t o  t h e  conservat ism and s a f e t y  f a c t o r  o f  t h e  l a rge -sca le  sys-  

tem when v i t r i f y i n g  th rough  sea led  con ta i ne rs .  

" 
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FIGURE 74. Dep ressu r i za t i on  C h a r a c t e r i s t i c s  o f  a  High I n t e g r i t y  
Con ta iner  Dur ing  PSCT-4 



Sealed c o n t a i n e r s  t h a t  do n o t  c o n t a i n  combus t ib les  can a l s o  r e l e a s e  p r e s -  

s u r i z e d  gases when breached.  D u r i n g  PSCT-1, a  r a p i d  ( two-  t o  f i v e - s e c o n d )  

r e l e a s e  o f  gases exceed ing  hood vacuum was observed on t h r e e  o c c a s i o n s  f rom a  

19-L ( 5 - g a l  ) m e t a l  bucke t  c o n t a i n i n g  60 k g  of chemica ls  i n  n i t r a t e  form. Con- 

t a i n e r s  o f  m a t e r i a l  w i t h  a  h i g h  m o i s t u r e  c o n t e n t  can a l s o  r e l e a s e  w a t e r  vapor  

r a p i d l y .  The 220°C i s o t h e r m ,  wh ich  precedes t h e  v i t r e o u s  zone b y  -25 cm, can 

v a p o r i z e  v a p o r i z e  w a t e r  a t  25 atm p ressu re .  When t h e  c o n t a i n e r  i s  breached,  

t h e  w a t e r  vapor  can c r e a t e  a  gas r e l e a s e  t h a t  i s  comparable t o  t h e  r e l e a s e s  

l i s t e d  i n  Tab le  31. 

Note, however, t h a t  t h e  maximum p o s t u l a t e d  gas r e l e a s e  i s  w e l l  w i t h i n  t h e  
3  maximum d e s i g n  c a p a c i t y  o f  t h e  l a r g e - s c a l e  o f f - g a s  system o f  104 s t d  m  /min. 

T h e r e f o r e ,  as l o n g  as t h e  c o m b u s t i b l e  o r  v o i d  volumes i n s i d e  t h e  s e a l e d  con- 

t a i n e r s  meet t h e  c r i t e r i a  o u t l i n e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h e  ISV p rocess  i s  

des igned  t o  accommodate such r e l e a s e s .  Even though s e a l e d  c o n t a i n e r s  l i m i t  t h e  

app l  i c a b i  1  i ty  o f  t h e  p i  1  o t - s c a l e  o f f - g a s  system, t h e i  r presence does n o t  hamper 

t h e  o p e r a t i o n  o f  t h e  l a r g e - s c a l e  system. 

E x ~ l  o s i  ves 

The p a r t i a l  o r  f u l l  d e t o n a t i o n  o f  c h e m i c a l s  d u r i n g  ISV can r e s u l t  i n  t h e  

same u n d e s i r a b l e  e f f e c t s  l i s t e d  p r e v i o u s l y  i n  t h e  s e c t i o n  on c o m b u s t i b l e s .  

These e f f e c t s  may be more pronounced because t h e  chemica l  s t r u c t u r e s  o f  e x p l o -  

s i v e s ,  wh ich  i n c l u d e  o x i d i z e r s ,  cause them t o  r e a c t  much f a s t e r .  E x p l o s i v e s  

may e x i s t  as i n c l u s i o n s ,  as homogeneous m i  x t u r e s  w i t h i n  s o i  1 ,  as c h e m i c a l s  

w i t h i n  a  waste  c o n t a i n e r ,  o r  as m i l i t a r y  ordnance i t e m s .  The p r o b a b i l i t y  o f  

b u r i e d  m i  1  i t a r y - g r a d e  e x p l o s i  ves i n  TRU waste  s i t e s  i s  e x t r e m e l y  s m a l l  ; chemi - 
c a l  m i x t u r e s  such as o r g a n i c s  and n i t r a t e s  a r e  more l i k e l y .  

C o n d i t i o n s  t h a t  wou ld  n i t r a t e  o r g a n i c  wastes such as c o t t o n  r a g s  by  n i t r i c  

a c i d  a r e  v e r y  u n l i k e l y  a t  a  waste  s i t e .  To a c h i e v e  a  s i g n i f i c a n t  degree o f  

n i t r a t i o n ,  a  h y d r o p h i l i c  agen t  such as s u l f u r i c  a c i d  must be p r e s e n t  s i n c e  t h e  

f i n a l  degree o f  n i t r a t i o n  i s  s t r o n g l y  dependent on t h e  f i n a l  w a t e r  c o n c e n t r a -  

t i o n  e q u i  1  i b r i u m  (Chedin,  T r i  b o t  , and Feneant 1948; Doree 1933; O t t  e t  a1 . 
1947) .  W i t h o u t  such an agent ,  l e s s  t h a n  o n e - t h i r d  o f  t h e  h y d r o x i d e  s i t e s  on 

c o t t o n  can become n i t r a t e d ,  even when c o n c e n t r a t e d  72% n i t r i c  a c i d  i s  p r e s e n t .  



The b u r i a l  o f  m i l i t a r y  exp los i ves  would be i n  v i o l a t i o n  o f  t h e  U.S. Army 

AMC Regu la t ion  Sa fe t y  Manual (U.S. Army 1970), which s t a t e s  t h a t  c o l l e c t e d  

exp los i ves  and chemical  wastes must no t  be disposed o f  by be ing  bu r i ed .  The 

U.S. m i l i t a r y  o rgan i za t i ons  d ispose o f  su rp l us  exp los i ves  by burn ing .  Never- 

t h e l e s s ,  even though i t  would be very  poor p r a c t i c e  t o  bury  s u r p l u s  b u l k  

exp los i ves  w i t h  r a d i o a c t i v e  waste, t h e  p o s s i b i  1  i t y  e x i s t s .  An a n a l y s i s  was 

per formed t o  determine t h e  e f f e c t s  o f  ISV on e x p l o s i v e  i n c l u s i o n s  and m ix tu res  

w i t h i n  t h e  waste, u s i n g  m i  1  i ta ry -g rade  exp los i ves  as t h e  worst  case. Descr i  p-  

t i o n s  o f  these  exp los i ves  a re  g iven  i n  M i l i t a r y  Exp los ives ,  U.S. Army Manual 

TM 9-1300-214 (U.S. Army 1967). 

The hazards assoc ia ted  w i t h  t h e  excava t ion ,  t r a n s p o r t a t i o n ,  and i n c i n e r a -  

t i o n  o f  d r y  humus s o i l  contaminated w i t h  TNT and/or R D X  have been assessed by 

Ki rshenbaum (1982). Exp los i  ve/so i  1  m i x tu res  were sub jec ted  t o  impact,  f r i  c -  

t i o n ,  e l e c t r o s t a t i c  shock, and f lame s e n s i t i v i t y  t e s t s .  Contaminated s o i l  mix-  

t u r e s  f r om  t h e  Alabama Army Ammunition P lan t ,  U m a t i l l a  Army Depot, Lou is iana  

Army Arnrnuni t i  on P lan t ,  and Savannah Army Depot were a l s o  assessed. K i  rshenbaum 

determined t h a t  s o i l  c o n t a i n i n g  up t o  25 w t %  TNT and/or RDX can be excavated, 

t r anspo r t ed ,  and i n c i n e r a t e d  s a f e l y .  S o i l  c o n t a i n i n g  >10 wt% o f  t h e  exp los i ves  

i s  thermal  l y  r e a c t i v e ,  which i n d i c a t e s  t h a t  such m i  x t u r e s  uncon f ined  c o u l d  burn  

when heated t o  175 t o  200°C. Th i s  would i n d i c a t e  t h a t  s o i l  c o n t a i n i n g  a  homo- 

geneous d i s t r i b u t i o n  o f  >10 w t %  up t o  25 w t %  exp los i ves  w i l l  behave s i m i l a r l y  

t o  o t h e r  combust ib le  waste s i t e s  and can be v i t r i f i e d  s a f e l y .  

Exp los ives  can p a r t i a l l y  o r  f u l l y  de tona te  by t h r e e  mechanisms: 1 )  s e l f -  

h e a t i n g  when h e l d  a t  o r  above a  minimum c r i t i c a l  temperature f o r  a  p e r i o d  o f  

t i m e ;  2 )  r a p i d  h e a t i n g  o f  an encased o r  con f i ned  exp los i ve ;  and 3)  p r e s s u r i z a -  

t i o n  caused by an impact o r  shock wave. 

The minimum c r i t i c a l  temperature f o r  de tona t i on  depends upon t h e  composi- 

t i o n ,  s i ze ,  and concen t ra t i on  o f  an exp los i ve .  As shown i n  F i g u r e  75, when t h e  

d iameter  o f  a  s p e c i f i c  e x p l o s i v e  inc reases ,  t h e  c r i t i c a l  temperature decreases 

(Dobratz 1981). D i l u t i o n  o f  an e x p l o s i v e  w i t h  s o i l  w i l l  i n c rease  t h e  c r i t i c a l  

temperature o r  t h e  s i z e  o f  e x p l o s i v e  r e q u i r e d  f o r  an exp los i on  a t  a  g i ven  

temperature.  
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F I G U R E  75. The E f f e c t  o f  Charge Diameters  on C r i t i c a l  Temperatures  f o r  Some -- 
Pure E x p l o s i v e s  (Dobra tz  1981) 

H igh  e x p l o s i v e s ,  wh ich  i n c l u d e  ammonium n i t r a t e ,  ammonium p e r c h l o r a t e ,  

Compos i t i on  A, Compos i t i on  6, H-6, HMX, l e a d  az ide ,  l e a d  s t y p h n a t e ,  NC, 

Pent01 i t e ,  PETN, p i  c r i c  a c i d ,  RDX, T e t r y l  , and TNT, w i  11 decompose c o m p l e t e l y  

a t  t e m p e r a t u r e s  <400°C (Dobra tz  1981).  A1 1  t h e s e  e x p l o s i v e s  t y p i c a l  l y  me1 t 80 

t o  200°C be low t h e i r  decompos i t i on  tempera tu res .  D u r i n g  I S V ,  s o i l  be low t h e  

advanc ing  m o l t e n  zone i s  hea ted  t o  100°C, where i t  remains  u n t i l  a l l  m o i s t u r e  

has evapora ted  ( a p p r o x i m a t e l y  two h o u r s ) .  Once d r y ,  t h e  s o i l  h e a t s  a t  a  r a p i d  



r a t e  o f  -lO°C/niin u n t i l  i t  fuses i n t o  t h e  mol ten zone. A t  t h i s  h e a t i n g  r a t e ,  

e x p l o s i v e  i n c l u s i o n s  t h a t  a re  no t  con ta ined  would me l t ,  soak i n t o  t h e  sur round-  

i n g  s o i l ,  and decompose r a t h e r  than  s e l f - h e a t  t o  a  de tona t ion .  Unmelted exp lo -  

s i v e s  w i t h  a  c r i t i c a l  temperature o f  < l O O ° C  cou ld  detonate d u r i n g  t h e  t i m e  t h a t  

t h e  s o i l  mo i s tu re  i s  evapora t ing .  Thus t h e  p r o b a b i l i t y  o f  a  de tona t i on  w i t h i n  

a  d isposa l  s i t e  i s  reduced s i g n i f i c a n t l y  i f  t h e  exp los i ve  has a  c r i t i c a l  tem- 

p e r a t u r e  > l O O ° C .  Even a  moderate ly  s t a b l e  e x p l o s i v e  such as PETN w i l l  n o t  have 

a  c r i t i c a l  temperature as low as 100°C un less t h e  charge i s  g r e a t e r  t han  

0.6 ni d i a .  The p r o b a b i l i t y  o f  such an i n c l u s i o n  i s  ex t reme ly  sma l l .  Contained 

exp los i ves  l o c a t e d  t o  t h e  s i d e  o f  t h e  ISV me l t  zone, however, cou ld  soak f o r  a  

s u f f i c i e n t  t i m e  above t h e  c r i t i c a l  temperature t o  cause a  de tona t ion .  

O f f  gases produced by t h e  decomposi t ion o r  de tona t i on  o f  exp los i ves  such 

as TNT o r  HMX a re  no t  t o x i c  because t h e y  a re  mos t l y  N2, NOx, H20, C02, and CO, 

which can be e a s i l y  t r e a t e d  by conven t iona l  o f f - gas  equipment. An a1 k a l i n e  

s o i l  w i l l  a c t  t o  absorb some o f  t h e  n i t r i c  ox ides.  The gas volume generated by 

TNT and HMX ranges f rom 0.65 t o  0.80 rn3/kg of exp los ive .  

I n t a c t  ordnance i tems p resen t  a  more se r i ous  de tona t i on  p o t e n t i a l .  Bombs 

and s h e l l s  explode i n  a  few minutes i n  a  f u e l  f i r e ,  u s u a l l y  showing p a r t i a l ,  if 

n o t  f u l l ,  de tona t ion .  F u l l  o r  p a r t i a l  de tona t i on  o f  a  225-kg bomb i n  a  sha l l ow  

l a n d  b u r i a l  t r e n c h  would almost c e r t a i n l y  breach t h e  sur face.  For  an ISV s o i l  

h e a t i n g  r a t e  o f  10°C/min, a  h i g h - i n t e g r i t y  ordnance i t e m  would exp lode b e f o r e  

t h e  s o i l  around i t  was fused;  t h e r e f o r e ,  bo th  s o i l  p a r t i c l e s  and mol ten g l ass  

would be e j e c t e d  f rom t h e  t rench .  Ordnance i tems t h a t  a re  t ouch ing  o r  t h a t  a r e  

w i t h i n  a  c r i t i c a l  d i s t a n c e  apa r t  w i  11 a l s o  undergo sympathet ic  de tona t i on  due 

t o  shock p r e s s u r i z a t i o n .  

A l l  p o s s i b l e  exp los i ves  have n o t  been eva luated,  so t h e  genera l  s a f e t y  o f  

p rocess ing  pure exp l  o s i  ves and exp l  o s i  ve /so i  1  m i x tu res  by ISV has no t  been 

f u l l y  es tab l i shed .  A d d i t i o n a l  work i s  recommended t o  adequate ly  address l i m i -  

t a t i  ons t o  v i t r i f y i n g  so i  1  t h a t  con ta i ns  exp l  o s i  ve chemical m i x tu res  . It can 

be s t a t e d  t h a t  w i t h o u t  p roper  p recau t ions ,  ISV shou ld  n o t  be a p p l i e d  t o  s i t e s  

t h a t  c o n t a i n  o r  have t h e  p o t e n t i a l  o f  c o n t a i n i n g  i n t a c t  ordnance i tems.  



C r i t i c a l i t y  

T r a n s u r a n i c  r a d i o n u c l i d e s  t h a t  e m i t  n e u t r o n s  may reach c r i t i c a l  i t y  if t h e y  

a r e  s u f f i c i e n t l y  c o n c e n t r a t e d  o r  i f  t h e  modera t i on  p r o p e r t i e s  o f  t h e  waste  s i t e  

become s u i t a b l y  a l t e r e d .  Because ISV changes t h e  p h y s i c a l  and chemica l  n a t u r e  

of t h e  waste, t h e  p o t e n t i a l  f o r  c r i t i c a l i t y  was eva lua ted .  

T ransu ran i  c  e l  ements capab le  o f  s u s t a i n i n g  a  n u c l e a r  c h a i n  r e a c t i o n  t h a t  

a r e  common t o  waste  s i t e s  a r e  l i s t e d  i n  Tab le  32 w i t h  t h e i r  e s t i m a t e d  s u b c r i t i -  

c a l  mass l i m i t s  (ANSI 1975; ANSI 1982; C l a y t o n  1979). Tab le  33 shows t h e  r a d i -  

o n u c l i d e  c o n t e n t  o f  TRU waste  t h a t  i s  b u r i e d  a t  Han fo rd  and INEL. The mass o f  

t h e  TRU e lements  t h a t  a r e  b u r i e d  a t  t h e s e  two  s i t e s  accoun ts  f o r  96% of a l l  

b u r i e d  TRU e lements  i n  t h e  U n i t e d  S t a t e s  (U.S. DOE 1985).  S i n c e  2 3 9 ~ u  accoun ts  

f o r  t h e  g r e a t e s t  f r a c t i o n  o f  f i s s i o n a b l e  r a d i o n u c l i d e s  a t  TRU waste  s i t e s ,  and 

a l s o  has one o f  t h e  s i m i l a r  s u b c r i t i c a l  mass l i m i t s ,  t h e  c r i t i c a l i t y  a n a l y s i s  

p r e s e n t e d  i n  t h i s  s e c t i o n  i s  based on t h e  e f f e c t s  o f  ISV on t h i s  i s o t o p e .  

TABLE 32. E s t i m a t e d  S u b c r i t i c a l  Mass L i m i t s  f o r  Va r ious  TRU N u c l i d e s  

Radi onuc l  i d e s  ( b )  

233u 

2 3 7 ~ p  

* 38pu 

239pu 

2 4 0 ~ u  

241pu 

242pu 

241~m 

S u b c r i t i c a l  Mass ~ i m i t  , ( a )  
kg  (as  m e t a l )  

Water S t e e l  
R e f l e c t o r  R e f l e c t o r  

7  - - 
3  0  20 

4 3 

5  - - 
20 15 

6  - - 
60 40 

24 16 

( a )  Assumes s p h e r i c a l  geomet r i es  and o p t i m a l  
modera t i on  (ANS 1975; ANS 1982; C l a y t o n  1979). 

( b )  Those found  i n  s i g n i f i c a n t  q u a n t i t i e s  i n  
TRU waste. 



TABLE 33. Radionuc i e  C o n c e n t r a t i o n  of B u r i e d  TRU Waste a t  Han fo rd  
and INEL 1 a7 

Han fo rd  

I s o t o p e  % 

238pu 0.01 

2 3 9 ~ u  93.89 

240pu 5.74 

241 PU 0.34 

242pu 0.02 

241~m 0.00 

I NEL 

( a )  U.S. DOE 1985. 

An i m p o r t a n t  f a c t o r  a f f e c t i n g  t h e  c r i t i c a l i t y  p o t e n t i a l  o f  TRU waste  

t r e n c h e s  d u r i n g  ISV i s  t h e  amount and degree o f  n e u t r o n - a b s o r b i n g  and n e u t r o n -  

r e f l e c t i n g  m a t e r i a l  n e a r  t h e  f i s s i o n a b l e  m a t e r i a l .  It i s  known t h a t  d u r i n g  ISV 

a t  l e a s t  f o u r  changes o c c u r  t h a t  m i g h t  cause changes i n  t h e  n e u t r o n  r e f l e c -  

t i o n / a b s o r p t i o n  p r o p e r t i e s  o f  t h e  waste  s i t e :  

S o i l  d e n s i f i e s  and becomes g l a s s l i k e .  

Organ ics  and combus t ib les  p y r o l y z e  and a r e  r e l e a s e d  f r o m  t h e  me1 t. 

Water evapora tes  o u t  o f  t h e  m e l t  area. 

Me ta l  m e l t s  and s e t t l e s  t o  t h e  b o t t o m  o f  t h e  m e l t  zone, l e a v i n g  most  

o f  t h e  v i t r i f i e d  area f r e e  o f  me ta l .  

C r i t i c a l  l i m i t s  have been c a l c u l a t e d  f o r  Han fo rd  s o i l  t h a t  c o n t a i n s  Pu 

(Ridgway and C a r t e r  1972). These c a l c u l a t i o n s  were f o r  s o i l  w i t h  30 and 

40 v o l %  v o i d  space c o n t a i n i n g  Pu and w a t e r  w i t h i n  t h e  v o i d .  The minimum c r i t i -  

c a l  mass i s  t h a t  mass o f  Pu t h a t  i s  r e q u i r e d  t o  reach a  c r i t i c a l  c o n f i g u r a t i o n  

under  o p t i m a l  c o n d i t i o n s ,  and i s  g r e a t e r  t h a n  t h e  s u b c r i t i c a l  mass l i m i t  d i s -  

cussed e a r l i e r .  The minimum c r i t i c a l  a rea c o n c e n t r a t i o n  i s  t h e  minimum Pu mass 

p e r  u n i t  a rea  i n  an i n f i n i t e  s l a b  t h a t  i s  r e q u i r e d  t o  a c h i e v e  c r i t i c a l i t y ,  

assuming a  homogeneous Pu d i s t r i b u t i o n  w i t h i n  a  s l a b  o f  o p t i m a l  t h i c k n e s s .  



The minimum c r i t i c a l  mass f o r  Pu (97  w t %  2 3 9 ~ u  and 3  w t %  2 4 0 ~ u )  i n  s o i l  

t h a t  i s  f u l l y  s a t u r a t e d  w i t h  w a t e r  i s  g i v e n  i n  Tab le  34 f o r  t h r e e  d i f f e r e n t  

degrees of  r e f l e c t i o n .  W a t e r - s a t u r a t e d  s o i l  i s  assumed as a  w o r s t  case s i n c e  

t h e  minimum c r i t i c a l  mass i s  s m a l l e s t  when f u l l y  r e f l e c t e d .  A l l  o f  t h e  minimum 
3  c r i t i c a l  masses o c c u r  i n  t h e  Pu c o n c e n t r a t i o n  range o f  10 t o  20 kg/m . As a  

c o n s e r v a t i v e  measure, t h e  minimum c r i t i c a l  mass i n  Hanford  s o i l  i s  assumed t o  

be 1.7 kg, t h e  v a l u e  f o r  40% v o i d  space and f u l l  w a t e r  r e f l e c t i o n .  

The m e l t i n g  p rocess  d u r i n g  ISV a c t u a l l y  causes t h e  2 3 9 ~ u  minimum c r i t i c a l  

mass t o  i n c r e a s e  because w a t e r  i s  removed. Once t h e  m o i s t u r e  has evapora ted ,  

t h e  minimum c r i t i c a l  mass i n c r e a s e s  t o  t h a t  o f  a  d r y  sphere  of Pu02. The sub- 

c r i t i c a l  l i m i t  f o r  an o x i d e  sphere  i s  10.2 k g  Pu (11.5 k g  as o x i d e ) .  T h i s  

v a l u e  i s  f o r  w a t e r - r e f l e c t e d  o x i d e  spheres  a t  optimum c o n d i t i o n s .  

The minimum c r i t i c a l  a r e a l  c o n c e n t r a t i o n  f o r  Pu i n  Han fo rd  s o i l  i s  abou t  

2.9 kg/m2 f o r  f u l l  w a t e r  r e f l e c t i o n .  The c o n c e n t r a t i o n  a t  wh ich  t h i s  o c c u r s  i s  

about  8 kg/m5 f o r  an i n f i n i t e  s l a b  abou t  36-cm t h i c k .  As a c o n s e r v a t i v e  meas- 

u r e ,  t h e  recommended o p e r a t i o n a l  l i m i t s  o f  ISV a t  s i t e s  c o n t a i n i n g  Pu a r e  s e t  

a t  one t h i r d  t h e  c r i t i c a l  l i m i t s .  A waste  s i t e  s h o u l d  be c a p a b l e  o f  v i t r i f i c a -  

t i o n  i f  i t  has an a r e a l  Pu c o n c e n t r a t i o n  o f  ~ 1 . 0  kg/m2 (33% o f  t h e  2.9 kg/m 2  

c r i t i c a l  a r e a l  c o n c e n t r a t i o n )  w i t h  no mechanisms o f  1  a t e r a l  c o n c e n t r a t i o n ,  o r  

i f  i t  c o n t a i n s  a t o t a l  Pu mass ~ 0 . 6  k g  (33% o f  t h e  1.7 k g  minimum c r i t i c a l  

mass). 

TABLE 34. Minimum C r i t i c a l  Mass o f  P l u t o n i u m  i n  Wate r -Sa tu ra ted  S o i l  

Minimum C r i t i c  1  
Mass, k g  Pu (a! 

30 Vo l% 40 Vo l% 
R e f l e c t i o n  S o i l  Vo id  S o i l  Vo id  

U n r e f l  e c t e d  4.1 3.0 

2.54 cni w a t e r  3.2 2.3 

F u l l  w a t e r  r e f l e c t e d  2.4 1.7 

( a )  97 w t %  2 3 9 ~ u  (Ridgway and C a r t e r  1972). 



When f i s s i l e  and o r g a n i c  m a t e r i a l s  d e n s i f y  p r i o r  t o  c o m b u s t i b l e  decomposi- 

t i o n ,  t h e i r  p o t e n t i a l  f o r  c r i t i c a l i t y  i n c r e a s e s .  P lu ton ium has a  s m a l l e r  m i n i  - 
mum c r i t i c a l  mass when moderated by m a t e r i a l s  w i t h  h i g h e r  H d e n s i t i e s  t h a n  

wa te r .  I n  p a r t i c u l a r ,  p o l y e t h y l e n e  as a  modera to r  r e s u l t s  i n  a  minimum c r i t i -  

c a l  mass o f  0.36 k g  (Thompson 1977). Bo th  p o l y e t h y l e n e  and p o l y p r o p y l e n e  a r e  

commonly d i s c a r d e d  i n  TRU waste  as bags, g loves ,  b o t t l e s ,  e t c .  Normal s t o r a g e  

o f  t h e s e  i t e m s  r e s u l t s  i n  a  l o w  modera to r  d e n s i t y  i n  waste  c o n t a i n e r s  and pack-  

ages. H e a t i n g  d u r i n g  ISV may cause t h e s e  m a t e r i a l s  t o  m e l t  and c o l l e c t  i n  a  

more dense f o r m  a t  t h e  bo t tom o f  t h e  waste  c o n t a i n e r .  The p o t e n t i a l  r e s u l t  i s  

a  near-opt imum d i s t r i b u t i o n  o f  Pu i n  t h e  o r g a n i c  modera to r  b e f o r e  t h e  ISV p r o c -  

ess can decompose t h e s e  m a t e r i a l s  and d r i v e  o f f  t h e  H. T h i s  phenomenon, 

a l t h o u g h  h i g h l y  u n l i k e l y ,  c o u l d  o c c u r  a t  t empera tu res  under  300°C. The minimum 
2 c r i t i c a l  a r e a l  c o n c e n t r a t i o n  f o r  Pu decreases t o  2.4 kg/m f o r  a p o l y e t h y l e n e  

r e f l e c t e d  system. The s a f e  ISV o p e r a t i n g  l i m i t  becomes 0.8 kg/m2 (33% o f  
2 2.4 kg/m ) when l a r g e  q u a n t i t i e s  o f  hydrogenated o r g a n i c s  l i k e  p o l y e t h y l e n e  a r e  

p r e s e n t  i n  drums o r  o t h e r  waste  c o n t a i n e r s .  

Mechanisms f o r  P l u t o n i u m  C o n c e n t r a t i o n  

P l u t o n i u m  c o n c e n t r a t i o n  mechanisms become i m p o r t a n t  i f  t h e  a r e a l  Pu con- 

c e n t r a t i o n  1  i m i t s  1  i s t e d  i n  t h e  p r e v i o u s  s e c t i o n  a r e  exceeded. Severa l  mecha- 

n isms have been i d e n t i f i e d  and e v a l u a t e d :  

Va r ious  TRU r a d i o n u c l i d e s  i n  ISV g l a s s  may become i n s o l u h l e ,  a l l o w i n g  

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

Dense TRU o x i d e  p a r t i c l e s  may s e t t l e  t o  t h e  m e l t  bot tom. 

Reducing c o n d i t i o n s  i n  t h e  m o l t e n  zone may reduce some f i s s i o n a b l e  

compounds t o  t h e i r  m e t a l l i c  s t a t e  and subsequen t l y  cause them t o  s e t -  

t l e  a t  t h e  m e l t  bo t tom i n  a  more c o n c e n t r a t e d  form. 

A l though  Pu may e n t e r  t h e  waste  s i t e  as a  s u l f a t e ,  n i t r a t e ,  h y d r o x i d e ,  

h a l i d e ,  o r  ca rbona te ,  most  Pu i n  TRU waste  i s  c o n v e r t e d  t o  an o x i d e  d u r i n g  ISV 

h e a t i n g  because p l u t o n i u m  o x i d e s  a r e  h i g h l y  s t a b l e .  P l u t o n i u m  ( I V )  s i l i c a t e  i s  

a l s o  v e r y  s t a b l e ;  e.g., i f  any Pu02 r e a c t i o n  occu rs  d u r i n g  ISV, i t  w i l l  be t o  

i n c o r p o r a t e  t h e  Pu i n t o  t h e  s i l i c a t e  m a t r i x .  



Reduct ion o f  Pu f rom t h e  ox i de  t o  t h e  m e t a l l i c  fo rm d u r i n g  ISV i s  n o t  

thermodynamica l ly  f avo rab le .  An examinat ion o f  t h e  s tandard f r e e  energy o f  

f o rma t i on  o f  va r i ous  ox ides  as a  f u n c t i o n  o f  temperature (see F i g u r e  76) shows 

t h a t  bo th  U  and Pu a re  h i g h l y  e l e c t r o p o s i t i v e  meta ls  w i t h  s t a b l e  o x i d e  forms. 

Th is  i s  u s u a l l y  t h e  case w i t h  o t h e r  a c t i n i d e  elements as w e l l .  Other major  

ox ides  i n  t h e  s o i l  ( i n c l u d i n g  Fe2o3, Si02, and Al2O3) a re  thermodynamica l ly  

more l i k e l y  t o  be reduced t o  t h e i r  e lementa l  forms than  Pu02 o r  U03. 

Based on known Pu02 s o l u b i l i t i e s  i n  HLW glasses, s o l u b i l i t y  l i m i t s  a re  n o t  

expected t o  be exceeded d u r i n g  ISV o f  any TRU waste s i t e .  H igh - l eve l  waste 

g lasses,  which a re  very  s i m i l a r  t o  ISV g lass ,  have recorded Pu02 s o l u b i l i t i e s  

h i g h e r  than  2% ( S c h e f f l e r  e t  a l .  1977). Th is  s o l u b i l i t y  l i m i t  i s  over  10 t imes  

g r e a t e r  than  t h e  h i ghes t  Pu c o n c e n t r a t i o n  a t  any TRU-contaminated s o i l  s i t e ,  

w i t h  t h e  excep t i on  o f  two o r  t h r e e  reve rse  w e l l s  a t  Hanford. 

The thorough convec t i ve  m i x i ng  t h a t  i s  c h a r a c t e r i s t i c  of I S V  i s  expected 

t o  d i l u t e  any zones o f  h i g h  Pu concen t ra t i on ,  f u r t h e r  reduc ing  t h e  p o t e n t i a l  

f o r  a  c r i t i c a l i t y .  Th is  was v e r i f i e d  i n  a c t u a l  ISV t e s t s  where s imu la ted  waste 

m a t e r i a l  was sp i ked  w i t h  r a r e  e a r t h  elements (Ce, La, and Nd), which a r e  

expected t o  behave s i m i l a r l y  t o  Pu. An example o f  a  t y p i c a l  d i s t r i b u t i o n  p a t -  

t e r n  i s  p rov i ded  i n  F i g u r e  76. Th is  sampl ing i n f o r m a t i o n  i l l u s t r a t e s  t h a t  Ce 

became u n i f o r m l y  d i s t r i b u t e d  l a t e r a l l y  th roughou t  t h e  b lock .  Th i s  u n i f o r m  d i  s -  

t r i b u t i o n  o f  t h e  r a r e  e a r t h s  suggests t h a t  a c t i n i d e s  such as Pu would no t  

m ig ra te .  The d i s t r i b u t i o n  o f  Ce and o t h e r  elements a i d s  i n  d i s p e l l i n g  t h e  con- 

cerns about s e l e c t i v e  m i g r a t i o n  e f f e c t s .  

Concen t ra t ion  by s e t t l  i n g  o f  und i sso l ved  Pu02 d u r i n g  ISV i s  cons idered  

u n l i k e l y  f o r  two bas i c  reasons: 1 )  t h e  ISV m e l t  advances a t  a  ve ry  s low r a t e ,  

(10 cm/h, so t h a t  any Pu02 i n  t h e  upper p a r t  o f  t h e  m e l t  w i l l  have a  l o n g  t i m e  

t o  d i s s o l v e  be fo re  i t  can concen t ra te  i n  s i g n i f i c a n t  amounts w i t h  Pu02 deeper 

i n  t h e  waste s i t e ;  and 2)  Pu02 i s  t y p i c a l l y  a  f i n e  powder t h a t ,  even if i t  

remained und i  s so l  ved, w i  11 become tho rough l y  m i  xed w i t h i n  t h e  g l ass  by t h e  

c h a r a c t e r i s t i c a l l y  s t r o n g  convec t i ve  c u r r e n t s .  
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ECONOMIC ANALYSIS 

T h i s  s e c t i o n  p r e s e n t s  an economic a n a l y s i s  o f  ISV based on a  l a r g e - s c a l e  

system a t  a  t y p i c a l  s i t e  w i t h  a  contaminated zone t h a t  i s  90-m l o n g  x  30-m 

w ide  x 5-m deep. [A p r e v i o u s  s t u d y  (Oma e t  a l .  1983) showed t h e  s c a l i n g  and 

economic e f f i c i e n c y  o f  t h e  l a r g e - s c a l e  system compared t o  o t h e r  s m a l l e r  s c a l e  

systems .] The economic a n a l y s i s  compares t h e  c o s t s  o f  v i t r i f y i n g  t h r e e  

s p e c i f i c  wastes w i t h  v a r i o u s  p r o c e s s i n g  f a c t o r s .  The t h r e e  wastes a r e  TRU- 

con tamina ted  s o i l ,  s o i l  con tamina ted  w i t h  hazardous chemica ls ,  and wet i n d u s -  

t r i a l  s ludge.  The p r o c e s s i n g  f a c t o r s  i n c l u d e  t h e  e f f e c t s  o f  s o i l  m o i s t u r e  

c o n t e n t s  of 5  and 25% and power and l a b o r  r a t e s ,  e t c .  

The waste t y p e s  and p r o c e s s i n g  f a c t o r s  were combined t o  d e r i v e  f o u r  con- 

f i g u r a t i o n s  f o r  compar ison o f  t h e  d i f f e r e n c e s  between r a d i o a c t i v e  and hazardous 

chemica l  waste o p e r a t i o n a l  c o s t s  and t h e  e f f e c t  o f  s o i l  m o i s t u r e  c o n t e n t  on 

p r o c e s s i n g  c o s t s .  The f o u r  c o n f i g u r a t i o n s  a re :  

r a d i o a c t i v e  waste i n  s o i l  t h a t  has a  5% m o i s t u r e  c o n t e n t  

r a d i o a c t i v e  waste i n  s o i l  t h a t  has a  25% m o i s t u r e  c o n t e n t  

hazardous chemical  waste i n  s o i l  t h a t  has a  5% m o i s t u r e  c o n t e n t  

hazardous chemical  waste i n  s o i  1  t h a t  has a  25% m o i s t u r e  c o n t e n t .  

Each ISV c o n f i g u r a t i o n  has a s s o c i a t e d  c o s t s  t h a t  f a l l  i n t o  f o u r  c a t e g o r i e s :  

s i t e  a c t i v i t i e s ,  equipment requ i remen ts ,  o p e r a t i o n s ,  and consumable s u p p l i e s .  

Each of t h e s e  c o s t  c a t e g o r i e s  and i t s  i n d i v i d u a l  components (see Tab le  35) a r e  

d e s c r i b e d  i n  t h e  a p p r o p r i a t e l y  t i t l e d  subsec t i ons .  (Some of t h e  components a r e  

n o t  i n c l u d e d  i n  t h e  c o s t  o f  eve ry  c a n f i  cJuration. ) ( a )  

A d d i t i o n a l  subsec t i ons  d i s c u s s  t h e  f i n a n c i n g  consequences o f  f e d e r a l  and 

commerci a1 ownersh ip  o f  ISV equ i  pment and p r e s e n t  t h e  c o s t  e s t i m a t e s  a s s o c i a t e d  

w i t h  imp lemen t ing  each o f  t h e  f o u r  c o n f i g u r a t i o n s .  The c o s t s  a r e  summarized 

and compared i n  t a b u l a r  form. A  wet i n d u s t r i a l  s l u d g e  t e s t  i s  rev iewed  

b r i e f l y .  

( a )  Fo r  example, each c o n f i g u r a t i o n  would r e q u i r e  e i t h e r  power l i n e s  f rom t h e  
neares t  source o r  a  p o r t a b l e  genera to r ,  b u t  n o t  bo th .  



TABLE 35. Ma jo r  Components o f  t h e  ISV Costs  

- S i t e  A c t i v i t i e s  - 
T r a n s p o r t i n g  equipment t o  and from s i t e  
C l e a r i n g  v e g e t a t i o n  
Rough g r a d i n g  
Removi ng overburden 
A c q u i r i n g  and a p p l y i n g  b a c k f i  11 m a t e r i a l  

Opera t i ons  - - -- 

Process p r e p a r a t  i ons 

D r i  11 h o l  es and p l  ace e l e c t r o d e s  
Spread g r a p h i t e  s t a r t e r  m a t e r i a l  
P o s i t  i on f rame and hood, secure  e l  e c t  rodes 
Connect power c a b l  es and o f f  -gas 1  i ne 
V i  t r i  fy 
D isconnec t  power c a b l e s  and o f f - g a s  l i n e  
Hood f i x a t  i on 
Remove f rame and hood 
B a c k f i  11 v i t r i f i e d  a rea  
Move power c a b l e s  f o r  n e x t  s e t t i n g  

P rocess i  ng 

O f f  -gas t r e a t m e n t  system 
Power system 

Equi pment -- 
Power 

P o r t a b l e  g e n e r a t o r  
Power 1  i nes 
S u b s t a t i o n  
Power c a b l  es 

Mechanical  

El  e c t  rode  f rame and hood 
D r i  11 i ng machi n e r y  
Crane 
F r o n t  -end 1  oader  

Off-Gas and m o n i t o r i n g  

O f f  -gas t r e a t m e n t  sys tem 
R a d i a t i o n  and o f f - g a s  

m o n i t o r s / a l  arms 

Consumabl e  Suppl i es 

E l e c t r o d e s  
~ a d i a t i o n  o r  t o x i c  chemical  m o n i t o r i n g  Fue l  
M e l t  v e r i f i c a t i o n  E l  e c t  r i  c i  t y  
O f f  -gas secondary waste  d i s p o s a l  

SITE ACTIVITIES 

S i t e  a c t i v i t i e s  i n c l u d e  t r a n s p o r t i n g  equipment t o  and f rom t h e  s i t e ,  

c l e a r i n g  v e g e t a t i o n ,  g r a d i n g  t h e  ground, removing overburden,  and a c q u i r i n g  and 

a p p l y i n g  b a c k f i l l  m a t e r i a l  as needed (see Tab le  35). S o i l  sampl i n g ,  we1 1 l o g -  

g i  ng, and o t h e r  a c t i v i t i e s  a s s o c i a t e d  w i t h  s i t e  c h a r a c t e r i z a t i o n  have been 

exc luded  from t h i s  a n a l y s i s  because o f  expected s i m i  1  a r i  t i  es i n  c o s t  rega rd1  ess 

of t h e  s t a b i  1  i z a t i o n  a1 t e r n a t i  ve employed. Otherwise,  t h e  c o s t s  deve loped h e r e  

r e p r e s e n t  t h e  f u l l  c o s t  o f  v i t r i f i c a t i o n .  

A l l  o f  t h e  c o n f i g u r a t i o n s  were ana lyzed  on t h e  b a s i s  t h a t  no ove rbu rden  

was removed. I f  uncontaminated overburden c o u l d  be removed s a f e l y ,  i t  wou ld  

a lways be advantageous t o  do so f r o m  a  c o s t  s t a n d p o i n t .  F o r  example, removal 



of t h e  t o p  meter  f r o m  a  2700-m2 s i t e  wou ld  c o s t  l e s s  t h a n  $10,000, compared t o  

t h e  hundreds o f  thousands o f  d o l l a r s  needed f o r  l a b o r  and power charges t o  v i t -  

r i f y  t h e  same area t o  a  1-m depth.  I n  s h o r t ,  s i t e  a c t i v i t y  c o s t s  w i l l  be 

i n s i g n i f i c a n t  when compared t o  equipment, 1  abor, and consumable s u p p l i e s ,  f o r  

t h e  m a j o r i t y  of p o t e n t i  a1 ISV app l  i c a t i o n s .  

EQUIPMENT REOUIREMENTS 

A1 1  c o s t s  a s s o c i a t e d  w i t h  l a r g e - s c a l e  equipment a r e  based on a c t u a l  d e l  i v -  

e r e d  c o s t s  e s c a l  a t e d  t o  1985 do1 1  a r s .  E l e c t r i c a l  equipment r e q u i  rements a r e  

deterrn i  ned by v o l t a g e  and c u r r e n t  needs. I nc reased  c u r r e n t  r e q u i  r e s  i n c r e a s e d  

c o n d u c t i o n  c a p a c i t y ,  whereas i ncreased v o l t a g e  r e q u i  res  more i n s u l  a t i  on. A t  

t h e  h i g h  (4000 A) l e v e l  o f  c u r r e n t  r e q u i r e d  f o r  ISV, s i x  750-mcrn power c a b l e s  

t h a t  supp ly  t h e  secondary power t h r o u g h  t h e  t r a n s f o r m e r  t o  t h e  e l e c t r o d e s  a r e  

r e q u i r e d  f o r  each o f  t h e  f o u r  e l e c t r o d e s .  The p r i m a r y  i n p u t  power i s  assumed 

t o  be 200 m from t h e  neares t  13.8-kV power source.  The a l t e r n a t i v e  o f  u s i n g  a  

p o r t a b l e  5-mW g e n e r a t o r  has a l s o  been i n v e s t i g a t e d  f o r  remote a p p l i c a t i o n s  and 

t o  i d e n t i f y  an upper c e i  1  i n g  f o r  power c o s t s .  The equipment c o s t s  f o r  r a d i o a c -  

t i v e  waste  a p p l i c a t i o n s  a r e  i d e n t i f i e d  i n  Tab le  36. 

Three p i e c e s  o f  heavy equipment a r e  necessary f o r  ISV o p e r a t i o n s :  a  

d r i l l i n g  o r  a u g e r i n g  machine f o r  p l a c i n g  t h e  e l e c t r o d e s  i n  t h e  ground, a  c r a n e  

f o r  t r a n s p o r t i n g  t h e  e l e c t r o d e  f rame and hood f r o m  one s e t t i n g  t o  t h e  nex t ,  and 

a f r o n t - e n d  l o a d e r  f o r  b a c k f i l l i n g  and s i t e  p r e p a r a t i o n .  R e n t a l ,  r a t h e r  t h a n  

purchase,  o f  t h i s  equipment was c o n s i d e r e d  b u t  d i sm issed  because o f  t h e  h i g h e r  

c o s t  o f  r e n t i n g  t h e s e  t y p e s  o f  equipment ( t y p i c a l  l y  s e v e r a l  hundred do1 1  a r s  p e r  

d a y )  f o r  t h e  d u r a t i o n  o f  p r o j e c t s  t h a t  l a s t  f r o m  9  months t o  10 yea rs .  The 

heavy equipment c o s t s  a r e  based on c o s t  e s t i m a t e s  p r o v i d e d  by  vendors. The 

power equipment and heavy equipment c o s t s  a r e  i t e m i z e d  i n  Tab le  36. 

Equipment r e q u i  rements f o r  b a r r i e r  w a l l  app l  i c a t  i ons can s i  g n i  f i c a n t  l y  

reduce t h e  c a p i t a l  c o s t s ,  s i n c e  t y p i c a l  l y  o n l y  a  s i  n g l  e-phase power c o n t r o l  1  e r ,  

power cab les ,  and an e l e c t r o d e  s u p p o r t  frame a r e  necessary  f o r  most app l  i c a -  

t i  ons . These needs e l  i mi n a t e  t h e  most c o s t l y  equ i  pment components i n c l  uded i n  

t h e  o f f - g a s  system. There fo re ,  t o t a l  equipment c o s t s  f o r  b a r r i e r  w a l l  genera-  

t i o n  u s i n g  ISV would be l e s s  t h a n  $500,000. 



TABLE --- 36. Equipment Costs f o r  a  Large-Scale Rad ioac t i ve  Waste System 

Equ i pment - Cost, 1985 -- $ - 

Po r t ab le  Generator - 4.6 s m ~ ( ~ )  2,300,000 

Back-up Generator - 0.75 mW 65,000 

Power L i  ne ( b )  22,000 

Transformer 182,000 

E lec t r ode  Power Cab1 es 

O f f  -Gas Hood and L i ne  

Coo l ing  Hood and Blower 

E l e c t  rode Pl acement Equi pment 

Crane 82,000 

Fron t  -End Loader 55,000 

O f f  -Gas Equi pment and F a b r i c a t i o n  1,735,000 

To ta l  Equipment w i t h  L i ne  Power 3,437,000(') 

To ta l  Equipment w i t h  Po r t ab le  Power 5,628, OOO(C)  

- -- - - - - - - - - - - -- 

( a )  The p o r t a b l e  genera to r  i s  o n l y  f o r  remote s e r v i c e  
opera t ions .  

( b )  Power l i n e s  a re  no t  r e q u i r e d  i f  a  p o r t a b l e  
genera to r  i s  used. 

( c )  To ta l  cos ts  i n c l u d e  an a d d i t i o n a l  25% f o r  des ign  
and ~ n g i  nee r i  ng. 

OPERATIONS 
- - 

Th is  s e c t i o n  descr ibes  t h e  manpower requirements o f  I S V  opera t ions .  The 

l a b o r - i n t e n s i v e  na tu re  o f  ISV makes t h e  assessment o f  manpower requi rements  and 

waye r a t e s  a  c r i t i c a l  p a r t  o f  t h e  cos t  ana l ys i s .  The d i f f e r e n c e s  i n  c o s t  and 

o p e r a t i o n a l  t ime  f o r  va r ious  s o i l  mo i s tu re  con ten ts  a re  examined. Process 

p r e p a r a t i o n  and p rocess ing  ope ra t i ons  a re  analyzed. 

Process P repa ra t i on  
- - 

The t i m e  r e q u i r e d  f o r  each s e t t i n g  o f  t h e  e l e c t r o d e  frame and hood i s  t h e  

surn of t h e  t ime  r e q u i r e d  t o  v i t r i f y  t h e  s o i l  t o  t h e  predetermined depth p l u s  

t h e  t i m e  r e q u i r e d  t o  move t h e  o f f - g a s  equipment t o  t h e  nex t  s e t t i n g .  To ta l  

p r o j e c t  t ime  i s  equal t o  t h e  t ime  per  s e t t i n g  m u l t i p l i e d  by t h e  number o f  



s e t t i n g s .  The t i m e  p e r  s e t t i n g  f o r  t h e  l a r g e - s c a l e  systems as a  f u n c t i o n  of  

m o i s t u r e  c o n t e n t  i s  shown i n  Tab le  37. The e f f e c t s  o f  m o i s t u r e  c o n t e n t  on v i t -  

r i f i c a t i o n  r a t e  and o p e r a t i n g  t i m e  a r e  e v i d e n t  f rom t h e  v i t r i f i c a t i o n  t i m e  p r e -  

sen ted  i n  Tab le  38. These t i m e s  a r e  c a l c u l a t e d  f r o m  t h e  ISV model. 

The number o f  s e t t i n g s  depends on t h e  dimensions o f  t h e  s i t e  t o  be v i t r i -  

f i e d  and t h e  area v i t r i f i e d  p e r  s e t t i n g .  T h i s  l a t t e r  c h a r a c t e r i s t i c  i s  a  func -  

t i o n  o f  e l e c t r o d e  spac ing,  v i t r i f i c a t i o n  t i m e  p e r  s e t t i n g ,  and a c c e p t a b l e  

a1 lowances f o r  ove r1  ap between v i t r i f i e d  b locks .  A p p r o p r i a t e  d a t a  f o r  d e t e r -  

m i n i n g  t h e  t o t a l  number o f  s e t t i n g s  f o r  t h e  l a r g e - s c a l e  c o n f i g u r a t i o n  a r e  sum- 

mar i zed  i n  Tab le  37. 

Personnel  f o r  p rocess p r e p a r a t i o n  (see Tab le  39) a r e  r e q u i r e d  a t  schedu led 

i n t e r v a l s  (once p e r  s e t t i n g  o f  t h e  o f f  -gas c o n t a i  nment hood).  Manpower 

requ i remen ts  were e s t i m a t e d  f o r  each of t h e  process p r e p a r a t i o n  a c t i v i t i e s  f o r  

a l a r g e - s c a l e  system. A manpower r a t e  was o b t a i n e d  f o r  each person i n v o l v e d  i n  

TABLE -- 37. Time Requirements f o r  Each S e t t i n g  

Large Scale,  Large Sca le  
5-m Depth, 54-11 Depth, 

5% M o i s t u r e  25% M o i s t u r e  
h l s e t t  i ng h l s e t t  i ng 

V i t r i f i c a t i o n  9 0  11 7 

Movi ng equipment - 16 

T o t a l  106 

TABLE 38. E l  e c t  rode  Spaci  ng and V i  t r i  f i c a t  i on S e t t  i ngs - -- -- - - 

Large Sca le ,  
Parameter 5-m Depth ----- 

E l e c t r o d e  spac ing,  m 4.5 

Separa t i on  between e l e c t r o d e s  3.0 
of  a d j a c e n t  s e t ,  m 

Wid th  v i t r i f i e d  p e r  s e t ,  m  7.8 

Area t o  be v i t r i f i e d ,  m 90 x  30 

Set m a t r i x  4 x  12 

Number of s e t t i n g s  4  8 



TABLE 39. Manpower Requi rements f o r  Process P r e p a r a t i o n  

Job Manpower - Rate, Man-Hours /Set t ing  

C l a s s i f i c a t i o n  Average 

E l e c t  r i  c i  an 4  

Labore r  3  4 

Opera to r  19 

ISV o p e r a t i o n s ,  w i t h  a p p r o p r i a t e  d i f f e r e n t i a l s  a1 lowed a c c o r d i n g  t o  j o b  c l a s s  

and s i t e  l o c a t i o n .  P rocess ing  pe rsonne l  were c l a s s i f i e d  as t e c h n i c i a n s ,  r a d i a -  

t i o n  m o n i t o r s ,  o r  eng ineers .  Process p r e p a r a t i o n  pe rsonne l  were c l a s s i f i e d  as 

o p e r a t o r s ,  e l  e c t  r i  c i  ans, 1  abo re rs ,  o r  mai ntenance pe rsonne l  . Manpower r a t e s  

f o r  Han fo rd  o p e r a t i o n s  r e f l e c t  c u r r e n t  c o s t s  f o r  p rocess p r e p a r a t i o n  o p e r a t i o n s  

p l u s  s i t e  work and p r o c e s s i n g  o p e r a t i o n s  pe rsonne l .  The manpower r a t e s  c o v e r  

b o t h  d i r e c t  and i n d i r e c t  c o s t s .  Separa te  manpower r a t e s  were deve loped f o r  

p rocess p r e p a r a t i o n s  and s i t e  work pe rsonne l  a t  t h e  g e n e r i c  s i t e  (Means 

1981). The l o w e r  g e n e r i c - s i  t e  manpower r a t e s  r e f l e c t  U.S. average d i  r e c t  - 
manpower c o s t s .  The manpower r a t e s  f o r  p r o c e s s i n g  o p e r a t i o n s  do n o t  v a r y  

s i g n i f i c a n t l y  between Hanford  and n a t i o n a l  averages. The r a t e s  f o r  a l l  o f  t h e  

1  abor  c a t e g o r i e s ,  summarized i n  Tab le  40, were a d j u s t e d  t o  r e f l e c t  1985 c o s t s .  

TABLE -- 40. Manpower Rates f o r  I n  S i t u  V i t r i f i c a t i o n  
( i  n c l  udes i n d i  r e c t  and overhead c o s t s  ) 

Manpower Rate, 1985 $/h 

Han fo rd  S i t e ,  Gener ic  S i t e ,  
R a d i o a c t i v e  Waste Hazardous Waste 

Job C l a s s i f i c a t i o n  Federa l  Ownership P r i v a t e  Ownership 

E l e c t r i c i a n  4 5 45 

Engi neer  50 5  0 

Labore r  3 7 37 

Opera to r  3 9  3 9  

R a d i a t i o n  m o n i t o r i n g  4  8 

T e c h n i c i a n  4  8 

Maintenance 4  8  

Not r e q u i r e d  

2 5  

48 



Processi  ng 

Dur ing  t h e  v i t r i f i c a t i o n  o f  r a d i o a c t i v e  wastes, i t  i s  es t imated  t h a t  two 

opera to rs  w i l l  be r equ i r ed  f o r  each s h i f t  o f  opera t ion .  An engineer  i s  

i nc l uded  on day s h i f t  as an ope ra to r  (see Table 41) and t o  p rov i de  t e c h n i c a l  

r e s o l u t i o n  o f  any ope ra t i ona l  problems. Maintenance and r a d i a t i o n  m o n i t o r i  ng 

personnel  a re  i nc l uded  i n  t h e  ope ra t i ons  on an es t imated  p a r t - t i m e  bas is .  The 

s h i f t  work and t o t a l s  a re  p rov ided  i n  Table 40 and have been conf i rmed as r ea -  

sonabl e  th rough  l a rge -sca le  system opera t ions .  

CONSUMABLE SUPPLIES 

Consumabl e  suppl i es i n c l  ude e l ec t r odes  and e l e c t r i c a l  power o r  f ue l  . The 

combi n a t i  on Mo/graphi te  e l ec t r odes  employed f o r  bo th  waste t ypes  a re  assumed t o  

remain i n  t h e  ground and no t  t o  be reused. (Hazardous chemical waste appl  i c a -  

t i o n s  may a1 low f o r  reuse o f  t h e  Mo core  e lec t rode ,  thus  reduc ing  cos ts  even 

f u r t h e r . )  The number o f  e l ec t r odes  r e q u i r e d  f o r  a  g iven  area i s  d i r e c t l y  p r o -  

p o r t i o n a l  t o  t h e  number o f  v i t r i f i c a t i o n  s e t t i n g s .  Cost da ta  f o r  bo th  Mo and 

g r a p h i t e  e l  e c t  rodes were o b t a i  ned f rom recen t  o rders  f rom manufac tu r i  ng compa- 

n i es .  C y l i n d r i c a l  e l e c t r o d e  cos ts  a re  p r o p o r t i o n a l  t o  t h e  weight  and l e n g t h  o r  

depth of t h e  mel t .  I n  a d d i t i o n  t o  t h e  raw m a t e r i a l  cos ts ,  t h e r e  a r e  a d d i t i o n a l  

cos t s  f o r  machining t h e  e l e c t r o d e  ends and j o i n i n g  t h e  1.8-m ( 6 - f t )  segments o f  

l onge r  e l ec t r odes  w i t h  connectors.  Both t h e  m a t e r i a l  and machining cos t s  a r e  

i nc l uded  i n  per  l e n g t h  cos ts  i d e n t i f i e d  i n  t h e  t a b l e s  t h a t  f o l l o w .  

TABLE 41. Labor Est imate f o r  Processing Operat ions a t  a  Rad ioac t i ve  S i t e  

Workers Per S h i f t  To ta l  
Job C l a s s i f i c a t i o n  Day Swi ng Graveyard -- Man-HourslDay -- 

Engineer I 0  0  1 

Maintenance 0.5 0  0 0.5 

Operator (Techn ic ian )  1 2 2 5  

Rad ia t i on  m o n i t o r ( a )  0.25 0.25 0.25 0.75 -- 

To ta l  7.25 

( a )  Rad ia t i on  m o n i t o r i n g  personnel  would no t  be r e q u i r e d  f o r  a  hazardous 
waste s i t e .  



E l e c t r i c a l  power r e q u i  rements a r e  a  s i g n i f i c a n t  p o r t i o n  of t h e  o p e r a t i n g  

c o s t ,  whether l o c a l  o r  p o r t a b l e  power i s  used. Hanford  power c o s t s  r o u g h l y  

$0 .022 /k~h ,  w h i l e  t h e  average n a t i o n a l  i n d u s t r i a l  r a t e  i s  about  $O.OS/kWh. The 

c o s t  o f  power f r o m  t h e  p o r t a b l e  g e n e r a t o r  i s  between $0.04 and $0.06/kWh 

depend ing on c a p i t a l  r e c o v e r y  assumpt ions and based on an e f f i c i e n c y  of 0.02 

L/kWh (0.07 ga l  /kwh) and a  f u e l  c o s t  o f  $0.09/L ($0.32/gal ). The power 

requ i remen ts  f o r  t h e  low (5%) and h i g h  (25%) m o i s t u r e  c o n t e n t  ISV c o n f i g u r a -  

t i o n s  a r e  g i v e n  i n  Tah le  42. A l so  shown i s  t h e  annual v i t r i f i c a t i o n  r a t e ,  

wh ich  i s  based on an 80% o p e r a t i n g  c a p a c i t y  o f  t h e  ISV model p r e d i c t i o n .  

I n  a d d i t i o n  t o  t h e  e l e c t r o d e  and energy consumpt ion c o s t s ,  a  c o s t  must be 

i n c l u d e d  f o r  d i s p o s i n g  o f  t h e  secondary l i q u i d  wastes t h a t  a r e  c o l l e c t e d  i n  t h e  

o f f - g a s  system. Approx ima te l y  2000 L  (530 g a l )  p e r  l a r g e - s c a l e  s e t t i n g  must be 

d i sposed  o f  a t  a  c o s t  o f  $0.26/L ($ l .OO/ga l ) .  Fo r  t h e  s i t e  c o n f i g u r a t i o n  b e i n g  
3  ana lyzed,  t h i s  r e s u l t s  i n  a d d i t i o n a l  charges o f  $25,000 ($1.85/m ). 

F  I NANC I NG --- 

Federa l  ownersh ip  was assumed f o r  r a d i o a c t i v e  waste  o p e r a t i o n s .  F i n a n c i n g  

a f f e c t s  t h e  c a p i t a l i z e d  o r  equipment p o r t i o n  o f  ISV c o s t s .  The c o s t  o f  c a p i t a l  

equipment must be spread o u t  ove r  i t s  u s e f u l  l i f e  r a t h e r  t h a n  a t t r i b u t i n g  p u r -  

chased equipment c o s t s  t o  any s i n g l e  p r o j e c t  o r  yea r .  T h i s  s p r e a d i n g  o f  t h e  

c a p i t a l  c o s t s  i s  e f f e c t i v e l y  hand led by m u l t i p l y i n g  c a p i t a l  c o s t s  by t h e  f i x e d -  

charge r a t e .  The f i x e d - c h a r g e  r a t e  i s  a  f r a c t i o n ,  which,  when m u l t i p l i e d  by 

t h e  c a p i t a l  i nves tmen t ,  r e p r e s e n t s  t h e  c o n t r i b u t i o n  o f  c a p i t a l  c o s t s ,  income 

t a x e s ,  and o t h e r  m i s c e l l a n e o u s  c o s t s  and t a x e s  t o  a  u n i f o r m  a n n u a l i z e d  c a p i t a l  

c o s t  (S te rmo le  1982). The f i x e d - c h a r g e  r a t e  i s  a  f u n c t i o n  o f  t h e  c o s t  o f  

TABLE 42. Power Requirements f o r  V i t r i f i c a t i o n  Rate as a  F u n c t i o n  o f  
M o i s t u r e  Content  

Energy Annual 
Requi rement V i  t r i  f i c  t i  on 

M o i s t u r e  Content  k W h / s e t t i n g  Rate, m  9 l y r  

5  % 302,000 15,300 

25% 392,000 12,200 



c a p i t a l  , equipment 1  i f e y  t a x  r a t e s ,  d e p r e c i a t i o n ,  and t a x  c r e d i t  a1 lowances. 

The f i x e d - c h a r g e  r a t e  r e s u l t i n g  f r o m  t h e  f e d e r a l  f i n a n c i n g  assumpt ions 1  i s t e d  

i n  Tab le  43 i s  0.145. 

F o r  commercial a p p l i c a t i o n s  t o  hazardous waste s i t e s ,  a  d i f f e r e n t  f i x e d -  

charge r a t e  can be a p p l i e d  t o  r e c o v e r  t h e  c a p i t a l  i nves tmen t .  The commercia l  

r a t e  i s  a1 lowed many o f  t h e  t a x  i n c e n t i v e s  t h a t  a r e  n o t  a1 lowed t h e  f e d e r a l  

government. T h i s  r a t e  can v a r y  depending upon t h e  a c c o u n t i n g  methods used by  

i n d i v i d u a l  companies and t h e i  r assumpt ions and r e q u i  rements used f o r  i n f  1  a t  i o n ,  

deb t ,  e q u i t y ,  f i n a n c i n g ,  d e p r e c i a t i o n ,  t a x  c r e d i t s ,  and income t a x  r a t e .  T y p i -  

c a l  i n d u s t r i e s  would d e r i v e  a  f i x e d  cha rge  r a t e  between 15 and 25% (EPRI 1982) 

f o r  a  10 -y r  equipment l i f e ;  t h e r e f o r e ,  20% was assumed as t h e  f i x e d - c h a r g e  r a t e  

f o r  a n n u a l i z i n g  equipment c o s t s  f o r  hazardous wastes b e i n g  processed by t h e  

p r i v a t e  s e c t o r .  

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

c a p i t a l  c o s t  by t h e  annual v i t r i f i c a t i o n  r a t e .  The annual v i t r i f i c a t i o n  r a t e  

i s  80% o f  t h e  volume c a p a c i t y  t h a t  wou ld  be v i t r i f i e d  if t h e  equipment o p e r a t e d  

24 h l d a y ,  365 d a y l y r .  The 20% d i f f e r e n c e  a l l o w s  f o r  r e g u l a r  maintenance,  

unp lanned shutdowns, and p e r i o d s  when t h e  equipment i s  between ass igned  

o p e r a t i o n s .  

RESULTS 

The u n i t  c o s t ,  p r o d u c t i v i t y ,  and consumpt ion d a t a  d e f i n e d  and deve loped i n  

t h e  p r e v i o u s  s e c t i o n s  were i n t e g r a t e d  t o  produce c o s t  e s t i m a t e s  f o r  t h e  v a r i o u s  

I S V  c o n f i g u r a t i o n s .  These c o s t  e s t i m a t e s  a r e  summarized i n  Tab le  44. 

TABLE 43. Federa l  F i  nanc i  ng Assumpti ons -- 

Parameter Value 

Equipment l i f e ,  y r  10 

Cost o f  c a p i t a l ,  % 7 

D e p r e c i a t i o n  N/A 

Tax c r e d i t  N/A 

M i  s c e l  1 aneous c o s t s ,  % 0.25 

M i  s c e l  1  aneous t a x e s ,  % 0 





As shown i n  Tab le  46, t h e  most c o s t l y  components a r e  t h e  e l e c t r o d e s ,  

l a b o r ,  and power. The use o f  t h e  comb ina t ion  M o l g r a p h i t e  e l e c t r o d e  has a lmos t  

doub led  t h e  e l e c t r o d e  c o s t s  r e p o r t e d  p r e v i o u s l y  (Oma, e t  a1 . 1983 and Timmerman 

1986). These h i g h e r  c o s t  e l e c t r o d e s  a r e  r e q u i r e d  t o  p reven t  f a i l u r e  d u r i n g  

p r o c e s s i n g  and appear t o  be a  necessary  b u t  c o s t l y  i t em.  Labor,  power, and 

equipment c o s t s  i n c r e a s e  as m o i s t u r e  c o n t e n t  i n c r e a s e s  due t o  t h e  a d d i t i o n a l  

p r o c e s s i n g  t i m e  and energy r e q u i r e d .  The equipment and l a b o r  c o s t s  r e l a t e d  t o  

hazardous chemical  wastes a r e  l e s s  t h a n  t h o s e  f o r  r a d i o a c t i v e  wastes, because a  

l e s s  complex and l e s s  expens ive  o f f - g a s  t r e a t m e n t  system i s  r e q u i r e d  f o r  t h e  

hazardous chemical  waste p rocess ing ,  and i n d u s t r i a l  l a b o r  r a t e s  a r e  l o w e r  t h a n  

f e d e r a l  l a b o r  and overhead r a t e s .  Bo th  t h e  o f f - g a s  t r e a t m e n t  equipment and 

o f f  -gas hood conta inment  f e a t u r e s  and r e q u i  rements a r e  g r e a t l y  reduced f o r  haz-  

ardous chemica l  wastes as de te rm ined  by p r i v a t e l y  sponsored s t u d i e s  by B a t t e l  l e  

( B u e l t  and F re im 1986 and Timmerman 1986). No g love-box t y p e  con ta inmen t  mod- 

u l e ,  e x t e n s i v e  t r e a t m e n t  equipment,  o r  s p e c i a l t y  hood d e s i g n  a r e  r e q u i r e d  f o r  

hazardous chemica l  waste o p e r a t i o n s  because o f  t h e  much l o w e r  t o x i c  l e v e l  o f  

re1  eases f r o m  t h e  me1 t . 
When r e v i e w i n g  t h e  d i f f e r e n c e  i n  c o s t s  among t h e  c o n f i g u r a t i o n s ,  t h e  v a r i -  

a t i o n  i n  power and energy c o s t s  ac ross  t h e  U n i t e d  S t a t e s  and compar ison o f  d r y  

w e s t e r n  s o i l  ( 5% m o i s t u r e )  w i t h  w e t t e r  e a s t e r n  s o i l  (25% m o i s t u r e )  need t o  be 

cons ide red .  D e t a i l s  o f  t h i s  i n f o r m a t i o n  and t h e  summary i n f o r m a t i o n  o f  

Tab le  44 a r e  d e r i v e d  f r o m  t h e  t a b l e s  o f  I S V  c o s t - e s t i m a t e  i n f o r m a t i o n  on t h e  

f o u r  c o n f i g u r a t i o n s :  

Tab le  45 - R a d i o a c t i v e  Waste, 5% M o i s t u r e  

Tab le  46 - R a d i o a c t i v e  Waste, 25% M o i s t u r e  

Tab le  47 - Hazardous Chemical Waste, 5% M o i s t u r e  

Tab le  48 - Hazardous Chemical Waste, 25% M o i s t u r e  

These t a b l e s  p r o v i d e  d e t a i l e d  c o s t  breakdowns f o r  m o i s t u r e  and was te - t ype  p r o c -  

e s s i n g  d i f f e r e n c e s  and compare t h e  d i f f e r e n t  energy r a t e s  of 2.2 cents/kWh and 

between 4.1 and 5.3 cents/kWh t o  co r respond  t o  an e q u i v a l e n t  c o s t  f o r  p o r t a b l e  

power. The h i g h e s t  power c o s t  r e p r e s e n t s  t h e  e q u i v a l e n t  o b t a i n e d  by u s i n g  a  

p o r t a b l e  5-mW genera to r .  



TABLE 45. I n  S i t u  V i t r i f i c a t i o n  Cost Est imate (1985$) - 
Rad ioac t i ve  Waste, 5% Mo i s tu re  

L i n e  L i n e  
Power Power P o r t a h l e  

Cost Breakdown $0.022/kWh $0.042/kWh Power S p e c i f i c  B a s i s  

S i t e  Costs  

S i t e  Costs 
S i t e  Cost/m3 

Equipment Costs 

Design and E n g i n e e r i n g  
Equipment - T o t a l  
T o t a l  Equipment Cost 

A n n u a l i z e d  F i x e d  Charge Rate  
Annua l ized  Equipment Charge3 
Annual V i t r i f i c a t i o n  Rate lm 
S i t e  V i t r i f i c a  i o n  S e t t i n g s  
S i t e  Volume, m 5'  

S i t e  Equipment Cgsts 
Equipment Costfm 

Lahor  Costs 

V i t r i f i c a t i o n  Crew 
O p e r a t o r  
Maintenance 
R a d i a t i o n  M o n i t o r  
E n g i n e e r  

Heavy E q u i p m n t  Crew 
O p e r a t o r  
L a b o r e r  
E l e c t r i c i a n  

T o t a l  Labor  
Lahor  Cost /m3 

Consumable Costs  

25,000 25,000 25,000 Access, l e v e l i n g ,  e t c .  
2 2 2 O r i g i n a l  s o i l  volume b a s i s  

687,000 666,000 25% o f  equipment c o s t s  
2,750,000 4,963,000 
3,437,000 5,628,000 

0.145 0.145 
498.000 652.000 

15;000 151000 80% o p e r a t i n g  c a p a c i t y  
48 48 

14,000 14,000 90- x 30- x 5-m s i t e  
440,000 720,000 

33 53 O r i g i n a l  s o i l  v o l u m  b a s i s  

613,000 613,000 613,000 2 o p e r a t o r s / s h i  f t  a t  $ 4 8 l h  
61,000 61,000 61,000 4 h l d a y  a t  $48/h 
86,000 86,000 86,000 6 h/day a t  $48/h 

129,000 129,000 129,000 8 h l d a y  a t  $50/h ( 1 - s h i f t  coverage)  

36,000 36,000 36,000 19 h l s e t t i n g  a t  $39/h 
60,000 60,000 60,000 3 4 h l s e t t i n g a t  $37/h 

9,000 9,000 9,000 4 h l s e t t i n g  a t  $45/h 
994,000 994,000 994,000 

74 74 74 O r i g i n a l  s o i l  volume h a s i s  

E l e c t r o d e s  1,267,000 1,267,000 
Secondary Wastes 25,000 25,000 
Energy C o n s u m p t i o n I S e t t i n g ,  kwh 302,000 302,000 
Energy Cost 319,000 609,000 
T o t a l  Consumahles 

3 
1,611,000 1,901,000 

Consumable C o s t l m  119 141 

T o t a l  S i t e  C s t  8 3,069,000 3,359,000 
T o t a l  C o s t l m  (5% m o i s t u r e )  227 249 
T o t a l  c o s t / f t 3  (5% m o i s t u r e )  6.44 7.05 

1,267,000 4 e l e c t r o d e s f s e t t i n g ,  $1,32O/m o f  depth  
25,000 2,000 L l s e t t i n g  a t  $0.26/L 

302,000 
325,000 Cost f o r  a l l  s e t t i n g s  

1,617,000 
120 O r i g i n a l  s o i  1 volume b a s i s  

3,355,000 
249 O r i g i n a l  s o i l  volume b a s i s  

7.04 O r i g i n a l  s o i l  volume b a s i s  

The c o s t  ranges p l o t t e d  as a  f u n c t i o n  o f  t o t a l  cos t  ($/m3) versus e l e c t r i  - 
c a l  r a t e  (c/kWh) a re  p rov ided  i n  F i gu re  77, which p rov ides  t h e  f o l l o w i n g :  

i l l u s t r a t e s  t h e  range o f  ISV cos t s  on a  per  volume bas i s  t h a t  can be 

expected f o r  p rocess ing  var ious  waste types t h a t  have v a r y i n g  mo i s t  - 
u r e  con ten ts  

i 11 u s t  r a t e s  t h e  major  i n f  1  uence t h a t  consumabl es ( e l ec t r odes  and 

power) have on t h e  ISV process by t h e  t i g h t  grouping of a l l  cos t s  and 

t h e  r e l a t i v e l y  smal l  impact t h a t  equipment cos ts  ( r a d i o a c t i v e  versus 

hazardous chemical wastes) have on t h e  process 



TABLE 46. I n  S i t u  V i t r i f i c a t i o n  Cost Est imate (1985$) - 
Rad ioac t i ve  Waste, 25% Mois tu re  

L ine  L ine  
Power 

$O.O4l/kWh 
Po r tab le  

Power 
Power 

$0.022/kWh S p e c i f i c  Bas is  Cost Breakdown 

S i t e  Costs 

S i t e  Costs 
S i t e  ~ o s t l r n ~  

Access, l e v e l i n g ,  e t c .  
O r i g i n a l  s o i l  volume bas i s  

Equipment Costs 

Design and Engineer ing 
Equipment - To ta l  
To ta l  Equipment Cost 

Annual ized F i xed  Charge Rate 
Annual ized Equipment Charge3 
Annual V i t r i f i c a t i o n  Ratefrn 
S i t e  V i t r i f i c a  i o n  S e t t i n g s  
S i t e  Volume, m  5' 

S i t e  Equipment C  s t s  
Equipment Costfm 9 

25% o f  equipment costs  

80% ope ra t i ng  capac i t y  

90- x 30- x 5-m s i t e  

O r i g i n a l  s o i l  v o l u m  bas i s  

Labor Costs 

V i t r i f i c a t i o n  Crew 
Operator 
Maintenance 
Rad ia t i on  Mon i t o r  
Engineer 

Heavy Equipment Crew 
Operator 
Laborer  
E l e c t r i c i a n  

To ta l  Labor 
Labor Costfm 3  

2  o p e r a t o r s f s h i f t  a t  $48/h 
4  hfday a t  f 48 fh  
6  hfday a t  $48/h 
8  hfday a t  $50/h ( 1 - s h i f t  coverage) 

19 h f s e t t i n g  a t  $39/h 
34 h f s e t t i n g  a t  $37/h 
4  h f s e t t i n g  a t  $45/h 

O r i g i n a l  s o i l  volume bas i s  . 
Consumable Costs 

E lec t rodes 
Secondary Wastes 
Energy Consumpti on f se t t i ng .  kwh 
Energy Cost 
To ta l  Consumables3 
Consumable Costfm 

4  e l e c t r o d e s f s e t t i n g ,  f1.320fm o f  depth 
2.000 L l s e t t i n g  a t  $0.26/L 

Cost f o r  a l l  s e t t i n g s  

O r i g i n a l  s o i l  v o l u m  bas i s  

T o t a l  S i t e  Cgst 
To ta l  Costfm (25% mo is tu re )  
To ta l  c o s t / f t 3  (25% mo is tu re )  

O r i g i n a l  s o i l  volume bas i s  
O r i g i n a l  soi  1  volume bas i s  

d i s t i n g u i s h e s  t h e  e f f e c t  (-15% inc rease)  t h a t  a  20% mois tu re  inc rease  

has on costs.  

A major cos t  d i f f e r e n t i a l  i s  a l s o  i l l u s t r a t e d  by comparing t h e  I S V  cos t s  

f o r  r a d i o a c t i v e  and hazardous chemical wastes w i t h  t h e  I S V  cos ts  f o r  a  wet 

i n d u s t r i a l  s ludge t h a t  con ta ins  70% mois tu re  (Bue l t  and Fre im 1986). Th is  

d i f f e r e n t i a l  i s  c rea ted  by t h e  h i gh  volume reduc t i on  a t t a i n e d  by I S V  and 

reduced d e n s i t y  o f  t h e  sludge (1.1 kg/L versus 1.6 kg/L f o r  s o i l s ) .  Th is  

r e s u l t s  i n  reduced opera t ing  and e lec t rode  costs.  Sludge d e n s i t y  i s  c l o s e r  t o  

t h a t  o f  water because o f  t h e  hydroscopic i n c o r p o r a t i o n  o f  i t s  water  con ten t  



TABLE 47. I n  S i t u  V i t r i f i c a t i o n  Cost Est imate (1985$) - 
Hazardous Chemical Waste, 5% Mo i s tu re  

L i n e  Lint, 
Powpr P n w ~ r  

Cost ? r ~ n k , l o w n  $0.1122/kWh $O.O93/kWh 

S i t e  Costs -. . . . . -. . - - - . . . - - - - . . . . . . . . . . - - . - - - -- - 

S i t e  Costs 25,000 ?i ,0l10 
~i t p  ~ n s t  /,q.' 7  7 

t i l u i  p rwnt  h s t \  

Design and E n g i n e r r i n g  
E q ~ ~ i p w n t  - T o t a l  
T o t a l  Eqlri prnent Cost. 

Annua l ized  F i x e d  Chdrge Rate 
A n n ~ ~ a l  i zed F q ~ r i  p m n t  Charge 
Annual V i t r i f i c a t i o n  Ratelsn 3 
S i t e  V i t r l f l c d  i o n  S e t t i n g s  
S i t e  Vol~rmne, m  5'  

S i t e  E q u i p r e n t  C  s t s  
Equi  p w n t  Cost1111 9 

Lahor Costs - 

V i t r i f i c a t i o n  C ~ P W  
Opera tor  
Maintenance 
Enqi n e r r  

~eav ;  E q ~ ~ i p m e n t  Crew 
Opera tor  
Lahorer  
E l e c t r i c i a n  

T o t a l  Lahor  
Lahor c o s t  /m3 

Cons~lmahlo Costs  - -. - - -. - -- -. . - - - - 

E l e c t r o d e s  
Secondary Wastes 
Energy C o n s ~ r r n p t i o n I S e t t i n g ,  kwh 
Enerqy Cost 
T o t a l  Consumahles 
Consurnahle C o s t l m  3  

T o t a l  S i t e  C o s t -  
T o t a l  Cost/m3 ( 5 %  m o i s t u r e )  
T o t a l  c o s t / f t 3  (5% m o i s t u r e )  

P n r t n h l e  
Power - - -. - -. - - S p r c i  f i c  Rasi  s 

f i c c ~ s s ,  l e v e l i n q ,  p t c .  
O r i g i n a l  s o i l  vo111m h a s i s  

251, o f  eqtripmpnt c o s t s  

80% o p e r a t i n g  c a p a c i t y  

90- x 30- x 5-m s i t e  

3 r i g i n a l  s o i  1  v o l u m  h a s i  s  

2  o p e r a t o r s l s h i f t  a t  825 lh  
1  h l d a y  a t  8481h 
8 h l d a y  a t  8 5 0 l h  ( 1 - s h i f t  coveraqe)  

36,000 36,000 36,000 19 h l s e t t i n g  a t  839 lh  
60,000 6n,0110 60,000 34 h l s e t ' i n g  a t  937Ih 

9,000 9,000 9,000 4 h l s e t t i n g  a t  845th 
571,000 571,000 571,000 

4 2  4  2 47 0 r i q i n a l  so i  1  volume h a s i s  

1,767,000 1,267,000 1,767,000 4  e l e c t r o d e s l s e t t i n g ,  81,32U/m of depth  
25,000 25,000 25,000 2,0011 L l s e t t i n g  a t  $0.26/L 

302,000 302,00~1 302,000 
319,0011 768,001) 325,000 Cost f o r  a l l  s e t t i n g s  

1,611,000 2,060,000 1,617,000 
119 153 120 O r i g i l a l  s o i l  vo l~ rme h a s i s  

2,475,OOll 2,924,0110 2,933,000 
183 2 17 217 O r i g i n a l  s o i l  v o l u w  b a s i s  

5.19 6.13 6.15 O r i g i n a l  s o i l  v o l ~ ~ m e  h a s i s  

i n t o  t h e  volume o f  t h e  sludge. The water  i n  most sludges causes a  s w e l l i n g  

a c t i o n  and becomes p a r t  o f  t h e  t o - b e - v i t  r i  f i e d  volume, whi 1  e  inc reased  mo i s tu re  

con ten ts  i n  t y p i c a l  sandy s o i l s  s imp ly  fill t h e  i n t e r s t i t i a l  vo ids between t h e  

p a r t i c l e s .  S ince t h e  energy r e q u i r e d  t o  v i t r i f y  s o i l  i s  t h e  same as t h a t  t o  

d r i v e  o f f  t h e  water  ( t h e o r e t i c a l l y  0.8 kWh/kg), t h e  added water  i n  t h e  s ludge  

s i g n i f i c a n t l y  reduces t h e  mass t o  be v i t r i f i e d  per  u n i t  volume, t hus  

c o n t r i b u t i n g  t o  a  l owe r - cos t -pe r -o r i g i na l  -volume bas is  f o r  wet s ludge. Volume 



TABLE 48. I n  S i t u  V i t r i f i c a t i o n  Cost Est imate (1985$) - 
Hazardous Chemical Waste, 25% Moi s t u r e  

L ine  L ine  
Po r tah le  

Power 
Power 

$0.022/kWh 
Power 

80.053/kWh Cost Breakdown 

S i t e  Cost5 

S p e c i f i c  Bas is  

S i t e  Costs 
S i t e  cost/m3 

Access, l e v e l i n g ,  e t c .  
O r i g i n a l  s o i l  v o l u m  bas i s  

Equi pment Costs 

Design and Engineer ing 
Equipment - To ta l  
To ta l  Equipment Cost 

Annual ized F i xed  Charge Rate 
Annual ized Equipment C h a r q e ~  
Annual V i t r i f i c a t i o n  Rate/m 
S i t e  V i t r i f i c a  i o n  S o t t i n q s  
S i t e  ~ o l u w ,  .I 5 '  

S i t e  Equipment C s t s  
Equipment Cost/m 9 

25% o f  equipment costs  

80% ope ra t i ng  capac i t y  

90- x 30- x 5-m s i t e  

O r i g i n a l  s o i l  volume has i s  

Lahor Costs 

V i t r i f i c a t i o n  Crew 
Operator 
Maintenance 
Engineer 

Heavy Equi prnent Crew 
npe ra to r  
Laborer 
E l e c t r i c i a n  

To ta l  Lahor 
Labor cost  /m3 

2  o p e r a t o r s / s h i f t  a t  $25/h 
1  h/day a t  $48/h 
8  h lday a t  $50/h ( 1 - s h i f t  coverage) 

O r i g i n a l  s o i l  volume bas i s  

Consurnahle Costs 

E lec t rodes  
Secondary Wastes 
Energy Consumption/Sett ing, kwh 
Energy Cost 
To ta l  Consumahles 
Cons~,mable cos t  /m3 

4 e l e c t r o d e s / s e t t i n g ,  $1,32O/rn o f  depth 
2,000 L / s e t t i n g  a t  $0.26/L 

Cost f o r  a l l  s e t t i n g s  

O r i g i n a l  s o i l  v o l u m  bas i s  
-- 

T o t a l  S i t e  Cgst 
To ta l  Cost/m (25% mo is tu re )  
To ta l  ~ o s t / f t 3  (25% rno is t l l re )  

O r i g i n a l  s o i l  v o l u m  bas i s  
O r i g i n a l  s o i l  volllme has i s  

r educ t i on  a l l ows  f o r  a d d i t i o n a l  s ludge t o  be deposi ted i n  t h e  same s e t t i n g  

w i t h o u t  d i s t u r b i n g  t h e  e lec t rodes .  Th is  a l l ows  them t o  be reused t h r e e  t imes  

pe r  s e t t i n g ,  thus  s i g n i f i c a n t l y  reduc ing e l e c t r o d e  costs .  

I n  summary, t h e  ISV process ing  economic a n a l y s i s  i n d i c a t e s  t h e  f o l l o w i n g :  

Costs range from $70 t o  $290/m3 (1985 $) depending on waste t ype  and 

mo is tu re  content .  

E lect rode,  l a b o r ,  and power cos ts  c o n s t i t u t e  t h e  major  cos t  compo- 

nents ( i n  descending o rde r ) .  





@ Major  r e v i s i o n s  i n  equipment f ea tu res  have minor e f f e c t s  on t o t a l  

cos ts .  

Volume-incorporated water i n  s ludges t h a t  have h i g h  mo i s tu re  con ten ts  

can s i g n i f i c a n t l y  reduce per  o r i g i n a l  volume costs .  
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ANALYSIS OF OCCUPATIONAL AND PUBLIC SAFETY 
. 

The genera l  p rocedure  f o r  p e r f o r m i n g  a  s a f e t y  a n a l y s i s  of a  proposed 

o p e r a t i o n  i s  t o  f i r s t  deve lop  a  "source term,"  i .e. t h e  q u a n t i t y  of m a t e r i a l  

a v a i l a b l e  f o r  r e l e a s e  t o  t h e  human env i ronment  d u r i n g  normal c o n d i t i o n s  o r  

a c c i d e n t s ;  t o  second ly  deve lop "exposure s c e n a r i o s  ," which a r e  t h e  ways t h a t  

p e o p l e  would p o s s i b l y  be exposed t o  t h e  sources;  and f i n a l l y  t o  p r e p a r e  dose 

e s t i m a t e s ,  wh ich  can t h e n  be r e l a t e d  t o  s tandards  t o  g i v e  a  q u a n t i t a t i v e  e s t i -  

mate o f  t h e  s a f e t y  o f  t h e  o p e r a t i o n .  T h i s  c h a p t e r  p r e s e n t s  t h e  r e s u l t s  o f  a  

s a f e t y  a n a l y s i s  o f  t h e  a p p l i c a t i o n  o f  ISV t o  a  s e l e c t e d  r e p r e s e n t a t i v e  TRU 

waste  s i t e ,  i n c l u d i n g  e s t i m a t e s  o f  p o t e n t i a l  r a d i a t i o n  dose t o  workers  and t h e  

genera l  p u b l i c .  The r e f e r e n c e  s i t e  ( sou rce  t e r m )  i s  desc r ibed ,  f o l l o w e d  by an 

a n a l y s i s  of t h e  p lanned o p e r a t i o n s  and t h e  s i t e  i n  i t s  f i n a l  s t a t e  (Oma e t  a l .  

1983). 

SELECTION AND DESCRIPTION -- OF THE REFERENCE SITE 

The r e f e r e n c e  TRU-contaminated s o i  1  s i t e  d e s c r i b e d  by Kasper e t  a1 . (1979)  

and P r i c e  e t  a l .  (1979) was chosen f o r  t h e  ISV o c c u p a t i o n a l  and pub1 i c  s a f e t y  

a n a l y s i s  because i t  i s  h i g h l y  c h a r a c t e r i z e d  as a  r e s u l t  of w e l l  d r i l l i n g ,  moni -  

t o r i n g ,  and a n a l y t i c a l  programs. [A d e s c r i p t i o n  o f  t y p i c a l  t i l e  f i e l d s  and 

c r i b s  i s  g i v e n  by Oma, Farnswor th ,  and Rus in  (1982).]  Gibson (1982) has 

deve loped an e m p i r i c a l  re1  a t i o n s h i p  based on c o n d i t i o n s  a t  t h e  r e f e r e n c e  s i t e  

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

The r e f e r e n c e  s i t e  was b u i l t  i n  1949. D e t a i l s  of t h e  t i l e  f i e l d  con- 

s t r u c t i o n  a r e  shown i n  F i g u r e  78. The s u r f a c e  d imens ions o f  t h e  t i l e  f i e l d  a r e  

about  60 x 110 m. The s i d e  w a l l s  o f  t h e  5.8-m-deep e x c a v a t i o n  were s l o p e d  

inward ,  r e s u l t i n g  i n  f l o o r  d imens ions of about  30-m wide by 80-m long .  An 

e v a l u a t i o n  o f  a  contaminated zone t h a t  i s  5- t o  7 . 5 4  wide by 90-m l o n g  was 

made and r e p r e s e n t s  an a c c u r a t e  e s t i m a t i o n  of t h e  a rea  t h a t  r e q u i r e s  v i t r i f i c a -  

t i o n  a t  t h i s  p a r t i c u l a r  s i t e .  These dimensions a r e  used t o  c a l c u l a t e  t h e  num- 

b e r  of s e t t i n g s  r e q u i r e d  f o r  b o t h  p i l o t -  and l a r g e - s c a l e  systems. 







d i s t r i b u t e  t h r o u g h  t h e  e n t i r e  p i p e  sys tem (Crawley 1969). As a  r e s u l t ,  t h e  

waste e n t e r e d  t h e  sediments w i t h i n  a  few meters  o f  where i t e n t e r e d  t h e  

d i s t r i b u t i o n  system. 

To make e f f e c t i v e  use of t h e  t i l e  f i e l d ,  i t  was d i v i d e d  i n t o  t h r e e  sec -  

t i o n s  (see F i g u r e  79). Waste was d i s c h a r g e d  t o  t h e  head o f  t h e  A  s e c t i o n  f rom 

1964 t o  1966. I n  1966 t h e  A  s e c t i o n  was bypassed. A  5-cm, s t a i n l e s s  s t e e l  

p i p e  was p l a c e d  w i t h i n  t h e  c l a y  p i p e  (see F i g u r e  78) t o  change t h e  p o i n t  of 

d i s c h a r g e  t o  t h e  head o f  t h e  B  s e c t i o n .  I n  1967 t h e  B  s e c t i o n  was bypassed 

u s i n g  a d d i t i o n a l  s t a i n l e s s  s t e e l  p i p e  ( f o r  a  t o t a l  o f  53 m), and t h e n  waste  was 

d i s c h a r g e d  t o  t h e  head o f  t h e  C s e c t i o n .  I n  1969 t h e  t i l e  f i e l d  was r e t i r e d  

from s e r v i c e .  

Radi onuc l  i d e  Waste Form and I n v e n t o r y  

From 1949 t o  1959 t h e  r e f e r e n c e  s i t e  r e c e i v e d  wastes o r i g i n a t i n g  f r o m  ana- 

l y t i  c a l  and deve lopmenta l  l a b o r a t o r i e s  and process o p e r a t i o n s .  The waste  

c o n s i s t e d  p r i m a r i  l y  o f  a  d i l u t e ,  b a s i c ,  aqueous s o l u t i o n  t h a t  c o n t a i n e d  Pu. 

About 50 g  o f  Pu i n  1 x  l o 6  L o f  aqueous waste reached t h e  t i l e  f i e l d  d u r i n g  

t h i s  10 -y r  p e r i o d  ( P r i c e  e t  a1 . 1979). D u r i n g  t h e  second p e r i o d  of  a c t i v i t y  

(1964 t o  1969), t h e  t i l e  f i e l d  r e c e i v e d  waste o r i g i n a t i n g  f r o m  t h e  Pu 

r e c l a m a t i o n  f a c i l i t y .  The b u l k  o f  t h e  waste  was a  c o n c e n t r a t e d  aqueous 

s o l u t i o n  o f  n i t r a t e s  w i t h  an average pH o f  1.0. The volume o f  waste  r e c e i v e d  
6  has been e s t i m a t e d  a t  about  5.2 x 10 L aqueous waste c o n t a i n i n g  about  57 k g  of  

Pu. The i n v e n t o r y  o f  waste d i s c h a r g e d  t o  t h e  i n d i v i d u a l  s e c t i o n s  o f  t h e  t i l e  

f i e l d  i s  shown i n  Tab le  49. 

We1 1  d r i  11 i ng , m o n i t o r i n g  , and a n a l y t i c a l  programmi ng were conducted t o  

d e t e r m i n e  t h e  d i s t r i  h u t i o n  o f  Pu beneath  t h e  complex (Kasper e t  a l .  1979; P r i c e  

e t  a l .  1979). The d a t a  genera ted  f rom t h i s  e f f o r t  were used t o  c o n s t r u c t  

a c t i v i t y  p r o f i l e s  f o r  i n d i v i d u a l  w e l l s .  Based on g r a v i m e t r i c  d a t a  and t h e  

a c t i v i t y  p r o f i l e  ( P r i c e  e t  a1 . 1979),  c r o s s  s e c t i o n s  beneath  t h e  t i l e  f i e l d  

r e v e a l e d  t h e  geo logy and t h e  d i s t r i b u t i o n  of t h e  TRU elements.  F i g u r e  80 shows 

a  n o r t h - s o u t h  c r o s s  s e c t i o n  and F i g u r e s  81, 82, and 83 show eas t -wes t  c r o s s  

s e c t i o n s  of t h e  combined Pu and Am a c t i v i t y  beneath t h e  t i l e  f i e l d  complex. 



TABLE 49. Es t ima te  o f  Waste Volume, P lu ton ium,  and 
Americ ium Discharged t o  t h e  Reference S i t e  
(Kasper e t  a l .  1979) 

S e c t i o n  Volume, L Pu, kg  -- -- Am, kg  

A 1.9 x l o 6  30.0 - - 

C 1.4 x l o 6  .- 10.8 -- - - 
T o t a l  5.2 x l o 6  57.4 l (a)  

( a )  Based on t h e  e s t i m a t e d  e f f i c i e n c y  o f  t h e  
Am r e c o v e r y  process.  

P r i c e  e t  a1 . (1979) conc luded t h a t  t h e  h i g h e s t  c o n c e n t r a t i o n s  of Pu and Am 

(3.8 x l o 4  nC i /g  and 2.6 x l o 3  nC i /g  o f  sediment,  r e s p e c t i v e l y )  occu r  w i t h i n  

t h e  f i r s t  3 m o f  sediment beneath t h e  c e n t r a l  d i s t r i b u t i o n  p ipe .  The maximum 

v e r t i c a l  e x t e n t  o f  TRU a c t i v i t y  was found about 30 m below t h e  bo t tom of t h e  

t i l e  f i e l d  (wh ich  i s  s t i l l  25 m above t h e  r e g i o n a l  wa te r  t a b l e ) .  The d a t a  a r e  

r e p o r t e d  i n  P r i c e  e t  a l .  (1979) f o r  t h e  t e s t  w e l l  (299-W18-149) t h a t  c o n t a i n s  

t h e  h i g h e s t  c o n c e n t r a t i o n  o f  Pu and Am as a f u n c t i o n  of depth .  

The f i s s i o n  p r o d u c t s  p resen t  i n  t h e  t i l e  f i e l d  a r e  6 0 ~ o ,  ' O S ~ ,  l o 6 ~ u ,  and 

1 3 7 ~ s .  The a c t i v i t i e s  o f  each o f  t h e s e  m a t e r i  a1 s a r e  ~ 0 . 3  C i  . 
Chemical Waste Form -- 

Organ ic  wastes c o n s i s t i n g  m a i n l y  o f  CC14 and t r i b u t y l p h o s p h a t e  (TBP) were 

d i s c h a r g e d  t o  t h e  t i l e  f i e l d  i n  an aqueous s o l u t i o n  w i t h  an average pH o f  1.0 

d u r i n g  t h e  5-yr  p e r i o d  f r o m  1964 t o  1969 (Owens 1981). A d d i t i o n a l  n o n r a d i o -  

a c t i v e  e f f l u e n t  spec ies  and t h e i r  m o l a r i t i e s  were 0.15 - M HN03, 0.2 - M A1F(N03)*, 

0.3 - M M S ( N O ~ ) ~ ,  0.2 - M Ca(N03)*, and 0.95 - M NaN03. 

POTENTIAL SHORT-TERM (OPERATIONAL1 RADIATION EXPOSURES 

Cur ing  v i t r i f i c a t i o n  o f  t h e  r e f e r e n c e  s i t e ,  t h e  proposed ISV a c t i v i t i e s  

wou ld  p l a c e  workers  i n  p r o x i m i t y  t o  r a d i a t i o n  f i e l d s  . M i  n o r  a tmospher i c  

r e l e a s e s  o f  r a d i o n u c l  i d e s  would expose members of t h e  genera l  pub1 i c  t o  v e r y  
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FIGURE 81. D i s t r i b u t i o n  o f  T o t a l  TRU A c t i v i t y ,  East-West Cross S e c t i o n  
Through P o i n t s  A-A' (see F i g u r e  80) ( P r i c e  e t  a l .  1979) 

150 

140 

l o w  l e v e l s  o f  r a d i a t i o n .  A c c i d e n t s  o r  unplanned even ts  c o u l d  f u r t h e r  expose 

b o t h  workers  and t h e  p u b l i c .  These cases a r e  developed and examined i n  t h e  

f o l  l o w i n g  s e c t i o n s .  

Normal -- - Opera t i ons  - -- 

The sou rce  te rms used f o r  t h e  c a l c u l a t i o n  o f  t h e  o c c u p a t i o n a l  and p u b l i c  

exposures a r e  based on 1) measurement o f  t h e  gaseous e v o l u t i o n  o f  e lements  

d u r i n g  v i t r i f i c a t i o n ,  2 )  c a p a b i l i t i e s  o f  t h e  o f f - g a s  system as p r e s e n t l y  

designed,  and 3 )  e s t i m a t e s  of t h e  r a d i o n u c l i d e  i n v e n t o r y  i n  t h e  waste s i t e .  
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FIGURE - - - -- 82. - D i s t r i b u t i o n  o f  T o t a l  TRU A c t i v i t y ,  East  -West Cross S e c t i o n  
Through P o i n t s  B-B' ( see  F i g u r e  80) ( P r i c e  e t  a1 . 1979) 

Release r a t e s  f r o m  t h e  s o i l  d u r i n g  v i t r i f i c a t i o n  were e s t i m a t e d  f r o m  p r e -  

v i o u s  I S V  f i e l d  t e s t s  (Oma, Farnswor th ,  and Rus in  1982). Ra te  c o n s t a n t s  were 

deve loped f o r  t h r e e  p o s s i b l e  o p e r a t i n g  c o n d i t i o n s :  o p e r a t i o n  w i t h  a  c o l d  cap, 

o p e r a t i o n  w i t h o u t  a  c o l d  cap, and o p e r a t i o n  w i t h  r a p i d  v e n t i n g .  Re lease r a t e  

f r a c t i o n s  f o r  e lements i n  t h e  s i t e  a r e  l i s t e d  i n  Tab le  50. O p e r a t i o n  w i t h  a  

c o l d  cap o f  s o l i d i f i e d  s o i l  was assumed t o  o c c u r  d u r i n g  75% o f  t h e  runs.  Rou- 

t i n e  o p e r a t i o n  w i t h o u t  a  c o l d  cap was assumed f o r  t h e  r e m a i n i n g  25%. Rate con- 

s t a n t s  f o r  v e n t i n g  p e r t a i n  o n l y  t o  s i t e s  c o n t a i n i n g  c o m b u s t i b l e s  and were used 

o n l y  as a  b a s i s  f o r  r e l e a s e  i n  some o f  t h e  a c c i d e n t  s c e n a r i o s .  T o t a l  f r a c t i o n s  

of  m a t e r i a l  r e l e a s e d  i n  a  s i n g l e  r u n  were based on a  120-h r u n  t i m e .  
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FIGURE 83. D i s t r i b u t i o n  o f  T o t a l  TRU A c t i v i t y ,  East-West Cross S e c t i o n  
Through P o i n t s  C - C '  (see F i g u r e  80) ( P r i c e  e t  a1 . 1979) 

The c o l l  e c t i o n  e f f i c i e n c y  of each component of t h e  o f f - g a s  system was 

e s t i m a t e d  from p r e v i o u s  t e s t s  and from m a n u f a c t u r e r s '  da ta .  C o n s e r v a t i v e l y  

e s t i m a t e d  DFs f o r  each component a r e  l i s t e d  i n  Tab le  51 f o r  t h e  e lements  p r e -  

s e n t  i n  t h e  waste s i t e .  

The r e f e r e n c e  s i t e  waste i n v e n t o r y  as r e p o r t e d  by Owens (1981.) ( w i t h  

s l i g h t  m o d i f i c a t i o n s )  p r o v i d e d  t h e  b a s i s  f o r  t h e  r a d i o n u c l i d e  source te rm.  

Tab le  52 l i s t s  t h e  i s o t o p e  i n v e n t o r y  f o r  t h e  e n t i r e  waste  s i t e  and f o r  t h e  

r e g i o n  v i t r i f i e d  d u r i n g  each run.  Fo r  purposes o f  a n a l y s i s ,  t h e  waste i n v e n -  

t o r y  was assumed t o  be c o n c e n t r a t e d  a l o n g  t h e  waste  d i s t r i b u t i o n  p i p e ,  i n  a  

volume a p p r o x i m a t e l y  90 m x  5 m  x  4  m  (see F i g u r e  84). A h i g h l y  r a d i o a c t i v e  



TABLE 50. Elemental  F r a c t i o n s  Re1 eased Dur i  ng V i t r i f i c a t i o n  
o f  t h e  T i l e  F i e l d  

Element . Wi th  - Cold Cap, %/h Wi thou t  Cold Cap, %/h Gas Ven t ing ,  % ( a )  
3  (b) C o  (5 x  10- 5  l o - 3  0.58 avg;  1.2 m a x ( ~ )  

C s <5 x  10 - 3 ( b )  5  1.6 avg; 3.5 max ( c )  

S  r 0  5  l o - 4  0.1 avg; 0.12 max ( b )  

TR U 0  5 0.38 avg;  1.0 max ( c )  

R u  0  0  

( a )  Percent  o f  e l  ement a s s o c i a t e  w i t h  combus t ib les  o n l y .  
(h) Release f r a c t i o n s  o f  5 x  lo- '  were used f o r  t h e  exposure a n a l y s i s .  
( c )  Maximum gas v e n t i n g  r a t e  was used f o r  c e r t a i n  a c c i d e n t a l  r e l e a s e  

s c e n a r i  0s. 

TABLE 51. Hood-to-Stack Decon tamina t ion  F a c t o r s  f o r  t h e  O f f  -Gas 
Treatment System 

Component Cs o r  Sr TRU o r  Co 

Quench t o w e r  10 10 

Tandem n o z z l e  s c r u b b e r  10 10 

S e p a r a t o r  1 1 

Tube and s h e l l  1 1 
condenser 

Separa to r  1 1 

Hea te r  1 1 

HEPA f i l t e r  l o 2  l o 3  

zone ( 1 0  t i m e s  t h e  a c t i v i t y  o f  t h e  r e m a i n i n g  contaminated a r e a s )  was l o c a t e d  a t  

each o f  t h e  main d i s t r i b u t i o n  p o i n t s .  The c o n c e n t r a t i o n s  o f  r a d i o n u c l i d e s  i n  

each of t h e s e  " h o t t e r "  zones a r e  g i v e n  i n  Tab le  52, as a r e  t h e  i n t e g r a t e d  120-h 

r e l e a s e  f r a c t i o n s  f o r  o p e r a t i o n  w i t h  and w i t h o u t  a  c o l d  cap. A l s o  g i v e n  i n  

t h i s  t a b l e  a r e  t h e  t o t a l  q u a n t i t i e s  r e l e a s e d  p e r  r u n  ( o v e r  a  h o t  s p o t ) .  The 

s e t t i n g  was assumed t o  have a  c o l d  cap d u r i n g  75% o f  t h e  r u n  and no c o l d  cap 

f o r  t h e  rema in ing  25%. The f r a c t i o n  r e l e a s e d  d u r i n g  v e n t i n g  was n o t  used f o r  

normal o p e r a t i o n  c a l c u l a t i o n s .  



TABLE 52. . I n v e n t o r i e s  and Release F r a c t i o n s  f o r  120-h Runs 
a t  t h e  Reference S i t e  

Radi onuc l  - i de - 

238~,1 

239PU 

240pu 

241 PU 

2 4 2 ~ u  

241~rn 

9's r 

1 0 6 ~ u  

137cs 

6oco 
2 3 3 ~  

234u 

235" 

2 3 8 ~  

Reference 
S i t e ,  

I n v e n t o r y ,  
C i  

I n v e n t o r y  
Per S t, 

C i  cae 
4.3 x  l o o  

F r a c t i o n  
Re1 eased : 

Wi th  
Cold Cap 

0  

F r a c t i o n  
Re1 eased : 

Wi thou t  
Cold Cap 

6.0 x  

6.0 x  

6.0 x  

6.0 x  l o e 3  
6.0 x  

6.0 x  

6.0 x 

0  

6.0 x  

6.0 x  

6.0 x  

6.0 x  

6.0 x  l o e 3  
6.0 x 

Q u a n t i t y  
Re1 eased f r o m  

S o i l  Dyut-fie 
Set ,  C i  --- 

- - - - -- -- - - - - 
( a )  I n v e n t o r y  i s  f o r  one o f  t h r e e  " h o t  s p o t s " ;  o t h e r  runs  c o n t a i n  1/10 t h i s  

a c t  i v i  t y  . 
( b )  Ass~lrnes runs  had c o l d  cap 75% of t i m e ,  no c o l d  cap 25% o f  t ime .  

Occupat iona l  Exposure Dur ing  Rou t ine  Opera t i ons  - - - -- -- - - - - -- - 

Occupat iona l  doses f o r  r o u t i n e  o p e r a t i o n s  were e s t i m a t e d  f o r  a c t i v i t i e s  

t h a t  o c c u r r e d  d u r i n g  v i t r i f i c a t i o n  runs and d u r i n g  t h e  changeover p e r i o d  

between runs.  

A c t i v i t i e s  d u r i n g  t h e  r u n  f o r  wh ich  doses were c a l c u l a t e d  i n c l u d e  

1) o b s e r v i n g  t h e  m e l t ,  2)  w o r k i n g  i n  t h e  van t h a t  c o n t a i n s  t h e  o f f - g a s  system, 

and 3) o t h e r  a c t i v i t i e s  t h a t  cause a  worker  t o  be i n  t h e  v i c i n i t y  o f  t h e  

s i t e .  A c t i v i t i e s  d u r i n g  t h e  changeover p e r i o d  i n c l u d e  1 )  p l a c i n g  t h e  e l e c -  

t r o d e s ,  2)  p l a c i n g  t h e  hood, and 3)  d r a i n i n g  and f l u s h i n g  t h e  o f f -gas  system 

sc rub  s o l u t i o n  tanks .  Worker l o c a t i o n s  and t a s k  d u r a t i o n s  deve loped f o r  each 





a c t i v i t y  a r e  l i s t e d  i n  Tab le  53. F o r  t h i s  a n a l y s i s ,  p l a c i n g  t h e  e l e c t r o d e s  

i n c l u d e s  d r i  11 i ng t h e  ho les  f o r  t h e  e l e c t r o d e s ,  i n s e r t i n g  t h e  e l  e c t r o d ~ s ,  and 

s p r e a d i n g  t h e  g r a p h i t e l f r i t  between t h e  e l e c t r o d e s .  P l a c i n g  t h e  hood i n c l u d e s  

moving t h e  hood f rom one l o c a t i o n  t o  t h e  nex t ,  and hook ing up and check ing  t h e  

e l e c t r i c a l  and o f f - g a s  systems. D r a i n i n g  t h e  s c r u b  t a n k s  t a k e s  48 man-hours 

and i n c l u d e s  p r e p a r i n g  and f l u s h i n g  each tank  t h r e e  t imes .  An a d d i t i o n a l  

a c t i v i t y ,  removi ng overburden,  was n o t  r e q u i  r e d  f o r  t h e  r e f e r e n c e  s i t e  b u t  has 

been i n c l u d e d  i n  t h i s  a n a l y s i s  o f  t h e  v i t r i f i c a t i o n  process.  

The ISOSHLD model (Enge l ,  Greenborg, and Hendr ickson 1966) was used t o  

c a l  c u l  a t e  t h e  doses f rom r o u t i n e  o c c u p a t i o n a l  a c t i v i t i e s .  The c a l c u l a t i o n s  

f u r t h e r  assumed t h a t  1 )  t h e  s i t e  would be covered by a  1-m l a y e r  o f  uncontami -  

na ted  overburden and 2)  t h e  e n t i r e  s i t e  i n v e n t o r y  would be c o n t a i n e d  w i t h i n  t h e  

zone t o  be v i t r i f i e d ,  i .e., t h e  t o p  4  m of  waste. A l l  o f  t h e  r o u t i n e  doses 

e s t i m a t e d  a r e  c o n t r i b u t e d  p r i m a r i l y  f r o m  6 0 ~ o  and 1 3 7 ~ s .  

The g r e a t e s t  o c c u p a t i o n a l  doses f o r  t h e  e n t i r e  s i t e  r e s u l t  from e l e c t r o d e  

empl acernent because o f  t h e  workers  ' assumed p r o x i m i t y  t o  contaminated m a t e r i  a1 s  

TABLE -- 53. Occupat iona l  Doses f o r  Reference S i t e  V i t r i f i c a t i o n  
( 1 2 0 4  run,  15 s e t t i n g s )  

T o t a l  Occupa- 
Tot  a1 t i  onal  Who1 e  

Number o f  Man-Hours Man- Body Dose, 
Ac t  i v i  t y  -- Personnel  p e r  Run Hours man-rem 

Overburden removal 1 - - 100 2  x  10-lo 

E l e c t  rode  empl acement 4  60 900 9  x  l o - 2  
Hood p l  acement 4  16 2  40 1 x  l o - *  
Observa t i on  of me1 t 1 24 36 0  2  x  10-3 

Work i n  o f f - g a s  van 1 3  0  450 5  l o - 4  
D r a i n i n g  o f  c o l  l e c t i o n  t a n k s  1 4  8  720 7  

Work i n  s i t e  v i c i n i t y  1 120 1800 1 x l o - 8  
Background r a d i  a t i o n ( a )  1 120 1800 1 x  

( a )  Background exposure r a t e  i n  uncontaminated area assumed t o  be 
7 ,R/h. 



brough t  t o  t h e  s u r f a c e  d u r i n g  h o l e - d r i l l  i n g  f o r  t h e  e l e c t r o d e s .  The maximum 

c o l l e c t i v e  dose i s  9 x  man-rem, w h i l e  t h e  maximum i n d i v i d u a l  dose i s  

1 x  rem (see Tab le  53). T h i s  dose i s  s i g n i f i c a n t l y  l e s s  t h a n  t h e  DOE 

g u i d e l i n e s  o f  5  rem/yr  o r  3  rem/quar te r  whole body exposure t o  an i n d i v i d u a l  

worke r  [DOE Order 5480.1A, (U.S. DOE 1981a)],  even w i t h  c o n s e r v a t i v e  assump- 

t i o n s .  Fo r  compar ison,  t h e  n a t u r a l  background exposure r a t e  i n  t h e  area of t h e  

r e f e r e n c e  s i t e  i s  about  7 +R/h, so t h e  h i g h e s t  r o u t i n e  o c c u p a t i o n a l  dose 

r e c e i v e d  by a  worke r  f rom I S V - r e l a t e d  a c t i v i t i e s  i s  l e s s  t h a n  o r  equal  t o  t h e  

exposure  f r o m  n a t u r a l  background. 

The low dose a s s o c i a t e d  w i t h  100 hours  o f  overburden removal ,  2 x  10- 10 

man-rem, i n d i c a t e s  t h a t  t h i s  a c t i v i t y  w i l l  n o t  measurably c o n t r i b u t e  t o  t h e  

o v e r a l l  dose o f  ISV. 

Pub1 i c Exposure D u r i  ng Rout i ne Ope r a t  i ons - 

The q u a n t i t i e s  of  r a d i o n u c l i d e s  r e l e a s e d  t o  t h e  o f f - g a s  sys tem f r o m  t h e  

v i t r i f i c a t i o n  o f  t h e  r e f e r e n c e  s i t e  a r e  shown i n  Tab le  50. The o f f - g a s  DFs 

g i v e n  i n  Tab le  51 i n d i c a t e  t h a t  t h e  r e l e a s e  f r a c t i o n  w i l l  be -1 x  o f  t h e  

amount vented f r o m  t h e  s o i l  t o  t h e  o f f - g a s  system. T h i s  a i r b o r n e  r e l e a s e  o f  

r a d i o a c t i v i t y  i s  t h e  dominant  exposure pathway t o  t h e  p u b l i c  f rom v i t r i f i c a t i o n  

of t h e  s i t e .  

S tandard  models and methods f o r  t h e  re fe rence  s i t e  were used t o  c a l c u l a t e  

doses t o  members of t h e  pub1 i c  from t h e s e  r e l e a s e s  (Nap ie r  1982). These models 

i n c l u d e  c o n t r i b u t i o n s  t o  dose f r o m  submersion i n  con tamina ted  a i  r, i n h a l a t i o n  

o f  gases and p a r t i c u l a t e s ,  and i n g e s t i o n  o f  f ood  crops upon which  t h e  a i r b o r n e  

m a t t e r  may be depos i ted .  

One-year dose and f i f t y - y e a r  dose commitments f o r  t h e  c r i t i c a l  o r g a n ( a )  o f  

a  maximum exposed i n d i v i d u a l  l i v i n g  on t h e  r e f e r e n c e  s i t e  boundary and t o  t h e  

genera l  p u b l i c  l i v i n g  w i t h i n  80 km o f  t h e  s i t e  a r e  g i v e n  i n  Tab le  54. The 

l a r g e s t  s i t e - s p e c i f i c  doses t o  t h e  body from a i r b o r n e  r e l e a s e s  a r e  t o  bone: a  

50 -y r  dose commitment o f  1 x  l o m 5  rern t o  t h e  maximum exposed i n d i v i d u a l  , and 

-- 

( a )  The c r i t i c a l  o rgan i s  t h e  organ t h a t  r e c e i v e s  t h e  h i g h e s t  dose. 



TABLE 54. C r i t i c a l  Organ Dose Commitments t o  t h e  P u b l i c  f r o m  
R o u t i  ne ISV O p e r a t i  ons 

Maxi mum-Exposed Popul a t i o n ,  
Dose I n d i  v i  dua l  , rem man -rem 

1 s t  yr 3  x  l o - 8  9  

5  x  10-' man-rem t o  t h e  e n t i r e  p o p u l a t i o n .  The ma jo r  c o n t r i b u t o r s  t o  dose a r e  

t h e  n u c l i d e s  2 3 9 ~ u ,  2 4 0 ~ u ,  and 2 4 1 ~ m .  

The DOE r e g u l a t i o n s  on exposure t o  t h e  genera l  p u b l i c ,  DOE Order 5480.1A, 

Chapter  11 (U.S. DOE 1981a), l i m i t  t h e  dose t o  t h e  maximum-exposed i n d i v i d u a l  

t o  <0.5 r e m l y r ,  and 0.170 r e m l y r  based on t h e  average dose t o  a  s u i t a b l e  sample 

of t h e  pxposed p o p u l a t i o n .  The doses c a l c u l a t e d  f o r  ISV o p e r a t i o n  a t  t h e  

r e f e r e n c e  s i t e  a r e  i n s i g n i f i c a n t  i n  compar ison w i t h  these  s tandards ,  t h u s  

p r o v i d i n g  an i n d i c a t i o n  of t h e  o v e r a l l  s a f e t y  o f  t h e  ISV o p e r a t i o n .  

P o s t u l  a t e d  -- Abnormal Opera t ions  

T h i s  s e c t i o n  p r e s e n t s  t h e  e s t i m a t e d  r a d i o l o g i c a l  e f f e c t s  o f  p o t e n t i  a1 

c r e d i b l e  a c c i d e n t s  ( o r  abnormal o p e r a t i n g  c o n d i t i o n s )  d u r i n g  ISV. The 

a c c i d e n t s  c o n s i d e r e d  a r e  be1 i eved t o  r e p r e s e n t  t h e  w o r s t  impac ts  p o s s i  b l  e  d u r -  

i n g  ISV. The a c c i d e n t  s c e n a r i o s  a r e  based on p r e s e n t  des igns  and p lanned o p e r -  

a t i n g  c o n d i t i o n s .  They a r e  n o t  p r e d i c t i o n s  t h a t  any of t h e s e  a c c i d e n t s  w i l l  

happen. 

The approach used t o  deve lop t h e  a c c i d e n t  a n a l y s i s  and subsequent dose 

e v a l u a t i o n  was t o  1 )  i d e n t i f y  t h e  v a r i o u s  s teps  of t h e  ISV o p e r a t i o n ,  

2 )  d ~ t e r m i  ne re1  ease mechani sms t h a t  c o u l d  breach t h e  r a d i  onuc l  i de con ta inmen t  

systems and r e l e a s e  r a d i o n u c l i d e s  t o  t h e  b iosphere  f o r  each s tep ,  3)  e s t i m a t e  

t h e  maximum f r a c t i o n  of r a d i  onuc l  i d e s  t h a t  m i g h t  be re leased ,  and 4 )  c a l c u l a t e  

doses r e s u l t i n g  f rom t h e  e s t i m a t e d  re leases .  

The a c c i d e n t  s c e n a r i o s  a r e  b r i e f l y  desc r ibed ,  f o l l o w e d  by a  d i s c u s s i o n  o f  

t h e  o c c u p a t i o n a l  and pub1 i c  doses r e s u l t i n g  f rom t h e  a c c i d e n t a l  re leases .  



D e s c r i p t i o n  o f  A c c i d e n t a l  Re1 ease Scenar ios  

The consequences o f  a c c i d e n t s  p o s s i  b l  e  d u r i  ng t h e  v i  t r i  f i c a t i o n  o f  an a r e a  

a r e  dependent on t h e  q u a n t i t i e s  o f  r a d i o n u c l i d e s  i n v o l v e d .  To p u t  an upper  

bound on t h e  p o s s i b l e  r e l e a s e s ,  a l l  a c c i d e n t s  d e s c r i b e d  a r e  assumed t o  o c c u r  

d u r i n g  o r  a f t e r  120 hours o f  o p e r a t i o n  a t  t h e  most h i g h l y  con tamina ted  zones i n  

t h e  r e f e r e n c e  s i t e .  T h i s  c o n d i t i o n  r e p r e s e n t s  t h e  l a r g e s t  con tamina ted  s o i l  

volume t h a t  would be a v a i l a b l e  f o r  any s i n g l e  event  and t h e  maximum source  f o r  

t h e  v a r i o u s  a c c i d e n t s .  

Four  a c c i d e n t  s c e n a r i o s  have been i d e n t i f i e d  as h a v i n g  t h e  p o t e n t i a l  t o  

o c c u r  a t  t h e  r e f e r e n c e  s i t e .  These a r e  1) an u n c o n t r o l l e d  v e n t i n g  f rom a  

s u b s u r f a c e  s t r u c t u r e ,  2 )  a  break i n  t h e  o f f - g a s  conta inment  p i p e ,  3 )  a  l i q u i d  

l e a k  i n  t h e  o f f  -gas c o n t r o l  van, and 4)  a  gaseous l e a k  i n  t h e  o f f - g a s  van. Two 

a d d i t i o n a l  s c e n a r i o s  a r e  a l s o  cons ide red .  These i n c l u d e  5)  t h e  p o s s i b i l i t y  of  

a c c i d e n t a l  e x c a v a t i o n  o f  t h e  waste whi l e  removing overburden,  and 

6 )  c r i t i c a l i t y  o f  f i s s i o n a b l e  m a t e r i a l s .  These l a t e r  two a c c i d e n t s  a r e  o n l y  

addressed qua1 i t a t i  v e l y  t o  g i v e  p e r s p e c t i v e  t o  p o t e n t i a l  hazards  o f  t h e  I S V  

process.  

1. U n c o n t r o l l e d  v e n t i n g  f r o m  a  s u b s u r f a c e  s t r u c t u r e .  The r u n  i s  p r o -  

ceed ing  n o r m a l l y  when l o c a l i z e d  v e n t i n g  o f  gas f r o m  t h e  s u r f a c e  o f  

t h e  waste s i t e  o u t s i d e  t h e  hood i s  n o t i c e d .  The phenomenon, wh ich  i s  

i n v e s t i g a t e d  by a  r a d i a t i o n  m o n i t o r ,  i s  s h o r t - l i v e d ,  and t h e  r u n  con -  

t i n u e s  unabated.  It i s  l a t e r  de te rm ined  t h a t  t h e  v e n t i n g  was due t o  

l i m i t e d  v o l a t i l i z a t i o n  and p r e s s u r i z a t i o n  o f  waste l i q u i d  r e m a i n i n g  

i n  a  6-m-long s e c t i o n  o f  t h e  s t a i n l e s s  s t e e l  d i s t r i b u t i o n  p i p e .  

Doses f o r  t h i s  s c e n a r i o  were e s t i m a t e d  u s i n g  t h e  waste c o n c e n t r a t i o n  

l i s t e d  i n  Tab le  52. The sou rce  t e r m  i s  l i s t e d  i n  Tab le  55. 

2. Break i n  l i n e  between hood and o f f - g a s  system. The r u n  i s  p r o c e e d i n g  

n o r m a l l y ,  w i t h  no c o l d  cap. The e f f l u e n t  l i n e  between hood and o f f -  

gas system breaks,  r e l e a s i n g  t h e  gaseous e f f l u e n t s  d i r e c t l y  t o  t h e  

atmosphere. Power t o  t h e  e l e c t r o d e s  i s  c u t  o f f  immed ia te l y .  As a  

c o l d  cap forms o v e r  t h e  m e l t  a rea,  t h e  e f f l u e n t s  re1 eased t o  t h e  

atmosphere decrease exponen t i  a1 l y  w i t h  a  ha1 f -hour  ha1 f - t ime .  Gase- 

ous e f f l u e n t s  a r e  r e l e a s e d  t o  t h e  atmosphere f o r  a  f o u r - h o u r  p e r i o d  
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b e f o r e  a  s u f f i c i e n t  c o l d  cap i s  formed t o  p reven t  f u r t h e r  d i s -  

charge.  The doses f o r  t h i s  s c e n a r i o  were e s t i m a t e d  assuming t h e  

r e l e a s e  r a t e s  de te rm ined  f o r  t h e  absence o f  a  c o l d  cap, l i s t e d  i n  

Tab le  50. The q u a n t i t i e s  of r a d i o n u c l i d e s  r e l e a s e d  a r e  r e p o r t e d  i n  

Tab le  55. 

3. C o l l e c t i o n  t a n k  l eak .  The r u n  i s  p r o g r e s s i n g  i n  a  normal manner w i t h  

o n l y  20 hours rema in ing  u n t i l  t h e  r u n  i s  t o  be completed.  A l e a k  

deve lops  i n  t h e  bo t tom o f  one quencher -scrubber  c o l l e c t i o n  t a n k ,  

wh ich  a l l o w s  t h e  e n t i r e  c o n t e n t s  o f  t h e  t a n k  t o  s p i l l  i n t o  t h e  pan 

t h a t  l i n e s  t h e  f l o o r  o f  t h e  hood. The d e c i s i o n  i s  made t o  comp le te  

t h e  r u n  w i t h o u t  one o f  t h e  sc rubbers .  Ten ha1 f - h o u r  samp l ing  p e r i o d s  

a r e  spent  i n  t h e  o f f - g a s  van, r e s u l t i n g  i n  an a d d i t i o n a l  dose t o  t h e  

worker.  No r a d i o n u c l i d e s  a r e  r e l e a s e d  t o  t h e  atmosphere, so t h i s  

a c c i d e n t  does n o t  a f f e c t  t h e  p u b l i c .  The t o t a l  q u a n t i t i e s  of  r a d i o -  

n u c l i d e s  s p i l l e d  t o  t h e  hood a r e  l i s t e d  i n  Tab le  55. 

4. Gaseous e f f l u e n t  r e l e a s e  t o  t h e  o f f - g a s  vans. The r u n  i s  p r o g r e s s i n g  

i n  a  normal manner when a  l e a k  deve lops i n  t h e  o f f - g a s  system a f t e r  

t h e  o f f  gas c l e a r s  t h e  b l o w e r  and i s  i n s i d e  t h e  van. Because t h e  o f f  

gas i s  ve ry  humid and c o u l d  damage t h e  equipment, t h e  r u n  i s  t e r m i n -  

a t e d  a t  t h i s  p o i n t .  The re fo re ,  t h e  workers  spend o n l y  one h a l f - h o u r  

sampl i ng p e r i o d  i n  t h e  con tamina ted  atmosphere. T h i s  a c c i d e n t  wou ld  

n o t  i n c r e a s e  t h e  exposure of t h e  o f f s i t e  p o p u l a t i o n  above t h a t  

r e c e i v e d  f r o m  normal o p e r a t i o n s .  The sou rce  t e r m  i s  1  i s t e d  i n  

Tab le  55. 

5. Excess overburden removal. The r e f e r e n c e  s i t e  has o n l y  -1.5 m o f  

overburden,  making i t s  removal unnecessary.  However, o t h e r  s i t e s  may 

be more deep ly  b u r i e d .  V i t r i f i c a t i o n  o f  deep l a y e r s  o f  ove rbu rden  

may n o t  be p r a c t i c a l  o r  e c o n o m i c a l l y  j u s t i f i a b l e .  T h e r e f o r e ,  t h e  

overburden may be removed u s i n g  c o n v e n t i o n a l  ea r th -mov ing  t e c h n i q u e s .  

As t h e  overburden i s  removed u s i n g  1  arge ear th-mov ing equipment,  

i t  i s  checked by r a d i a t i o n  m o n i t o r s .  It i s  assumed t h a t ,  due t o  

i n a c c u r a t e  su rvey  o r  o p e r a t o r  e r r o r ,  a  s e c t i o n  o f  con tamina ted  s o i l  

i s  uncovered.  The e r r o r  i s  d i s c o v e r e d  immed ia te l y  by t h e  m o n i t o r ,  



and t h e  area i s  covered w i t h  c l e a n  s o i l .  The area t h a t  was uncovered 

i s  assumed t o  be t h e  w i d t h  o f  t h e  contaminated zone, about  6 m x  

2  m. The amount o f  con tamina ted  d u s t  suspended f r o m  c l e a r i n g  and 

c o v e r i n g  t h i s  area i s  2  kg, r e l e a s e d  ove r  a  p e r i o d  o f  10 minutes .  

The s o i l  i s  assumed t o  have t h e  r a d i o n u c l i d e  c o n c e n t r a t i o n  o f  t h e  

" h o t  zones." The r a d i o n u c l i d e  r e l e a s e  i s  1  i s t e d  i n  Tab le  55. 

6. C r i t i c a l i t y .  D e t a i l e d  c a l c u l a t i o n s  have shown t h a t  a  minimum c r i t i -  

c a l  a r e a l  c o n c e n t r a t i o n  o f  Pu meta l  i n  wet s o i  1s a t  t h e  r e f e r e n c e  

s i t e  i s  2.9 kg/m2, w i t h  f u l l  w a t e r  r e f l e c t i o n  (Oma, Farnswor th ,  and 

Rus in  1982). Acco rd ing  t o  t h e  same s tudy,  t h i s  v a l u e  i n c r e a s e s  t o  
2  14.5 kg/m f o r  d r y  s o i l  w i t h  Pu i n  t h e  o x i d e  form. A s a f e t y  f a c t o r  

of 0.33 i s  a p p l i e d ,  sugges t ing  t h a t  any s i t e  w i t h  1 .  kg/m2 f o r  wet  
2  s o i l  ( o r  about  5  kg/m f o r  d r y  s o i l  w i t h  Pu02) wou ld  be a c c e p t a b l e  

f o r  ISV w i t h o u t  danger o f  i n d u c i n g  a  c r i t i c a l i t y .  

The peak s o i l  c o n c e n t r a t i o n  o f  2 3 9 ~ u  i n  t h e  r e f e r e n c e  s i t e  i s  

4  x  l o 4  n C i / g  2 3 9 ~ u  and 2 4 0 ~ u  i n  a  l i m i t e d  area around t h e  d i s -  

t r i b u t o r  p i p e  (Kennedy e t  a1 . 1982). T h i s  l e v e l  o f  c o n t a m i n a t i o n  

reaches a  dep th  o f  1 m  below t h e  p ipe .  Us ing an a c t i v i t y  f r a c t i o n  o f  

80% 2 3 9 ~ u ,  t h i s  would be about  5 x  g  2 3 9 ~ u / g  s o i  1. Thus, t h e  

a r e a l  c o n c e n t r a t i o n  would be 0.9 kg/m 2 3 9 ~ u .  T h i s  i s  below t h e  

a c c e p t a b l e  a r e a l  c o n c e n t r a t i o n  f o r  wet s o i  1, and we1 1  below t h e  c r i t -  

i c a l  c o n c e n t r a t i o n .  No mechanisms d u r i n g  t h e  ISV process can be pos-  

t u l a t e d ,  wh ich  r e s u l t  i n  l a t e r a l  c o n c e n t r a t i o n  o f  t h e  Pu (Oma, 

Farnswor th ,  and Rus in  1982);  t h e r e f o r e ,  a  c r i t i c a l i t y  i n c i d e n t  i s  n o t  

c o n s i d e r e d  p o s s i b l e  f o r  t h i s  s i t e .  Because t h e  r e f e r e n c e  s i t e  con- 

t a i  ns a  g r e a t e r  c o n t a m i n a t i o n  1  eve1 than  o t h e r  t y p i c a l  contami na ted  

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

s i t e s .  However, i f  ISV a p p l i c a t i o n  i s  t o  be used f o r  o t h e r  s i t e  

t ypes ,  such as ca i ssons  o r  r e t r i e v a b l y  s t o r e d  TRU wastes,  a  more 

d e t a i l e d  c r i t i c a l i t y  i n v e s t i g a t i o n  may be i n  o rde r .  

Doses R e s u l t i n g  f r o m  P o s t u l a t e d  Releases 

The a c c i d e n t  w i t h  t h e  most seve re  consequences i s  a  break i n  t h e  o f f - g a s  

l i n e  b e f o r e  t h e  o f f  gases a r e  t r e a t e d .  F i r s t - y e a r  l u n g  doses t o  a  worke r  



s t a n d i n g  downwind o f  t h e  vented gases c o u l d  be as h i g h  as 10 rem. F i  r s t - y e a r  

doses t o  members o f  t h e  genera l  pub1 i c  ou t  o f  t h e  immediate v i c i n i t y  wou ld  be 

much l o w e r ,  on t h e  o r d e r  o f  0.03 rem t o  t h e  l u n g  o f  a  maximum exposed i n d i v i d -  

u a l  8  km away. The c u m u l a t i v e  f i r s t - y e a r  dose t o  t h e  e n t i r e  p o p u l a t i o n  80 km 

around t h e  s i t e  would be 100 man-rem, much l e s s  t h a n  t h a t  a t t r i b u t e d  t o  back-  

ground dose. Doses t o  workers  f r o m  r e l e a s e s  d u r i n g  v i t r i f i c a t i o n  a r e  g i v e n  i n  

Tab le  56. Doses t o  t h e  p u b l i c  f r o m  t h e s e  same a c t i v i t i e s  a r e  l i s t e d  i n  

Tab le  57. 

The r a d i o l o g i c a l  consequences o f  u n c o n t r o l l e d  v e n t i n g  o f  a  f r a c t i o n  of  t h e  

waste i n v e n t o r y  a r e  l ower  than  t h o s e  f o r  a  break i n  t h e  o f f - g a s  l i n e .  The 

f i r s t - y e a r  l u n g  dose t o  t h e  maximum exposed worker  would be 2 rem, as shown i n  

Tab le  55. F i r s t - y e a r  l u n g  doses t o  members o f  t h e  genera l  p u b l i c  remain low,  

5  x  rem f o r  t h e  maximum exposed i n d i v i d u a l  and 0.2 man-rem t o  t h e  s u r -  

r o u n d i n g  p o p u l a t i o n  (see Tab le  56). 

The o n l y  o t h e r  a c c i d e n t  w i t h  p o t e n t i a l  f o r  o f f s i t e  r e l e a s e  of  r a d i o -  

n u c l i d e s  i s  t h e  a c c i d e n t a l  p e n e t r a t i o n  o f  t h e  waste w h i l e  removing overburden 

( a l t h o u g h  overburden removal i s  n o t  necessary  f o r  t h e  r e f e r e n c e  s i t e ) .  The 

m o n i t o r s  and equipment o p e r a t o r s  c o u l d  r e c e i v e  as much as 5 rem, i f  n e i t h e r  one 

was wear ing  r e s p i r a t o r s  a t  t h e  t i m e ,  w h i l e  t h e  o f f s i  t e  i n d i v i d u a l  wou ld  

p r o b a b l y  r e c e i v e  0.01 rem. 

The o t h e r  a c c i d e n t s  s t u d i e d  have no a tmospher i c  r e l e a s e  o f  r a d i o n u c l i d e s .  

The n u c l i d e s  a r e  c o n t a i n e d  i n  t h e  g l o v e  boxes i n  t h e  o f f - g a s  system t r a i l e r .  

Doses t o  workers  i n  t h e  van a r e  0.5 rem f o r  t h e  l i q u i d  l e a k  and 0.04 rem f o r  

t h e  gaseous l e a k ,  as r e p o r t e d  i n  Tab le  55. 

POTENTIAL LONG-TERM RADIATION EXPOSURES 

F o l l o w i n g  ISV o f  a  waste s i t e ,  t h e  r a d i o n u c l i d e s  t h a t  were i n i t i a l l y  

p r e s e n t  remain l o c k e d  i n s i d e  a  l a r g e ,  o b s i d i a n - l i k e  m o n o l i t h .  A key q u e s t i o n  

i n  d e t e r m i n i n g  t h e  s u i t a b i l i t y  of a  s i t e  f o r  ISV i s  t h e  r e l a t i v e  b e n e f i t  ga ined  

by v i t r i f y i n g  t h e  s i t e .  The measure o f  b e n e f i t  i s  t h e  r e d u c t i o n  o f  p o t e n t i a l  

r a d i a t i o n  dose f r o m  t h e  waste s i t e  t o  i n d i v i d u a l s  i n  t h e  f u t u r e .  



TABLE 56. Occupat iona l  Doses f r o m  Pos tu l  a t e d  A c c i d e n t a l  Releases (120-h 
run,  15 s e t t i n g s ,  c o n c e n t r a t e d  i n v e n t o r y )  

Number Length  1 s t  Year Dose Commitment 
o f  o f  t o  Each Worker, rem 

Acc iden t  Personnel Exposure T o t a l  Body - Bone L C - :  

Uncon t ro l  1  ed 1 1 min 1 l o - 3  2  x  l o - 2  2  x  l o o  
v e n t i  ng 

O f f -gas  l i n e  1 5  rnin 6 x  1 x 1 0 - I  1 x 1 0 ~  
break 

C o l l e c  i n  t a n k  
l a ?  

1 5 h  5  x  10-I --- - - -  
1  eak 

Gaseous re1 ease 1 30 mi n  2 l o - s  3  l o - 4  4 lo'? 
t o  van 

Excess overburden 2  10 mi n  3  4  x  l o - 2  5  x  l o 0  
removal 

- - - - - -- - - -- - - - - 
( a )  E x t e r n a l  r a d i a t i o n  exposure o n l y .  

TABLE 57. Pub1 i c  Dose Commi tmen ts  f rom P o s t u l a t e d  A c c i d e n t a l  Re1 eases 

Maxi mum- 
Exposed I n d i  v i d u a l  , rern Popul a t i  on, man-rem 

A c c i d e n t  ----- -- -- - -- 1 s t  Year (a ]  50 y e a r ( b ]  1 s t  Year (a ]  50 Year (b ]  
U n c o n t r o l l e d  v e n t i n g  5 x  5  1 0 ' ~  2 x  1 0 - I  2 x  l o o  
O f f -gas  1  i n e  break 3 x  l o - 2  3  x  10-I 1 x  l o 2  1 l o 3  
Excess i ve  overburden 1 x  lo- '  9 x  1 0 ' ~  3  x  l o 1  3 x  l o 2  

removal 

- - 
( a )  Lung dose. 
( b )  Bone dose. 

The p o t e n t i a l  r o u t e s  t h r o u g h  which  peop le  may be exposed t o  r a d i o n u c l i d e s  

o r  r a d i a t i o n  a r e  c a l l e d  exposure pathways. The genera l  pathways can be t h o u g h t  

o f  as e x t e r n a l  exposure, i n h a l a t i o n ,  and i n g e s t i o n .  E x t e r n a l  exposure r e s u l t s  

f r o m  d i r e c t  r a d i a t i o n  from a i r ,  wa te r ,  s o i  1, and contaminated s t r u c t u r e s .  

I n h a l a t i o n  doses can r e s u l t  f r o m  b r e a t h i n g  a e r o s o l s  r e l e a s e d  f r o m  f a c i  1 i t i e s  o r  



resuspended m a t e r i a l s .  Pathways o f  i n g e s t i o n  a r e  water ,  f i s h ,  w a t e r f o w l ,  o t h e r  

game, food crops,  animal  p roduc ts ,  o r  d i r e c t  consumpt ion of sma l l  amounts o f  

m a t e r i a l  t r a n s f e r r e d  f r o m  con tamina ted  s u r f a c e s  t o  t h e  hands. The p o t e n t i a l  

dose t o  an i n d i v i d u a l  t h a t  m i g h t  r e s u l t  f r o m  r e s i d u a l  c o n t a m i n a t i o n  a t  a  s i t e  

( t h e  A1 l o w a b l e  Res idua l  Con tamina t ion  L e v e l ,  o r  ARCL; Nap ie r  1982) i s  c a l c u -  

l a t e d  i n  a  r a d i a t i o n  exposure s c e n a r i o  a n a l y s i s  by summing t h e  exposures  

t h r o u g h  a l l  o f  t h e  s e l e c t e d  pathways. 

The key t o  ARCL i s  an a n a l y s i s  o f  t h e  maximum annual r a d i a t i o n  dose t o  an 

i n d i  v i d u a l  . T h i s  dose i s  c a l c u l a t e d  by summing t h e  doses f r o m  a p p r o p r i a t e  

exposure  pathways. The pathways a r e  chosen depending on t h e  ways an i n d i v i d u a l  

c o u l d  be exposed f o r  t h e  r e l e a s e  mode cons ide red .  The c o l l e c t i o n  of a p p r o p r i  - 
a t e  pathways i s  c a l l e d  an exposure s c e n a r i o .  The a b i l i t y  t o  choose t h e  expo- 

s u r e  s c e n a r i o  i s  what g i v e s  t h e  method t h e  f l  e x i  b i  1  i t y  t o  hand le  many t y p e s  o f  

s i t e s ,  i n v e n t o r i e s ,  and l o c a t i o n s .  

P r e l  i m i  n a r y  i n v e s t i g a t i o n s  have been per formed t o  d e t e r m i n e  t h e  l o c a t i o n  

of t h e  i n d i v i d u a l  most 1  i k e l y  t o  be a f f e c t e d  by con tamina ted  s i t e s .  I n  a  p r e -  

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

l i v e  downwind and downstream a t  d i s t a n c e s  of 10 km, 1 km, and o n s i t e  ( N a p i e r  

1982). For  a l l  t i m e s  and f o r  a l l  exposure  s c e n a r i o s ,  r a d i a t i o n  dose r a t e s  t o  

t h e  i n d i v i d u a l s  1  i v i  ng o u t  of t h e  immedia te  v i c i n i t y  of t h e  con tamina ted  areas 

were found t o  be o r d e r s  o f  magni tude s m a l l e r  t h a n  t h o s e  r e c e i v e d  by  t h e  o n s i t e  

i n d i v i d u a l  . Thus, t h e  o n s i t e  exposure s c e n a r i o s  have been de te rm ined  t o  be t h e  

most  c r i t i c a l .  Fo r  u n r e s t r i c t e d  use, t h e  genera l  t y p e s  of  p o t e n t i a l  exposure  

s c e n a r i o s  f o r  maximum-exposed i n d i v i d u a l s  a r e  as f o l  lows:  

T r a n s i e n t  

Permanent r e s i d e n t  

- w e l l  d r i l l i n g ,  e x c a v a t i o n  

- c o n t a c t  w i t h  s o i  1  , i n h a l a t i o n  o f  resuspended m a t e r i a l  

- d r i n k i n g  of w e l l  wa te r  

- backyard  garden 



I n a d v e r t e n t  i n t r u d e r  

I n t e n t i o n a l  i n t r u d e r  

- r e s o u r c e  recove ry  

- use o f  recove red  resource.  

The p o t e n t i a l  f o r  r a d i a t i o n  doses t o  i n d i v i d u a l s  has been examined f o r  

each of t h e s e  genera l  scenar ios .  The most r e s t r i c t i v e  a r e  examined i n  d e t a i l  

i n  t h i s  r e p o r t .  F o r  contaminated s o i l  areas,  t h e  permanent r e s i d e n t  i s  t h e  

i n d i  v i  dual  most 1  i k e l y  t o  r e c e i  ve r a d i a t i o n  doses, a1 though t h e  i n t r u d e r  has 

t h e  p o s s i  b i  1  i t y  o f  r e c e i  v i  ng t h e  h i g h e s t  doses. 

Fo r  t h e  purposes o f  t h i s  a n a l y s i  s  , dose e s t i m a t e s  have been c a l  c u l  a t e d  f o r  

i n d i v i d u a l s  exposed a t  t i m e s  1,000 and 10,000 y e a r s  i n  t h e  f u t u r e .  Dose e s t i -  

mates a r e  p r o v i d e d  f o r  t h e  r e f e r e n c e  s i t e  w i t h  t h e  most h i g h l y  con tamina ted  

zone v i t r i f i e d  and t h e  remainder  covered w i t h  a  b a r r i e r .  

Fo r  t h e  exposure s c e n a r i o  d i s c u s s e d  above, s e v e r a l  pathways e x i s t  t h a t  

p r o v i d e  a  r o u t e  f o r  r a d i o n u c l i d e  t r a n s p o r t  f r o m  t h e  waste t o  t h e  b iosphere .  

These may be genera l  i zed as groundwater  t r a n s p o r t ,  b i o t i c  t r a n s p o r t  (as i n  

c r o p s  o r  animal  p r o d u c t s  ) , a tmospher i c  t r a n s p o r t ,  and d i  r e c t  c o n t a c t .  

The pathways o f  i n t e r e s t  t o  t h e  r e s i d e n t  i n d i v i d u a l  f o r  I S V  waste forms 

a r e  d i  r e c t  i r r a d i a t i o n ,  i n h a l a t i o n  o f  resuspended m a t e r i a l ,  and i n g e s t i o n  o f  

contami  na ted  crops and animal  p r o d u c t s  (i 11 u s t  r a t e d  i n  F i g u r e  85). The re1  a-  

t i v e  impor tance  of each of t h e s e  pathways i s  a  f u n c t i o n  o f  t h e  l e n g t h  o f  

exposure,  as d e f i n e d  by t h e  exposure scenar io .  

The s i t e  does n o t  pose any hazard  f o r  t r a n s i e n t s ,  e i t h e r  as i t  now e x i s t s  

o r  w i t h  any b a r r i e r s  o r  v i t r i f i c a t i o n  a p p l i e d .  The dose r a t e  a t  t h e  ground 

s u r f a c e  a t  any t i m e  i n  t h e  f u t u r e  w i l l  be e s s e n t i a l l y  a t  background l e v e l s .  

T h i s  i s  shown i n  Tab le  58. The presence o f  t h e  overburden on t h e  s i t e  a c t s  as 

s h i e l d i n g  t o  any p e n e t r a t i n g  r a d i a t i o n  and e l  i m i n a t e s  any p o s s i  b i  li t y  o f  i n h a -  

l a t i o n  o f  contami na ted  s u r f a c e  m a t e r i a l s .  

It i s  p o s s i b l e  t h a t  a  f u t u r e  i n h a b i t a n t  of t h e  s i t e  m i g h t  grow a  home veg- 

e t a b l e  garden d i r e c t l y  on t o p  o f  t h e  waste s i t e .  An e f f e c t i v e  b a r r i e r  t o  c r o p  

p e n e t r a t i o n  o f  t h e  wastes, such as a  r o c k l s o i  1  cap o r  v i t r i f i c a t i o n ,  c o u l d  



l ower  t h e  dose p o t e n t i a l  t o  around 10 mrem/yr, i f  i t  d i d  no t  p rec lude  t h e  

pathway e n t i r e l y .  These r e s u l t s  a re  a l s o  shown i n  Table 58. 

The scenar ios  where s e l e c t i v e  ISV p l ays  an impor tan t  r o l e  a t  t h e  re fe rence  

s i t e  a re  those  t h a t  i n v o l v e  phys i ca l  i n t r u s i o n  i n t o  t he  ac tua l  waste zone such 

as we1 1  - d r i  11 i ng th rough  t h e  waste zone o r  d i  gg i  ng basements, i rr i  g a t i o n  

d i t ches ,  sewer l i n e s ,  o r  highways. 

A d r i l l i n g  scenar io  i s  t h e  worst  case f o r  a  v i t r i f i e d  waste form. The 

a c t i o n  o f  a  d r i  11 b i t  on t h e  hard waste causes i t  t o  fragment i n t o  very smal l  

p a r t i c l e s  t h a t  can be inha led .  However, t h e  p a r t i c l e s  a re  more dense and l e s s  

s o l u b l e  than u n v i t r i f i e d  s o i l ,  so t h e i r  resuspension i s  s l  i g h t l y  l e s s  than  f o r  

s o i l ,  and t h e  t r a n s l o c a t i o n  o f  i n h a l e d  p a r t i c l e s  f rom l u n g  t o  bone ( t h e  

c r i t i c a l  organ) i s  g r e a t l y  reduced. The q u a n t i t y  o f  r a d i o a c t i v e  m a t e r i a l  t h a t  

may be brought  t o  t h e  su r f ace  f rom d r i l l i n g  th rough  a  h o t  spot  i s  a l s o  reduced 

th rough  v i t r i f i c a t i o n ,  s i nce  t h e  ho t  spot  s o i l  i s  d i l u t e d  by a  l a r g e  volume o f  

c l eane r  mate r i  a1 when t h e  s i t e  i s  v i t r i f i e d .  Thus, even though d r i  11 i n g  tends 

t o  maximize t h e  exposure p o t e n t i a l  f o r  t h e  g l a s s i f i e d  waste, t h e  p o t e n t i a l  

doses a re  expected t o  be l e s s  than  f o r  d r i l l i n g  th rough  t h e  u n v i t r i f i e d  s o i l  

beneath t h e  su r face  o f  a  s i t e .  

The presence o f  t h e  i n t r u d e r  i n  t h e  waste zone, as m igh t  occur  f rom d i g -  

g i ng  th rough  t h e  s i t e  f o r  a  basement o r  d i t c h ,  p o t e n t i a l l y  r e s u l t s  i n  an 

ex t reme ly  h i g h  dose f o r  n o n v i t r i f i e d  m a t e r i a l .  The f o r ces  i n v o l v e d  i n  d i g g i n g  

r e s u l t  i n  h i gh  resuspension o f  t h e  nonagglomerated s o i l s ,  and t h e r e f o r e  c o u l d  

r e s u l t  i n  h i g h  i n h a l a t i o n  doses. The g lass  m o n o l i t h  o f  t h e  v i t r i f i e d  s i t e ,  

however, w i l l  break i n t o  l a r g e  chunks upon impact,  and t h e  f r a c t i o n  a v a i l a b l e  

f o r  resuspension and i n h a l a t i o n  w i l l  be very smal l  (much l e s s  than  

background). Th is  can be seen i n  Table 59. The dose t o  an i n t r u d e r  f rom t h e  

v i t r i f i e d  s o i l  i s  a c t u a l l y  o f  t h e  same o rde r  of magnitude as t h a t  dose he m igh t  

r e c e i v e  if he never i n t r u d e d  a t  a l l  and on l y  grew crops on t h e  v i t r i f i e d  s i t e  

(see Table 58). The process o f  v i t r i f i c a t i o n  reduces t h e  p o t e n t i a l  dose t o  

f u t u r e  i n t r u d e r s  f rom t h a t  f o r  u n v i t r i f i e d  m a t e r i a l .  

The v i t r i f i e d  s o i l  b lock  resembles b lack ,  sh iny  obs id ian .  If a f u t u r e  

i n t r u d e r  rec la imed a  l a r g e  p i ece  and used i t  i n  h i s  home ( f o r  example, t o  b u i l d  



FIGURE 85. I m p o r t a n t  Exposure Pathways f o r  t h e  Reference S i t e  
(Napi  e r  1982) 

TABLE 58. . P u b l i c  Dose Es t ima tes  f o r  Long-Term R o u t i n e  Scenar ios  

Year 1,000 Year 10,000 

Di  r e c t  I r r a d i a t i o n  - Maximum Annual T o t a l  Body Dose 

V i t r i f i e d  s i t e  4 . 0  4 . 0  

I n g e s t i o n  - --- Maximum Annual Bone Dose, rem 

V i t r i f i e d  s i t e  0.01 0.01 



a f i r e p l a c e  o r  c o f f e e  t a b l e ) ,  he cou ld  be exposed t o  d i r e c t  p e n e t r a t i n g  r a d i a -  

t i o n .  For  t h e  r a d i o n u c l i d e  m i x t u r e  i n  t h e  re fe rence  s i t e ,  t h i s  cou ld  r e s u l t  i n  

an a d d i t i o n a l  dose r a t e  o f  about t w i c e  t h e  n a t u r a l  background (0.1 rem) i n  

1,000 years ,  f a l l i n g  t o  an added dose r a t e  equal t o  t h a t  o f  background i n  

10,000 years .  These values a re  g iven  i n  Table 59. 

POTENTIAL CHEMICAL HAZARDS - 

The re fe rence  s i t e  has rece i ved  unknown q u a n t i t i e s  o f  p o t e n t i a l l y  hazard- 

ous o rgan i c  chemicals (Owens 1981) such as CC1 4, TBP, and DBBP ( d i  b u t y l  b u t y l -  

phosphonate). Carbon t e t r a c h l o r i d e  i s  a  h i g h l y  t o x i c  substance and suspected 

carc inogen (IARC 1971). Much o f  i t s  t o x i c i t y  may be t h e  r e s u l t  of me tabo l i c  

t r ans fo rma t i ons ,  which i n c l u d e  convers ion t o  ch lo ro fo rm,  hexachloroethane,  and 

phosgene (Cook, Daughton, and Alexander 1978; Kubic and Anders 1980). It 

appears t h a t  CC14 i s  r e l a t i v e l y  s t a b l e  i n  s o i l s  and groundwater w i t h  no e v i  - 
dence o f  m i  c r o b i  a1 decomposi t i  on. 

The a1 k y l  -phosphates such as TBP a re  appa ren t l y  prone t o  chemical h y d r o l y -  

s i s  and t h e r e f o r e  should  be degraded i n  s o i l s .  However, a  recen t  survey of  

Canadian d r i n k i n g  water  supp l i es  (W i l l i ams  and Lebel 1981) shows t h a t  TBP i s  

p resen t  i n  r i v e r s ,  lakes,  w e l l s ,  and brooks. Whi le assessments have assured 

r a p i d  h y d r o l y s i s  and b iodegrada t ion  o f  a lky l -phosphates such as TBP i n  aqua t i c  

environments,  these  substances have been found i n  aqua t i c  organisms. 

The a1 k y l  -phosphonates have been s t u d i e d  more i n t e n s i v e l y  , y e t  f i r m  da ta  

a re  s t i l l  l a ck i ng .  Alkyl-phosphonates such as DBBP are  b e l i e v e d  t o  be p e r s i s -  

t e n t  i n  t h e  environment because o f  t h e  r e s i s t a n c e  o f  t h e  C-P bond t o  chemical  

h y d r o l y s i s ,  thermal decomposi t ion,  p h o t o l y s i s ,  and b i o l o g i c a l  dra inage.  Th is ,  

coupled w i t h  t h e  f a c t  t h a t  a lky l -phosphonates a re  now be ing  found i n  su r f ace  

waters,  suggests t h a t  they  may be p e r s i s t e n t  i n  t h e  environment.  

S o i l s  a t  t h e  r e fe rence  s i t e  p robab ly  do no t  suppor t  a  l a r g e  enough 

m i c r o b i a l  p o p u l a t i o n  f o r  a  l ong  enough p e r i o d  d u r i n g  t h e  yea r  t o  s i g n i f i c a n t l y  

reduce TBP, DBBP, and CC14, so any losses  would most l i k e l y  be minor ,  r e s u l t i n g  

f rom vo l  a t i  1  i z a t i o n  and d i s s o l u t i o n  i n  s o i l  water.  



TABLE 59. Pub1 i c  Dose Commitments f o r  Long-Term I n t r u s i o n ,  rem 

Year 1,000 Year 10,000 

1 s t  50 Year ( b )  1 s t  50 Year ( b )  

D r i l l i n g  

V i t r i f i e d  s i t e  6 

Excava t ion  

V i t r i f i e d  s i t e  0.006 0.02 0.003 0.008 

V i t r i f i e d  0.2 10 0.1 5 

( a )  Lung dose. 
( b )  Bone dose. 
( c )  T o t a l  body dose. 

Carbon t e t r a c h l o r i d e ,  TBP, and DBBP p r e s e n t  h e a l t h  hazards i n  t h e i r  own 

r i g h t ,  and f o r m  o t h e r  t o x i c  substances when heated t o  decompos i t ion .  Severa l  

papers  document t h e  f o r m a t i o n  o f  p e r c h l o r o e t h a n e  and perch lorobenzene f rom 

the rma l  p y r o l y s i s  (Tsuge, Leary  and Isenhour  1974; K e i t e r  e t  a l .  1978),  and 

s e v e r a l  papers d e s c r i b e  t h e  f o r m a t i o n  of s u b s t a n t i a l  q u a n t i t i e s  of p e r c h l o r o -  

e t h y l e n e  from p y r o l y s i s  of CC14 i n  t h e  presence o f  c a t a l y t i c  m a t e r i a l s  ( i n c l u d -  

i n g  me ta l  o x i d e s )  (Kuznetsov and Pekhov 1967, Dynsenov e t  a1 . 1974). Gaseous 

c h l o r i n e  can a l s o  be expected ( J a r v i s  1970), as w e l l  as o x i d e s  o f  c h l o r i n e  and 

phosgene. Carbon t e t r a c h l o r i d e ,  t e t r a c h l o r o e t h y l e n e ,  and perch lorobenzene a r e  

on t h e  U.S. EPA's 1 i s t  o f  129 p r i o r i t y  p o l l u t a n t s  ( K e i t h  and T e i l l i a r d  1979) 

f r o m  i n d u s t r i a l  and wastewater  d i scha rges .  However, i n  ISV p i l o t - s c a l e  t e s t s ,  

p y r o l y z e d  o r g a n i c s  i g n i t e d  upon r e l e a s e  f r o m  t h e  m e l t  zone and a c t i v e l y  burned 

w i t h i n  t h e  o f f - g a s  conta inment  hood. An e n g i n e e r i n g - s c a l e  t e s t  w i t h  PCB- 

con tamina ted  s o i l s  showed nondec tab le  f o r m a t i o n  o f  secondary hazardous 

compounds and an o v e r a l l  DRE o f  PCBs o f  g r e a t e r  t h a n  99.9999%. T h e r e f o r e ,  t h e  

o r g a n i c s  p resen t  a t  a  p a r t i c u l a r  s i t e  a r e  n o t  expected t o  pose a s e r i o u s  h e a l t h  

hazard  d u r i n g  t h e  ISV process.  



ASSESSMENT OF WASTE SITE APPLICATIONS 



ASSESSMENT OF WASTE SITE APPLICATIONS 

T h i s  s e c t i o n  p r e s e n t s  t h e  p h i l o s o p h i c a l  and t e c h n i c a l  c o n s i d e r a t i o n s  f o r  

t h e  a p p l i c a t i o n  o f  ISV t o  t h e  s t a b i l i z a t i o n  o f  r a d i o a c t i v e ,  mixed, and haza rd -  

ous chemica l  wastes. P r i o r  t o  e x p l o r i n g  v a r i o u s  app l  i c a t i o n  s c e n a r i o s ,  t h e  

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

reviewed. 

OPERATIONAL CAPABILITIES AND LIMITATIONS OF THE LARGE-SCALE SYSTEM 

The c a p a b i l i t i e s  o f  t h e  l a r g e - s c a l e  sys tem t o  t r e a t  v a r i o u s  s o i l  cha rac -  

t e r i s t i c s  and i n c l u s i o n s  can be d i v i d e d  i n t o  two c a t e g o r i e s :  1 )  capab i  1  i t i e s  

of  t h e  power s u p p l y  system and 2 )  c a p a b i l i t i e s  o f  t h e  o f f - g a s  sys tem t o  main-  

t a i n  a  n e g a t i v e  p r e s s u r e  d u r i n g  t r a n s i e n t  even ts .  The c a p a b i l i t i e s  of  t h e  

e l e c t r i c a l  system i n  te rms  o f  e l e c t r o d e  w i d t h ,  depth ,  and shape have been d i s -  

cussed p r e v i o u s l y .  

The two  f a c t o r s  t h a t  can i n f l u e n c e  t h e  a b i l i t y  o f  t h e  power s u p p l y  sys tem 

a r e  t h e  presence o f  g roundwater  and b u r i e d  me ta l s .  As d i scussed  i n  t h e  Process 

Parameter S e c t i o n ,  s o i l s  t h a t  have l o w  p e r m e a b i l i t i e s  do n o t  e x h i b i t  a  s i g n i f i -  

c a n t  e f f e c t  on t h e  I S V  p rocess,  even i n  t h e  w a t e r  t a b l e ,  because t h e  r a t e  o f  

recharge  i s  n o t  s i g n i f i c a n t  i n  te rms  o f  t h e  p r o c e s s i n g  r a t e .  The m e l t  proceeds 

a t  a  r a t e  o f  about  8 t o  15 cm/h. Thus, s o i l s  w i t h  p e r m e a b i l i t i e s  i n  t h e  range 

of t o  lo-' cmls  a r e  c o n s i d e r e d  v i t r i f i a b l e  even i n  t h e  presence o f  t h e  

groundwater  t a b l e .  S o i l s  w i t h  p e r m e a b i l i t i e s  i n  t h e  range o f  t o  cm/s 

a r e  c o n s i d e r e d  marg ina l  , and s o i  1  s  w i t h  permeabi 1  i t i e s  h i g h e r  t h a n  cmls  

a r e  d i f f i c u l t  t o  v i t r i f y  i n  t h e  w a t e r  t a b l e  u n l e s s  a d d i t i o n a l  s t e p s  a r e  taken .  

There a r e  two common a l t e r n a t i v e s  a v a i l a b l e  f o r  a p p l y i n g  t h e  ISV p rocess  

t o  s o i l s  t h a t  have a  h i g h  p e r m e a b i l i t y  and i n  t h e  groundwater  t a b l e .  These a r e  

d r a w i n g  t h e  1  o c a l  w a t e r  t a b 1  e  down by pumping and i n s t a l  1  i ng underground b a r r i  - 
e r s .  A schemat ic  o f  t h e  t y p e  o f  c o n i c a l  d e p r e s s i o n  t h a t  can be c r e a t e d  by 

pumping i s  shown i n  F i g u r e  86. T h i s  t e c h n i q u e  can be e i t h e r  e f f e c t i v e  o r  o f  

l i m i t e d  va lue,  depending on l o c a l  g roundwater  g r a d i e n t s  and t h e  e x t e n t  o f  

g roundwater  c o n t a m i n a t i o n  f r o m  t h e  p r i o r  i n t r u s i o n  i n t o  t h e  waste  s i t e .  S i t e s  

near  a  r i v e r ,  where t h e  l o c a l  w a t e r  t a b l e  f l u c t u a t e s  due t o  seasonal  v a r i a t i o n s  



TO PUMP,, 

GROUNDWATER 

FIGURE 86. Con ica l  Depress ion  Crea ted  by Pumping 

i n  t h e  r i v e r  l e v e l  and where groundwater  f l o w  r e v e r s a l s  have o c c u r r e d  s h o u l d  be 

c a r e f u l l y  i n v e s t i g a t e d  p r i o r  t o  a t t e m p t i n g  a  pumping o p e r a t i o n .  

The i n s t a l l a t i o n  o f  b a r r i e r s  can d i v e r t  g roundwater  f l o w  f r o m  a  s i t e  o r  

l i m i t  t h e  r a t e  o f  g roundwater  i n t r u s i o n  t o  t h e  s i t e  as shown i n  F i g u r e  87. 

BARRIER WALL 

m - 
- A  DIRECTION OF FLOW 

BEFORE WELL POINTS ARE PUMPED 

FIGURE 87. B a r r i e r  Wal l  t o  D i v e r t  Groundwater 



T h i s  t e c h n i q u e  l i m i t s  t h e  r a t e  by c u t t i n g  o f f  t h e  d i r e c t  f l o w  i n t o  t h e  

p r o c e s s i n g  s i t e .  Common b a r r i e r  i n s t a l  l a t i o n  t e c h n i q u e s  range f rom t h e  i n s t a l  - 
l a t i o n  o f  s l u r r y  w a l l s  t o  t h e  placement o f  shee t  p i l i n g .  I n  some cases t h e  

b a r r i e r  may be formed by v i t r i f i c a t i o n  o p e r a t i o n s  u s i n g  l o c a l  pumping t o  

depress  t h e  w a t e r  t a b l e  d u r i n g  t h e  i n i t i a l  p r o c e s s i n g  and u s i n g  t h e  v i t r i f i e d  

m a t e r i a l  produced d u r i n g  t h e s e  o p e r a t i o n s  as a  b a r r i e r .  There a r e  s e v e r a l  

o t h e r  s c e n a r i o s  where t h e  two t e c h n i q u e s  may be used t o g e t h e r .  

A  c u r s o r y  r e v i e w  may produce t h e  c o n c l u s i o n  t h a t  t h e s e  e x t r a  e f f o r t s  f o r  

o n s i t e  t r e a t m e n t  may be unwarranted.  However, w i t h  t h e  f e d e r a l  and s t a t e  regu -  

l a t o r y  agenc ies  moving s t r o n g l y  t o w a r d  o n s i t e  t r e a t m e n t  and w i t h  c o s t s  f o r  d i s -  

posa l  a t  a  c e r t i f i e d  l a n d f i  11 r a p i d l y  i n c r e a s i n g ,  t h e s e  e x t r a  e f f o r t s  t o  a t t a i n  

o n s i t e  t r e a t m e n t  s h o u l d  n o t  be d i sm issed  w i t h o u t  c a r e f u l  a n a l y s i s .  

The presence o f  b u r i e d  m e t a l s  can r e s u l t  i n  a  c o n d u c t i o n  t h a t  wou ld  l e a d  

t o  e l e c t r i c a l  s h o r t i n g  between t h e  e l e c t r o d e s ,  however, t h e  p r o c e s s i n g  marg ins  

a r e  q u i t e  generous. B u r i e d  m e t a l s  t h a t  occupy up t o  90% o f  t h e  l i n e a r  d i s t a n c e  

between t h e  e l e c t r o d e s  can be accommodated w i t h o u t  suppress ing  t h e  v o l t a g e  

between t h e  e l e c t r o d e s .  A lso ,  once me l ted ,  t h e  impac t  o f  t h e  m e t a l  i s  l e s s  

s i g n i f i c a n t .  M i s c e l l a n e o u s  b u r i e d  me ta l ,  such as drums, s h o u l d  have 1  i t t l e  o r  

no  e f f e c t  on t h e  a b i l i t y  t o  p rocess  a  c a n d i d a t e  s i t e .  Meta l  l i m i t s  by volume 

a r e  c u r r e n t l y  5 w t %  o f  t h e  m e l t .  How much t h e s e  l i m i t s  can be i n c r e a s e d  i s  n o t  

known a t  t h i s  t ime .  T h i s  i s  a l a r g e  f r a c t i o n  when c o n s i d e r i n g  drums of  waste. 

I n  f a c t ,  drum a r r a y s  t h a t  a r e  p l a c e d  t o  t a k e  advantage o f  t h e  m e l t  c o n f i g u r a -  

t i o n  may become a  method o f  d i s p o s i n g  o f  hazardous and /o r  c l a s s i f i e d  wastes  

c o n t a i n e d  i n  drums (see F i g u r e  88). Here t h e  me ta l  c o n t e n t  o f  273 drums i n  a  

s e t t i n g  i s  1.5% o f  t h e  m e l t  we igh t ,  l e a v i n g  a  c o n s i d e r a b l e  c a p a c i t y  f o r  m i s c e l -  

l aneous  me ta l  c o n t a i n e d  i n  t h e  drums. 

The c a p a c i t y  o f  t h e  o f f - g a s  sys tem t o  m a i n t a i n  a  n e g a t i v e  p r e s s u r e  d u r i n g  

p r o c e s s i n g ,  t h u s  p r e v e n t i n g  t h e  spread o f  c o n t a m i n a t i o n  o r  f u g i t i v e  emiss ions ,  

i s  a  f u n c t i o n  o f  t h e  gas g e n e r a t i o n  r a t e  w i t h i n  t h e  p r o c e s s i n g  area.  Gas gen- 

e r a t i o n  r e s u l t i n g  f r o m  t h e  decompos i t i on  o f  humus and o t h e r  n a t u r a l  chemica ls  

i n  t h e  s o i l  a r e  c o n s i d e r e d  i n s i g n i f i c a n t .  Gas g e n e r a t i n g  s i t u a t i o n s  a r e  gener -  

i c a l l y  shown i n  F i g u r e  89. These r e p r e s e n t  t h e  i n t r u s i o n s  o f  t h e  m o l t e n  g l a s s  

i n t o  v o i d  spaces, wh ich  r e s u l t  i n  t h e  r e l e a s e  o f  t h e  en t rapped  a i r ,  p e n e t r a t i o n  



F I G U R E  88. A p p l i c a t i o n  o f  I n  S i t u  V i t r i f i c a t i o n  w i t h  Me ta l  Drums 
(me ta l  w e i g h t  - 1.5% o f  m e l t  mass; a c c e p t a b l e  
c o n d i t i o n s :  90% l i n e a r  d i s t a n c e  and 5 w t % )  

o f  a  drum t h a t  c o n t a i n s  c o m b u s t i b l e  m a t e r i a l s ,  and i n t r u s i o n  i n t o  s o i l  i n c l u -  

s i o n s  t h a t  c o n t a i n  c o m b u s t i b l e  m a t e r i a l s ,  e i t h e r  s o l i d s  o r  l i q u i d s .  Schemat- 

i c a l l y  F i g u r e  90 shows t h e  c a p a c i t y  o f  t h e  o f f - g a s  sys tem t o  c o n t a i n  t h e  gas 

r e s u l t i n g  from t h e  p r o c e s s i n g  even t .  These c a p a c i t i e s  a r e  r e p r e s e n t a t i v e  o f  

what m i g h t  be encoun te red  i n  a  s o l i d  waste  b u r i a l  ground. The r e l e a s e  o f  t h e  

gas i s  a  t r a n s i e n t  even t  w i t h  a  d u r a t i o n  o f  about  one minute .  T h e r e f o r e ,  once 

t t i e  t r a n s i e n t  even t  has passed, t h e  sys tem s t i l l  has t h e  c a p a c i t y  t o  h a n d l e  

a n o t h e r  t r a n s i e n t  even t .  These a r e  t i m e  o r d e r  l i m i t s ,  n o t  c u m u l a t i v e  

c a p a c i t i e s .  







The ISV process can be a p p l i e d  t o  a  w ide  v a r i e t y  of waste  t r e a t m e n t  needs 

and, i n  some cases, t h e  process can be used t o  produce s t r u c t u r a l  m a t e r i a l s .  

To f a c i l i t a t e  t h e  r e v i e w  o f  p o t e n t i a l  a p p l i c a t i o n s ,  t h e  ensu ing  d i s c u s s i o n  i s  

d i v i d e d  i n t o  f o u r  main t o p i c s :  1 )  r a d i o a c t i v e  wastes, 2 )  mixed hazardous 

wastes,  ( t h o s e  t h a t  c o n t a i n  b o t h  r a d i o a c t i v e  and chemica l  hazardous m a t e r i a l s ) ,  

3 )  c h e m i c a l l y  hazardous wastes,  and 4 )  o t h e r  a p p l i c a t i o n s  such as s t r u c t u r a l  

b a r r i e r s ,  f o o t i n g s ,  f o u n d a t i o n s ,  e t c .  The d i s c u s s i o n  e x p l o r e s  p o t e n t i a l  a p p l i -  

c a t i o n  s c e n a r i o s  and p r e s e n t s  t h e  p r o c e s s i n g  l i m i t s  as t h e y  a r e  unders tood  

based on e x i s t i n g  da ta .  A d d i t i o n a l  d a t a  t h a t  e i t h e r  d e f i n e  new l i m i t s  o r  

ex tend  t h e  p o t e n t i a l  range o f  a p p l i c a t i o n s  a r e  p o i n t e d  o u t .  

RADIOACTIVE WASTES 

The f o c u s  o f  t h e  ISV development program has been t o  deve lop t h e  ISV p r o c -  

ess as an a l t e r n a t i v e  t e c h n o l o g y  t o  p r o v i d e  enhanced i s o l a t i o n  and i n - p l a c e  

s t a b i l i z a t i o n  o f  p r e v i o u s l y  d i sposed  TRU wastes.  T h i s  i s  a  p o r t i o n  o f  t h e  p r o -  

gram t h a t  t h e  DOE i s  c o n d u c t i n g  t o  e v a l u a t e  o p t i o n s  f o r  t h e  l o n g - t e r m  d i s p o s a l  

o f  TRU wastes (DOE 1983). T h i s  e f f o r t  i s  c o n s i s t e n t  w i t h  DOE Order 5820.2 (DOE 

1984),  wh ich  a1 lows f i e l d  o r g a n i z a t i o n s  t o  e s t a b l i s h  new o r  a l t e r n a t i v e  TRU 

waste  management p r a c t i c e s  based on a p p r o p r i a t e ,  documented s a f e t y ,  h e a l t h  p r o -  

t e c t i o n ,  and economic ana lyses.  The ISV process i s  a  c a n d i d a t e  waste manage- 

ment t o o l  t o  p r o v i d e  an e n v i r o n m e n t a l l y  sound and c o s t - e f f e c t i v e  a l t e r n a t i v e  t o  

exhumat ion,  t r e a t m e n t ,  and subsequent g e o l o g i c  d i s p o s a l  o f  p r e v i o u s l y  d i sposed  

TRU waste.  A d i s c u s s i o n  o f  t h e  o p t i o n s  f o r  u s i n g  t h e  ISV p rocess  i n  c o n j u n c -  

t i o n  w i t h  eng ineered  b a r r i e r s  i s  p r e s e n t e d  by Oma e t  a l .  (1983) ,  so o n l y  t h e  

h i g h l i g h t s  o f  t h a t  m a t e r i a l  a r e  p r e s e n t e d  he re .  

The p r i n c i p a l  c o n c l u s i o n  o f  t h e  s t u d y  (Orna e t  a1 . 1983),  was t h a t  t h e  most 

e f f e c t i v e  a p p l i c a t i o n  o f  t h e  t e c h n o l o g y  appeared t o  be t h e  s e l e c t i v e  use o f  ISV 

i n  c o n j u n c t i o n  w i t h  eng ineered  b a r r i e r s .  S e l e c t i v e  use s h o u l d  be based on p e r -  

formance assessment c o n s i d e r a t i o n s  and a  d e t a i l e d  e v a l u a t i o n  of  t h e  f u t u r e  haz- 

a r d  t o  mankind. For  example, i t  does n o t  appear t o  be a p p r o p r i a t e  t o  use a  

p rocess  t h a t  produces a  waste  f o r m  t h a t  i s  g e o l o g i c a l l y  s i g n i f i c a n t  on a  r a d i o -  

a c t i v e  m a t e r i a l  t h a t  has a  h a l f - 1  i f e  o f  o n l y  a  few y e a r s .  For  v e r y  s h o r t - 1  i v e d  

r a d i o a c t i v e  m a t e r i a l s ,  s i m p l e r  approaches such as m a i n t a i n i n g  a d m i n i s t r a t i v e  



c o n t r o l  would p robab ly  be s u f f i c i e n t .  I n  genera l ,  performance assessments w i l l  

o n l y  show a  b e n e f i t  f o r  ISV a p p l i c a t i o n s  where t h e  t h r e a t  i s  t o x i c  and 

p e r s i s t e n t  . 
Many pre-1970 wastes were d isposed o f  d i r e c t l y  t o  t h e  s o i l  column i n  

e i t h e r  l i q u i d  o r  s o l i d  form. Often, wastes c u r r e n t l y  d e f i n e d  as TRU wastes, 

were co-disposed w i t h  wastes t h a t  a r e  c u r r e n t l y  d e f i n e d  as LLW. (NOTE: Remem- 

ber  t h a t  t h e  t e rm  " t r a n s u r a n i c  wastes" d i d  no t  e x i s t  be fo re  1970.) The c u r r e n t  

l a r g e - s c a l e  system i s  designed f o r  a p p l i c a t i o n  t o  r a d i o a c t i v e  contaminated s o i l  

s i t e s .  S e l e c t i v e  a p p l i c a t i o n  o f  t h e  l a r g e - s c a l e  system t o  contaminated s o i  1  

s i t e s  i s  i l l u s t r a t e d  i n  F i gu re  91  (a  t i l e  f i e l d  a p p l i c a t i o n ) .  I n  t h i s  a p p l i c a -  

t i o n ,  t h e  > I 0 0  nC i /g  i s o p l e t h  i s  l o c a t e d  immediate ly  ad jacen t  t o  t h e  c e n t r a l  

d i s t r i b u t i o n  p ipe ,  and l e v e l s  r a p i d l y  drop o f f  w i t h  d i s t ance .  Subsequent 

i n s t a l l a t i o n  o f  an engineered b a r r i e r  t o  p r o t e c t  t h e  o t h e r  contaminated areas 

i s  shown i n  F i g u r e  92. 

P a r t i a l  subsidence t o  e l i m i n a t e  l a r g e  vo ids  i n  contaminated s o i l  s i t e s  may 

be ach ieved w i t h  v i b r a t o r y  techniques,  such as those  developed by P h i l l i p s  

e t  a l .  (1985).  I n  cand ida te  a p p l i c a t i o n s  such as ca issons i t  may be p o s s i b l e  

t o  p r e t r e a t  t h e  area by f i l l i n g  t h e  v o i d  volumes w i t h  sand o r  g rave l .  Develop- 

ment and demonst ra t ion o f  i n j e c t i o n  techn iques  i s  needed p r i o r  t o  unde r t ak i ng  

an a p p l i c a t i o n  such as a  ca isson.  The c o n c e p t u a l i z a t i o n  o f  an a p p l i c a t i o n  con- 

f i g u r a t i o n  f o r  v i t r i f y i n g  a  ca isson  i s  shown i n  F i g u r e  93. 

F u r t h e r  research i n t o  t h e  mechanisms t h a t  m igh t  suppress t h e  v o l a t i l i z a -  

t i o n  o f  r a d i o a c t i v e  m a t e r i a l s  i s  recommended. E l u t i o n  o f  r a d i o a c t i v e  m a t e r i a l s  

t h a t  a re  co -d i  sposed near t h e  su r f ace  w i t h  combust ib les  cou ld  i n c r e a s e  re1  ease 

t o  t h e  o f f - g a s  t r ea tmen t  system. An example o f  t h i s  i s  shown i n  t h e  Perforrn- 

ance Ana l ys i s  Sec t i on  (F i gu re  30) where t h e  Cs c o n c e n t r a t i o n  i n  t h e  scrub s o l u -  

t i o n  i nc reased  by a  s t e p  f u n c t i o n  whenever gas gene ra t i ng  even ts  occurred.  

V o l a t i l e  r a d i o a c t i v e  m a t e r i a l s  c o u l d  be t r a n s p o r t e d  up th rough  t h e  me1 t w i t h  

p y r o l y t i c  gases t h a t  a re  generated when t h e  mo l ten  g l ass  c o n t a c t s  e i t h e r  s o l i d  

o r  l i q u i d  combust ib les .  Th is  t r a n s p o r t  o f  r a d i o a c t i v e  m a t e r i a l s  such as Cs 

c o u l d  r e s u l t  i n  l e v e l s  o f  a c t i v i t y  i n  t h e  o f f - g a s  t rea tment  system t h a t  would 

impact  c o n t a c t  maintenance opera t ions .  M a t e r i a l s  cou ld  be added t h a t  would 

r e s u l t  i n  inc reased  sc rubb ing  o f  t h e  p y r o l y t i c  gases, thus ,  i n c r e a s i n g  t h e  
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F I G U R E  93. V i t r i f i c a t i o n  o f  a  T y p i c a l  Han fo rd  Caisson 

r e t e n t i o n .  Analyses of d a t a  show t h a t  i n c r e a s e d  dep th  i s  an e f f e c t i v e  r e t e n -  

t i o n  d e v i c e ;  t h e r e f o r e ,  a d d i n g  c l e a n  overburden t o  t h e  s u r f a c e  w i l l  improve  

r e t e n t i o n .  However, f e a s i b i l i t y  t e s t s  t o  de te rm ine  t h e  a c t u a l  r e t e n t i o n  f a c -  

t o r s  f o r  s p e c i f i c  a p p l i c a t i o n s  a r e  recommended. A  r e c e n t  s t u d y  f o r  ORNL showed 

t h a t  Cs r e t e n t i o n  f a c t o r s  as h i g h  as l o 4  can be ach ieved.  

MIXED HAZARDOUS WASTE 

I n  s i t u  v i t r i f i c a t i o n  i s  p a r t i c u l a r l y  w e l l  s u i t e d  t o  i n - p l a c e  d i s p o s a l  o f  

mixed hazardous waste.  The r a d i o a c t i v e  and t o x i c  heavy m e t a l s  a r e  e n c a p s u l a t e d  

o r  i n c o r p o r a t e d  i n t o  t h e  g l a s s ,  and t h e  o r g a n i c s  i n  c o n t a i n e r s  a r e  des t royed .  

C e r t a i n  i n o r g a n i c  compounds such as n i t r a t e s  a r e  a l s o  d e s t r o y e d  by t h e  r e d u c i n g  

c o n d i t i o n s  o f  t h e  m e l t ,  as e x p l a i n e d  i n  t h e  Performance A n a l y s i s  S e c t i o n .  T h i s  

i s  p a r t i c u l a r l y  f o r t u i t o u s  because n i t r a t e s  a r e  v e r y  conimon i n  mixed hazardous 

waste. S u l f a t e s  a r e  p a r t i a l l y  decomposed and t h e  remainder  can e a s i l y  be 



removed by  t h e  o f f - g a s  t r e a t m e n t  system. Up t o  98% o f  f l u o r i d e s  a r e  r e t a i n e d  

i n  t h e  m o l t e n  s o i l  f o r  sou rce  te rms o f  s e v e r a l  hundred p a r t s  p e r  m i l l i o n .  The 

f l u o r i d e s  t h a t  a r e  n o t  d i s s o l v e d  i n  t h e  g l a s s  can be scrubbed o u t  by t h e  o f f -  

gas t r e a t m e n t  system u s i n g  a  c a u s t i c  s c r u b  s o l u t i o n .  

There a r e  f o u r  genera l  a reas where t h e  ISV p rocess  m i g h t  be a p p l i e d  t o  

mixed hazardous waste :  1 )  con tamina ted  s o i l  s i t e s ,  2 )  t a n k s  t h a t  c o n t a i n  a  

hazardous hee l  i n  t h e  f o r m  o f  e i t h e r  a  s l u d g e  o r  s a l t  cake, 3 )  c l a s s i f i e d  o r  

m i  xed waste  t h a t  i s  a1 ready i n  c o n t a i n e r s  o r  amenable t o  b e i n g  p l a c e d  i n  con- 

t a i n e r s ,  and 4 )  p rocess  s ludges  and t a i l i n g s  p i l e s  t h a t  c o n t a i n  r a d i o a c t i v e  

m a t e r i a l s .  The a p p l i c a t i o n  o f  t h e  ISV p rocess  t o  mixed hazardous waste  s o i l  

s i t e s  i s  s i m i l a r  t o  i t s  a p p l i c a t i o n  t o  genera l  s o i l  s i t e s  t h a t  was d i s c u s s e d  i n  

t h e  b e g i n n i n g  o f  t h i s  s e c t i o n  w i t h  t h e  same p r o c e s s i n g  l i m i t s  f o r  m e t a l  and 

combus t ib les .  

The use o f  ISV t o  i m m o b i l i z e  and /o r  d e s t r o y  t h e  t o x i c  h e e l  i n  t a n k s  has 

been t e s t e d  i n  t h e  e n g i n e e r i n g - s c a l e  u n i t  w i t h  s i m u l a t e d  f i s s i o n  p r o d u c t s  and 

chemica l  s a l t s .  The r e s u l t s  o f  t h e  f e a s i b i l i t y  s t u d y  showed t h a t  t h e  r e l e a s e  

o f  f i s s i o n  p r o d u c t s  was w i t h i n  a c c e p t a b l e  l i m i t s  f o r  t h e  o f f - g a s  sys tem and 

t h a t  a  v i t r e o u s  mass was formed. The o r i g i n a l  t e s t s  were pe r fo rmed  on t h e  

b a s i s  o f  a d d i n g  g l a s s  fo rmers  d u r i n g  p r o c e s s i n g  t o  a c h i e v e  a  v i t r e o u s  waste  

form. The d a t a  c o u l d  be ex tended t o  a  s c e n a r i o  t h a t  wou ld  d i s p o s e  of t h e  

r e s i d u a l  hee l  and t h e  t a n k ,  and i m m o b i l i z e  t h e  con tamina ted  s o i l  i n  t h e  immedi-  

a t e  v i c i n i t y  o f  t h e  t a n k .  By add ing  s o i l  and /o r  r o c k  b a c k f i l l ,  t h e  t a n k  c o u l d  

be f i l l e d  w i t h  g l a s s - f o r m i n g  m a t e r i a l s  p r i o r  t o  p r o c e s s i n g .  T h i s  c o u l d  e l i m i -  

n a t e  t h e  concerns  about  t a n k  dome and /o r  w a l l  c o l l a p s e  t h a t  were i d e n t i f i e d  

d u r i n g  t h e  o r i g i n a l  t e s t i n g .  Techniques f o r  f i l l i n g  t o  t h e  peak o f  t h e  t a n k  

dome have been deve loped (Anderson, McKenney , and Adams 1985). E l e c t r o d e s  

wou ld  be i n s e r t e d  i n t o  t h e  t a n k  t h r o u g h  e x i s t i n g  open ings as shown i n  F i g -  

u r e  94. The v i t r e o u s  a rea  wou ld  grow downward and ou tward  encompassing t h e  

t a n k ,  i t s  c o n t e n t s ,  and a  p o r t i o n  o f  t h e  s u r r o u n d i n g  s o i l .  E s t i m a t e s  of t h e  

maximum s i z e  o f  t a n k  t h a t  can be processed by  t h i s  t e c h n i q u e  i n d i c a t e  t h a t  

t a n k s  i n  t h e  range o f  100,000 t o  300,000 g a l  c o u l d  be pe rmanen t l y  d i s p o s e d  o f  

by t h i s  t e c h n i q u e .  By a p p r o p r i a t e l y  p l a c i n g  t h e  e l e c t r o d e s ,  l a r g e r  t a n k s  may 





be p r o c e s s a b l e  by m u l t i p l e  s e t t i n g s .  The m e t a l  c o n t e n t  o f  t h e  t a n k  s t r u c t u r e  

wou ld  n o t  impose a  p r o c e s s i n g  1  i m i  t, p r o v i d e d  t h e  e l e c t r o d e s  a r e  p o s i t i o n e d  

p r o p e r l y .  

C l a s s i f i e d  waste  can c o n t a i n  hazardous and /o r  r a d i o a c t i v e  m a t e r i a l .  I n  

g e n e r a l ,  t h e  c l a s s i f i e d  waste  wi  11 be c l a s s i f i e d  e i t h e r  by c o n f i g u r a t i o n ,  com- 

p o s i t i o n ,  o r  bo th .  A  p rocess  l i k e  ISV w i l l  d e s t r o y  t h e  c l a s s i f i c a t i o n  by m e l t -  

i n g  and chang ing  t h e  c o n f i g u r a t i o n  and /o r  chang ing  t h e  c o m p o s i t i o n .  C l a s s i f i e d  

waste  t h a t  i s  m ixed  w i t h  hazardous waste  i s  e s p e c i a l l y  t roub lesome because i t  

cannot  be s e n t  t o  an u n c o n t r o l l e d  hazardous l a n d f i l l  n o r  can i t  be p l a c e d  i n  a  

r a d i o a c t i v e  b u r i a l  ground. C l a s s i f i e d  waste  i n  c o n t a i n e r s  o r  c l a s s i f i e d  waste  

t h a t  can be p l a c e d  i n  c o n t a i n e r s  i s  amenable t o  d e c l  a s s i f i c a t i o n  and d e s t r u c -  

t i o n  by t h e  ISV process.  C o n t a i n e r s  can be p l a c e d  i n  t h e  ground i n  an a r r a y  

s i m i l a r  t o  t h e  a r r a y  o f  drums shown i n  F i g u r e  88. E l e c t r o d e s  can be p l a c e d  

d u r i n g  t h e  f i l l i n g  o p e r a t i o n ,  and t h e  s o i l  b a c k f i l l  w i l l  p r o v i d e  s u f f i c i e n t  

g l a s s  f o r m e r s  t o  produce a  v i t r e o u s  mass a f t e r  p r o c e s s i n g .  Wooden and /o r  c a r d -  

b o a r d  c o n t a i n e r s  may a l s o  be used. The main requ i remen t  i s  t o  p r o v i d e  s u f f i -  

c i e n t  b a c k f i l l  o v e r  t h e  c o n t a i n e r s  so t h a t  t h e  p rocess  i s  n o t  impeded by t h e  

f l o w  o f  g l a s s  i n t o  t h e  t o p  row o f  c o n t a i n e r s .  A lso ,  0.3 m o f  b a c k f i l l  between 

each row o f  b u r i e d  c o n t a i  n e r s  i s  recommended. 

Process s l u d g e s  and t a i l i n g  p i l e s  t h a t  c o n t a i n  n a t u r a l  r a d i o a c t i v e  m a t e r i -  

a l s  and hazardous chemica ls  can be p rocessed  by t h e  ISV process.  A p p l i c a t i o n s  

t h a t  i n v o l v e  n a t u r a l  r a d i o a c t i v e  e lemen ts  t h a t  r e s u l t  i n  r e l a t i v e l y  h i g h  Rn 

f l u x e s  a t  t h e  s u r f a c e  a r e  c o n s i d e r e d  p o t e n t i  a1 c a n d i d a t e s  f o r  remedi a t i o n  by 

ISV. T e s t s  w i t h  z i r c o n i a / l i m e  s l u d g e s  showed t h a t  t h e  m a t e r i a l  was n o t  o n l y  

v i t r i f i a b l e ,  b u t  t h a t  t h e  Rn emanat ion l e v e l  was reduced by a  f a c t o r  o f  g r e a t e r  
3 t h a n  10 a f t e r  p r o c e s s i n g  ( B u e l t  and F r e i m  1986). T h i s  i s  a  p r a c t i c a l  s o l u t i o n  

where t h e  Rn emanat ion  l e v e l s  a r e  h i g h .  However, f o r  l a r g e  p i l e s ,  b a r r i e r s  

o v e r  t h e  p i l e  have a l s o  been shown t o  be q u i t e  e f f e c t i v e .  Each p o t e n t i a l  

a p p l i c a t i o n  must be examined on i t s  own m e r i t  f o r  i t s  a b i l i t y  t o  con fo rm t o  

e n v i r o n m e n t a l  r e g u l a t i o n s  and f o r  i t s  c o s t - e f f e c t i v e n e s s .  

I n  g e n e r a l ,  t h e  mobi 1  i t y  o f  me ta l s ,  i n o r g a n i c s ,  and o r g a n i c s  i n  c o n t a i n e r s  

w i l l  n o t  be a  f a c t o r  when c o n s i d e r i n g  p r o c e s s i n g  s c e n a r i o s .  The a r e a  o f  u n c e r -  

t a i n t y  i s  t h e  mobi 1  i t y  o f  t h e  l o w - b o i l i n g - p o i n t ,  u n c o n t a i n e d  o r g a n i c s .  To 



unders tand  t h i s  concern,  i t  i s  necessary  t o  examine t h e  t h e r m a l  p r o f i l e  i n  t h e  

v i c i n i t y  o f  t h e  v i t r e o u s  mass. F i g u r e  95 shows t h e  i s o t h e r m s  around an ISV 

m e l t  d u r i n g  p rocess ing .  The 100°C i s o t h e r m  i s  about  20 t o  30 cm away f r o m  t h e  

m o l t e n  m a t e r i  a1 . The 400°C i s o t h e r m  i s  o n l y  5 t o  8 cm away f r o m  t h e  mol t e n  

F I G U R E  95. I so the rms  Around an ISV M e l t  D u r i n g  P r o c e s s i n g  



zone. However, most o r g a n i c s  o f  concern  a r e  v o l a t i l e  i n  o r  n e a r  t h e  100°C t o  

200°C i s o t h e r m s ,  hence, t h e  cause f o r  concern .  How o r g a n i c s  w i l l  behave i n  

t h i s  t e m p e r a t u r e  reg ime i s  n o t  w e l l  unders tood .  There i s  a  v a r i e t y  o f  compet- 

i n g  f o r c e s  and t h e s e  f o r c e s  a r e  g r e a t l y  i n f l u e n c e d  by t h e  p r o p e r t i e s  o f  t h e  

s o i l ,  wh ich  f u r t h e r  c o m p l i c a t e s  t h e  assessment. Organ ics  w i l l  v o l a t i l i z e  and 

t e n d  t o  m i g r a t e  away f r o m  t h e  hea ted  area.  T h e i r  movement i s  r e t a r d e d  by t h e  

s o r p t i v e  p r o p e r t i e s  o f  t h e  s o i l  f o r  t h e  c o n t a m i n a n t ( s )  o f  i n t e r e s t ,  i n  b o t h  t h e  

l i q u i d  and gas phase. C a p i l l a r y  a c t i o n  i n  t h e  l i q u i d  phase t e n d s  t o  draw t h e  

o r g a n i c  back i n t o  t h e  hea ted  area.  The l i t e r a t u r e  l a c k s  a p p r o p r i a t e  t e c h n i c a l  

d a t a  f r o m  wh ich  t o  make a  t h e o r e t i c a l  e s t i m a t e .  It i s  even l i k e l y  t h a t  once 

v o l a t i l i z e d ,  t h e  vapor  w i l l  move up t h e  i s o t h e r m  t o  t h e  s u r f a c e  where t h e  mate-  

r i a l s  w i l l  be combusted. The o n l y  way t h a t  a  degree o f  c e r t a i n t y  can be e s t a b -  

l i s h e d  i s  by o b t a i n i n g  e m p i r i c a l  d a t a  f r o m  s i t e - s p e c i f i c  exper imen ts .  An 

e x p e r i m e n t a l  appara tus  f o r  measur ing  t h e  m o b i l i t y  o f  o r g a n i c s  i s  shown i n  F i g -  

u r e  96. By m a i n t a i n i n g  a  n e g a t i v e  p r e s s u r e  on t h e  sample cups and by  s a m p l i n g  

w i t h  ch romatog raph ic  techn iques ,  t h e  d i s t r i b u t i o n  o f  o r g a n i c s  i n  t h e  v i c i n i t y  

of  t h e  m o l t e n  zone can be determined.  It i s  s t r o n g l y  recommended t h a t  samples 

f o r  t h e  a c t u a l  s i t e  be t e s t e d  t o  ensu re  t h a t  t h e  c o r r e c t  s o i l  c h a r a c t e r i s t i c s  

a r e  e v a l u a t e d .  

HAZARDOUS CHEMICAL WASTES 

Much o f  t h e  m a t e r i a l  p r e s e n t e d  i n  t h e  s e c t i o n s  on r a d i o a c t i v e  and m ixed  

hazardous waste  i s  a p p l i c a b l e  t o  hazardous chemica l  wastes w i t h  t h r e e  i m p o r t a n t  

d i f f e r e n c e s :  1 )  t h e  hazardous chemica l  waste  i s  more amenable t o  supp lemen ta ry  

h a n d l i n g  o p e r a t i o n s  w i t h o u t  h a v i n g  t o  employ a  conf inement  s t r u c t u r e  such as a  

greenhouse, 2 )  once t r e a t e d  by t h e  I S V  p rocess ,  t h e  waste  may be r e c l a s s i f i e d  

as nonhazardous ( d e l  i s t e d ) ,  r e q u i  r i n g  no f u r t h e r  admi n i  s t r a t i  ve c o n t r o l  o f  t h e  

p r o c e s s i n g  area,  and 3 )  o n s i t e  t r e a t m e n t  a v o i d s  t h e  ex tended l i a b i l i t y  a s s o c i -  

a t e d  w i t h  s h i p p i n g  hazardous waste t o  a  l a n d f i l l .  

I n  s i t u  v i t r i f i c a t i o n  i s  a p p l i c a b l e  t o  two  genera l  a reas  o f  hazardous 

waste  t r e a t m e n t  : 1 )  contami n a t e d  s o i  1  s i t e s  [ e i t h e r  Comprehensive 
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FIGURE 96. Exper imen ta l  Apparatus f o r  D e t e r m i n i n g  ISV E f f e c t i v e n e s s  
on Organi  c a l  l y  Contami n a t e d  Soi 1  s  

Env i ronmenta l  Response Compensation L i a b i l i t y  Ac t  (CERCLA) s i t e s  o r  Resource 

Conserva t i on  and Recovery Ac t  (RCRA) s u r f a c e  impoundments], and 2 )  p rocess  

s ludges  and t a i l i n g s  p i l e s .  

The p r i n c i p a l  d i f f e r e n c e  between h a n d l i n g  s o i l  s i t e s  t h a t  a r e  con tamina ted  

w i t h  hazardous chemica ls  and hand1 i n g  t h o s e  t h a t  a r e  con tamina ted  w i t h  mixed 



hazardous o r  r a d i o a c t i v e  i s  t h e  a b i l i t y  t o  use conven t iona l  ear th-moving t ech -  

n iques t o  s tage  o r  move s o i l s  t o  a  c e n t r a l i z e d  t rea tment  area. Where t h e  

con tamina t ion  i s  3 m o r  more deep, t h i s  c o n s o l i d a t i o n  i s  n o t  a  ma jo r  cons idera -  

t i o n .  I n  these  cases, t h e  ISV process i s  employed u s i n g  one machine (as p r e v i -  

o u s l y  desc r i bed  w i t h  t h e  t h r e e  t r a i l e r s  and t h e  hood) and moving t h e  machine 

f rom e l e c t r o d e  p l  acement t o  e l  e c t  rode p l  acement . For t h i s  conven t iona l  t y p e  o f  

a p p l i c a t i o n  o f  ISV, t h e  o n l y  p o s t - t  reatment a c t i o n  r equ i  r e d  i s  t h e  a c q u i s i t i o n  

and placement of c l ean  b a c k f i l l .  Th is  t y p e  o f  s cena r i o  a p p l i e s  t o  a  r e l a t i v e l y  

l a r g e  area, u s u a l l y  an ac re  o r  more where t h e  s i t e  i s  v i t r i f i e d  t o  depth. For  

l a r g e  areas ( seve ra l  ac res )  i t  may be des i  r a b l e  t o  employ more t han  one machine 

t o  complete p rocess ing  a t  a  f a s t e r  r a te .  An a l t e r n a t i v e  would be t o  employ two 

power s u p p l i e s  and a  s i n g l e  o f f - g a s  t r ea tmen t  system, t hus  doub l i ng  t h e  p r o c -  

ess i ng  r a t e  w i t h  o n l y  one bas i c  machine, p l u s  nominal e x t r a  equipment. The 

advantages o f  t h i s  t y p e  approach a re  t w o f o l d :  1 )  t h e  o f f - gas  t r ea tmen t  system 

u s u a l l y  comprises 80% o f  t h e  c a p i t a l  c o s t s  where t h e  e l e c t r i c a l  power supp ly  

comprises about 20% o f  t h e  c a p i t a l  cos t s  and 2)  g r e a t l y  reduced l a b o r  cos t s .  

It shou ld  be q u i t e  p o s s i b l e  f o r  a  crew o f  two t o  opera te  two power systems and 

a  s i n g l e  o f f - g a s  t r ea tmen t  system, the reby  e f f e c t i v e l y  c u t t i n g  o p e r a t i o n a l  

l a b o r  c o s t s  i n  h a l f .  

However, where t h e  s o i l  i s  contaminated t o  depths o f  o n l y  0.6 t o  1.5 m i t  

i s  much more economical t o  s tage t h e  contaminated s o i l  t o  a  t r ea tmen t  area o r  a 

t r ench .  A t  such sha l l ow  depths,  t h e  t i m e  f o r  p rocess ing  w i l l  equal  t h e  t i m e  

r e q u i r e d  t o  move t o  t h e  nex t  p rocess ing  p o s i t i o n ,  and t h e  economics o f  t h e  

o p e r a t i o n  w i l l  be s i g n i f i c a n t l y  a f f e c t e d .  Where t h e r e  a re  l a r g e  volumes of 

s o i l ,  i t  may be p ruden t  t o  cons ide r  o p e r a t i o n  w i t h  two power systems, w i t h  t h e  

t r a i l e r s  between t h e  two p rocess ing  t renches.  

Valuable  l a n d  t h a t  i s  contaminated can be rec la imed by p rocess ing ,  t he reby  

c o n v e r t i n g  a  co rpo ra te  l i a b i l i t y  t o  a  c a p i t a l  asset .  Old  t r ans fo rmer  and 

c a p a c i t o r  s t o rage  and r e p a i r  areas t h a t  a re  now i n  t h e  bus iness d i s t r i c t ,  bu t  

contaminated w i t h  PCBs, a re  an example o f  t h i s  concept.  The ISV process has 

been shown t o  be e f f e c t i v e  on PCB-contaminated s o i l s ,  ach iev i ng  a  system DRE o f  

99.9999% (Timmerman 1986). Fu r t he r ,  t h e r e  w i l l  be some l i m i t a t i o n s  assoc ia ted  

w i t h  equipment access, however, these  can u s u a l l y  be d e a l t  w i t h  by a  



combinat ion o f  equipment des ign and s t a g i n g  ope ra t i ons .  Also,  simp1 i f i c a t i o n s  

i n  t h e  equipment can be ach ieved i f  t h e  t ask  i s  l a r g e  enough t o  suppor t  s i n g l e  

m i ss i on  equipment. Th i s  would r e q u i r e  t h a t  t h e  c l i e n t  have severa l  such s i t e s  

o r  combine t h e  investment  w i t h  companies t h a t  have s i m i l a r  needs. Th is  r a t i o n -  

a l e  i s  no t  l i m i t e d  t o  PCBs; o t h e r  p o t e n t i a l  cand ida te  i n d u s t r i e s  a re  p l a t i n g  

companies o r  manufacturers  t h a t  employ p l a t i n g  as p a r t  o f  t h e i r  manufactur ing 

process. 

For su r f ace  impoundments, i t  i s  o f t e n  d e s i r a b l e  t o  c o n s o l i d a t e  t h e  waste 

t o  one area f o r  t rea tment .  The mo i s tu re  removal and chemical d e s t r u c t i o n  t h a t  

occurs  d u r i n g  p rocess ing  o f t e n  leads  t o  volume reduc t i ons  o f  5 o r  more. Wi th  

t h e  z i r c o n i a l l  ime sludge, t h e  volume r e d u c t i o n  ob ta i ned  was 3.2, bu t  w i t h  

a l t e r n a t e  a p p l i c a t i o n  c o n f i g u r a t i o n s ,  volume reduc t i ons  g r e a t e r  than  10 c o u l d  

be a t t a i n e d .  Th is  vo l  ume reduc t i on  combined w i t h  chemical d e s t r u c t i o n  o f t e n  

w i l l  s i m p l i f y  t h e  requi rements  f o r  t h e  o f f - g a s  t rea tment  system t o  where a  s i n -  

g l e  v e n t u r i - e j e c t o r  scrubber  i s  a l l  t h a t  may be r e q u i r e d  i f  any o f f - g a s  t r e a t -  

ment system i s  r equ i  red. The consol  i d a t i o n  a l s o  makes p r e v i o u s l y  contaminated 

l a n d  a v a i l a b l e  f o r  o t h e r  uses. Land reuse can be an impo r tan t  c o n s i d e r a t i o n  

depending on t h e  p l a n t  l o c a t i o n ,  and t h i s  c o n s i d e r a t i o n  should  be f i g u r e d  i n t o  

t h e  o v e r a l l  economic assessment when s e l e c t i n g  a  t r ea tmen t  process. 

Sh ipp ing  t o  a  hazardous waste l a n d f i l l  i s  becoming more expens ive and t h e  
3  "gate charges" a re  approaching $26011~1 f o r  s imp le  wastes. For  wastes t h a t  

r e q u i r e  s p e c i a l  t r ea tmen t  o r  hand l i ng  t h e  c o s t  i s  even g rea te r .  However, f r om  

a  co rpo ra te  v iewpo in t ,  t h e  r e a l  cos t  may be even g r e a t e r  when t h e  s t r i c t ,  j o i n t  

and severa l  l i a b i l i t y  f o r  f u t u r e  env i ronmenta l  impairment i s  cons idered.  The 

extended l i a b i l i t y  and t h e  assoc ia ted  p u b l i c i t y  shou ld  be o f  g rea t  concern t o  

t h e  l a r g e r  waste generators .  These same cons ide ra t i ons  app ly  t o  o n s i t e  

d i sposa l  f a c i l i t i e s ,  process sludges, and t a i l i n g s  p i l e s .  The co rpo ra te  p r i o r -  

i t i e s  i n  descending o r d e r  o f  importance, shou ld  be waste m i n i m i z a t i o n  o r  

avoidance, recyc le ,  and o n s i t e  t rea tment .  

I n  some cases where volume r e d u c t i o n  a t t a i n e d  by t h e  thermal  t r ea tmen t  i s  

h igh,  as w i t h  some hazardous waste s ludges,  i t  may be more prudent  t o  c o n s o l i -  

da te  t h e  m a t e r i a l s  i n t o  a  s i n g l e  s e t t i n g  by convey ing s ludge o r  contaminated 

s o i l  t o  t h e  e l ec t r odes .  Th is  i s  e s p e c i a l l y  t r u e  when t h e  con tamina t ion  depth 



i s  s h a l l o w  ( i .e.,  l e s s  t h a n  5  m). I n  t h e s e  cases, f e e d i n g  s ludges  t o  t h e  e l e c -  

t r o d e s  would e l i m i n a t e  t h e  amount o f  downtime necessary  t o  move p rocess  e q u i p -  

ment f rom s e t t i n g  t o  s e t t i n g .  Feed ing s ludges  t o  t h e  e l e c t r o d e s  wou ld  a l s o  

c o n s o l i d a t e  a l l  t h e  s l u d g e  a t  a  d i s p o s a l  s i t e  i n t o  a  much s m a l l e r  a rea ,  l e a v i n g  
t h e  rema inder  o f  t h e  d i s p o s a l  s i t e  a v a i l a b l e  f o r  f u t u r e  o p e r a t i o n s .  One feed-  

i n g  t e c h n i q u e  may be r e p e t i t i v e  b a t c h  o p e r a t i o n s  t o  c o n s o l i d a t e  l a r g e  q u a n t i -  

t i e s  o f  m a t e r i a l  i n t o  one e l e c t r o d e  s e t t i n g .  Another  v i t r i f i c a t i o n  t e c h n i q u e ,  

c o n t i n u o u s  f e e d i n g ,  i s  analogous t o  t h e  f e e d i n g  t e c h n i q u e s  employed by  g l a s s -  

p r o d u c t i o n  f u r n a c e s  and h i g h - l e v e l  n u c l e a r  waste  e l e c t r i c  m e l t e r s .  However, 

t h e  ISV p rocess  e l i m i n a t e s  t h e  c a p i t a l  necessary  f o r  t h e  m e l t e r  and i t s  s u p p o r t  

equipment and t h e  c o s t l y  g l a s s - p o u r i n g  o p e r a t i o n .  

I n  t h e  r e p e t i t i v e  b a t c h  f e e d i n g  approach,  s l u d g e  o r  con tamina ted  s o i l  

c o u l d  be p i l e d  9- o r  10-m h i g h  i n  a  c u l v e r t  as shown i n  F i g u r e  97. I n  t h e  

cases where volume r e d u c t i o n  i s  extreme, ( i  .e. >5) ,  1 m  o f  s o i l  may be neces-  

s a r y  on t h e  s u r f a c e  t o  a c h i e v e  s t a r t u p .  V i t r i f i c a t i o n  wou ld  be i n i t i a t e d  a t  

t h e  s u r f a c e  and would  c o n s o l i d a t e  a l l  t h e  s l u d g e  w i t h i n  t h e  c o n f i n e s  o f  t h e  

e l e c t r o d e s  l e a v i n g  a  v i t r e o u s  mass a t  t h e  bot tom. More s l u d g e  wou ld  t h e n  be 

added t o  t h e  t o p  o f  t h e  c u l v e r t ,  s o i l  wou ld  be added t o  t h e  s u r f a c e ,  if neces-  

s a r y ,  and t h e  m e l t i n g  p rocess  wou ld  be reenacted.  T h i s  p rocedure  wou ld  be con- 

t i n u e d  u n t i l  t h e  v i t r i f i e d  m a t e r i a l  i s  b r o u g h t  t o  t h e  d e s i r e d  grade l e v e l .  The 

p rocess  wou ld  t h e n  c o n t i n u e  i n  an a d j a c e n t  c u l  v e r t  w h i l e  t h e  v i t r i f i e d  s l u d g e  

i n  t h e  o r i g i n a l  c u l v e r t  coo led .  S ince  t h e  v i t r i f i e d  s l u d g e  would  n e v e r  come i n  

c o n t a c t  w i t h  t h e  c u l v e r t ,  t h e  c u l v e r t  c o u l d  be reused,  l i m i t i n g  t h e  number o f  

c u l v e r t s  f o r  t h e  e n t i r e  o p e r a t i o n  t o  two.  T h i s  t y p e  o f  o p e r a t i o n  can r e s u l t  i n  

tremendous c o s t  s a v i n g s  i n  e l e c t r o d e  m a t e r i a l s  and equipment movement 

o p e r a t i o n s .  

Cont inuous f e e d i n g  i s  done r o u t i n e l y  i n  t h e  g l a s s  and h i g h - l e v e l  n u c l e a r  

waste  i n d u s t r i e s .  W i t h  c o n t i n u o u s  f e e d i n g ,  waste  m a t e r i a l s  a r e  fed  d i r e c t l y  

o n t o  t h e  m o l t e n  s u r f a c e .  The s l u d g e  may be f e d  o n t o  t h e  m o l t e n  s u r f a c e  by a  

conveyor  b e l t  t h r o u g h  t h e  o f f - g a s  hood as shown i n  F i g u r e  98. Then, an o f f - g a s  

b l o w e r  can draw a i r  t h r o u g h  t h e  s l u d g e  i n l e t  open ing  t o  p r e v e n t  t h e  d i r e c t  

r e l e a s e  o f  p rocess  e f f l u e n t s .  The m a t e r i a l  i s  accumula ted on t h e  m o l t e n  s u r -  

f a c e  t o  f o r m  a  b a t c h  b l a n k e t  o r  c o l d  cap. S e m i v o l a t i l e  c o n s t i t u e n t s ,  such as 



FIGURE 97. R e p e t i t i v e  Batch Operat ion 

f l u o r i d e s ,  heavy metals,  and heavy o rgan ics  t h a t  t end  t o  m ig ra te  ou t  of t h e  

mo l ten  zone o r  lower  reg ions  o f  t h e  ba tch  b l anke t ,  a r e  condensed i n  t h e  upper, 

c o o l e r  reg ions  o f  t h e  ba tch  b l a n k e t  and recyc l ed  back t o  t h e  v i t r e o u s  zone 

(Tooley 1974). The cont inuous f eed ing  techn ique  a l s o  ho lds  tremendous poten-  

t i a l  f o r  reduc ing  o p e r a t i o n a l  cos t s  when c o n s o l i d a t i n g  s ludges o r  contaminated 

s o i l s  i n t o  a  sma l l e r  area. However, when movement and hand l i ng  o f  contaminated 

s o i l s  a re  i m p r a c t i c a l  o r  hazardous, such as w i t h  TRU-contaminated s o i l s  move- 

ment o f  t h e  process equipment t o  i n d i v i d u a l  s e t t i n g s  i s  r equ i r ed .  

Other Appl i c a t i o n s  

S t r u c t u r a l  t e s t i n g  has shown t h a t  t h e  ISV p roduc t  i s  ve ry  s t rong .  The 

da ta  a re  shown i n  Table 60. 





TABLE 60. Comparison o f  t h e  S t reng th  of Concrete and V i t r i f i e d  S o i l  

Concrete V i t r i f i e d  Soi 1  

Compressive S t reng th  ( p s i )  3,000 t o  8,000 35,000 t o  45,000 

S p l i t t i n g  T e n s i l e  S t reng th  ( p s i  ) 400 t o  600 4,000 t o  8,000 

The s t r u c t u r a l  p r o p e r t i e s  o f  t h e  I S V  p roduc t  a re  about one o rde r  o f  

magnitude h i g h e r  t han  those  o f  u n r e i n f o r c e d  concrete .  Th is  has l e a d  t o  t h e  

conceptual  i z a t i  on of a  v a r i e t y  o f  app l  i c a t i  ons t h a t  supplement waste d i  sposal  

ope ra t i ons  and some a p p l i c a t i o n s  t h a t  a re  comp le te ly  independent o f  waste man- 

agement opera t ions .  

An a l t e r n a t e  waste management techn ique  would be t o  use I S V  t o  produce a  

b a r r i e r  around a  hazardous waste s i t e  where groundwater i n t r u s i o n  i s  a  concern. 

Th is  concept i s  shown i n  F i g u r e  99. I n  t h i s  concept t h e  mo l ten  m a t e r i a l  i s  

fused t o  an u n d e r l y i n g  impermeable l a y e r  t o  ach ieve a water  sea l .  It i s  recog-  

n i z e d  t h a t  t h e r e  a re  many o t h e r  t ypes  o f  b a r r i e r  systems, i n c l u d i n g  s l u r r y  

w a l l  s, i n j e c t e d  g rou t  c u r t a i n s ,  and poured- i  n-p lace w a l l  s. However, t h e r e  a r e  

many chemicals t h a t  l each  o u t  o f  hazardous waste s i t e s  and i n t e r f e r e  w i t h  t h e  

s e t t i n g  o f  cen ien t i t i ous  products ,  thus  l e a d i n g  t o  t h e  f o rma t i on  o f  windows o r  

ISV BARRIER W A L L  

v - 
HAZARDOUS 

GROUNDWATER 
F L O W  - - 

IMPERMEABLE LAYER - 

FIGURE 99. I n  S i t u  V i t r i f i c a t i o n  B a r r i e r  Concept 



ho les  i n  t h e  w a l l s .  When these  chemicals a r e  p resen t  a t  a  s i t e ,  a  g l ass  w a l l  

may be a  c o s t - e f f e c t i v e  way t o  h a l t  t h e  m i g r a t i o n  o f  chemicals away from t h e  

s i t e .  

The e a r l y  engi  n e e r i  ng-scal  e  t e s t s  employed two e l e c t r o d e  systems, t hus  

t e s t i n g  t h e  bas i c  concept o f  gene ra t i ng  underground ISV b a r r i e r s .  The 

remain ing development a c t i v i t y  i s  t o  t a i l o r  t h e  t h i c kness  of t h e  w a l l  so t h a t  

t h e  r e s u l t a n t  b a r r i e r  i s  reasonably  c o s t  compe t i t i ve .  Log ica l  approaches f o r  

ach iev i ng  t h e  t a i l o r i n g  would be t o  i n j e c t  f l u x  m a t e r i a l s  i n t o  t h e  area t o  be 

processed, l o w e r i n g  t h e  m e l t i n g  temperature o f  t h e  s o i  1. Another p o s s i b l e  

techn ique  would be t o  p l a c e  t h e  e l e c t r o d e s  a t  angles t h a t  r e t a r d  t h e  spread of 

t h e  me l t  w i d t h  as t h e  mo l ten  zone grows deeper. Some c o n s i d e r a t i o n  has been 

g i ven  t o  a  movable e l e c t r o d e  system, much l i k e  a  r i p p i n g  bar ,  b u t  t o  be suc- 

c e s s f u l ,  t h i s  must be combined w i t h  t h e  f l u x  a d d i t i o n s .  Even i f  ISV b a r r i e r s  

a r e  n o t  cons idered  a  permanent s o l u t i o n ,  t hey  may be a  ve ry  c o s t - e f f e c t i v e  

i n t e r i m  s o l u t i o n  where s i g n i f i c a n t  i n t r u s i o n  has occur red  and p l ans  f o r  f i n a l  

r emed ia t i on  have n o t  been completed. The b a r r i e r  would be very  s t r o n g  and 

t h e r e  shou ld  be no problems w i t h  d r i v i n g  heavy equipment over  t h e  s i t e .  Pru- 

dent  eng inee r i ng  would i n d i c a t e  t h a t  t h e  i n s t a l l a t i o n  o f  a  c l a y  cap i n  t h e  sub- 

s idence zone assoc ia ted  w i t h  t h e  b a r r i e r  would h e l p  t o  ensure t h a t  t h e r e  was no 

damage f rom t h e  movement o f  heavy equipment. Th is  i s  a  common t echn ique  used 

t o  p r o t e c t  s l u r r y  w a l l s  and no new techno logy  i s  r equ i r ed .  Subsequent i n s t a l -  

l a t i o n  o f  a  c l a y  cap over  t h e  s i t e  would h e l p  t o  p reven t  water  i n t r u s i o n  f r om 

p r e c i p i t a t i o n  o f  b u r i a l  s i t e s ,  thus  e l i m i n a t i n g  t h e  p o t e n t i a l  f o r  c r e a t i n g  a 

" ba th  t u b "  e f f e c t  t h a t  cou ld  f u l l y  s a t u r a t e  t h e  con f i ned  wastes. 

As a  d e r i v a t i v e  o f  t h e  b a r r i e r  concept,  t h e  I S V  process cou ld  be used t o  

generate  f o o t i n g s  and s t r u c t u r a l  founda t ions  as shown i n  F i g u r e  100. Whi le  

t h i s  a p p l i c a t i o n  w i l l  n o t  f i n d  much a p p l i c a t i o n  i n  t h e  con t iguous  48 s t a t e s  

because o f  t h e  r e l a t i v e  a v a i l a b i l i t y  and low c o s t  o f  concre te ,  t o  remote areas 

t h i s  may p rove  t o  be a  c o s t - e f f e c t i v e  a p p l i c a t i o n .  For example, i n  t h e  days o f  
3 t h e  Alaskan p i p e l i n e ,  conc re te  was $780/m d e l i v e r e d  t o  t h e  s i t e .  Placement 

cos t s  were i n  a d d i t i o n  t o  t h a t  cos t .  Also,  conc re te  f o r  f o o t i n g s  f o r  school  

b u i l d i n g s  i n  t h e  A l e u t i a n  I s l a n d s  i s  c u r r e n t l y  i n  t h e  range o f  $780/m3. Con- 

s i d e r i  ng t h a t  t h e  s t r u c t u r a l  a p p l i c a t i o n s  would n o t  r e q u i r e  an o f f - g a s  





t r e a t m e n t  system, t h e  c o s t s  f o r  y e n e r a t i n g  f o o t i n g s  i n  p l a c e  would be on t h e  

o r d e r  o f  $190 t o  $260/rn3. F u r t h e r ,  w i t h o u t  an o f f - g a s  t r e a t m e n t  system, o n l y  

one t r a i l e r  wou ld  be r e q u i r e d  t o  t r a n s p o r t  t h e  p r o c e s s i n g  equipment,  t h u s  s im- 

p l  i f y i  ng t h e  t r a n s p o r t a t i o n  and s i t e  access r e q u i  rements. Another  app l  i c a t i o n  

wou ld  be t h e  o n s i t e  g e n e r a t i o n  a t  Prudoe Bay o f  r i p - r a p  f o r  i c e  armorment sys-  

tems f o r  d r i l l  i s l a n d s  i n  t h e  Beau fo rd  Sea. B l o c k s  c o u l d  be genera ted  as s l a b s  

empl o y i  ng  t h e  two e l e c t r o d e  system o r  as b l o c k s  w i t h  t h e  f o u r - e l  e c t r o d e  system. 

The former  i s  recommended because q u a r r y i n g  t h e  b l o c k  may induce  s t r e s s  r i s e r s  

t h a t  weaken t h e  rema in ing  s t r u c t u r e .  There  a r e  a  v a r i e t y  o f  a1 t e r n a t e  scenar -  

i o s ,  b u t  t h e  key t o  c o n s i d e r a t i o n  o f  t h e  process i s  a  remote s i t e  where cement 

i s  ove r  $260/q3 d e l  i vered.  

The process may a l s o  be used f o r  s e a l i n g  s h a f t s  t o  p r e v e n t  t h e  i n t r u s i o n  

o f  w a t e r  i n  t h e  d i s t a n t  f u t u r e .  Such an a p p l i c a t i o n  c o u l d  be used i n  t h e  

s e l e c t i v e  p lacement o f  s e a l s  i n  a  r e p o s i t o r y  s h a f t .  The concept  i s  i l l u s t r a t e d  

i n  F i g u r e  101. B a c k f i l l  wou ld  be p l a c e d  a l o n g  w i t h  t h e  e l e c t r o d e s  i n  t h e  

s h a f t ,  and t h e  me1 t i  ng process would n o t  o n l y  me1 t t h e  b a c k f i  11 , b u t  t h e  l i n e r ,  

t h e  g r o u t  b e h i n d  t h e  l i n e r ,  and t h e  d i s t u r b e d  rock  zone. T h i s  may reduce t h e  

c r a c k  d e n s i t y  t o  more n e a r l y  t h a t  o f  t h e  h o s t  rock .  The l e n g t h  o f  t h e  sea l  

wou ld  be c o n t r o l  1  ed by add i  ng a d d i t i o n a l  b a c k f i  11 d u r i  ng p r o c e s s i  ng and by 

w i t h d r a w i n g  t h e  e l e c t r o d e s .  Sea ls  up t o  30-m l o n g  appear t o  be q u i t e  f e a s i b l e .  

The economic i n c e n t i v e  f o r  such an a p p l i c a t i o n  i s  t h a t  t h e  1  i n e r  does n o t  have 

t o  be rerlnoved and t h e  d i s t u r b e d  rock  zone may be annealed,  t h u s  l i m i t i n g  t h e  

pathways f o r  w a t e r  i n t r u s i o n .  Removal o f  a  s h a f t  i s  a  c o m p l i c a t e d  and expen- 

s i  ve o p e r a t i  on w i t h  c o n s i d e r a b l e  r i s k  a s s o c i a t e d  w i t h  subsequent o p e r a t i o n s .  

I f  t h e  i d e a  o f  p l a c i n g  hazardous waste  i n  o l d  l e a d  mines g a i n s  acceptance,  t h e n  

ISV c o u l d  be used t o  sea l  t h e  mine s h a f t .  The number o f  s e a l s  r e q u i r e d  wou ld  

depend on t h e  l o c a t i o n  o f  a q u i f e r s  w i t h  r e s p e c t  t o  t h e  s h a f t .  Sea ls  above and 

be low a q u i f e r s  wou ld  seem t o  be p ruden t  as a  genera l  r u l e .  The concept  was 

t e s t e d  on a  p r o o f - o f - p r i n c i p l e  b a s i s  d u r i n g  one o f  t h e  LSOATs. A 0.3-rn x  

0.3-m x  2.4-n b a s a l t  s ~ o n o l i t h  was b u r i e d  a d j a c e n t  t o  t h e  area t o  be v i t r i f i e d  

and s t e e l  and g r o u t  were a f f i x e d  t o  t h e  t o p  o f  t h e  b a s a l t  t o  s i m u l a t e  a l i n e r .  

The b l o c k  was exposed a f t e r  t h e  p r o c e s s i n g  and co red  t o  o b t a i n  samples of t h e  

i n t e r f a c e  m a t e r i  a1 . Samples t a k e n  f r o m  f i ve d i f f e r e n t  1  o c a t i  ons show e x c e l  1  e n t  

f u s i o n  between t h e  b a s a l t  and t h e  v i t r e o u s  m a t e r i a l  . C o n s i d e r a b l e  t e s t i n g  





would be r e q u i r e d  t o  v a l i d a t e  t h i s  techn ique  f o r  use i n  an a c t u a l  r e p o s i t o r y .  

Tests i n  an e x p l o r a t o r y  sha f t  would p robab ly  be r e q u i r e d  t o  determine t h e  p e r -  

formance w i t h  i n  s i t u  rock s t resses .  
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