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THERMAL ANALYSIS OF THE NATIONAL RADIOACTIVE WASTE REPOSITORY: 

PROGRESS THROUGH MARCH 1972 

R. D. Cheverton 
W. D. Turner 

ABSTRACT 

Thermal s tud ies  are  con t inu ing  i n  connect ion w i t h  the 
b u r i a l  o f  r a d i o a c t i v e  wastes i n  a s a l t  fo rmat ion  s i m i l a r  t o  
t h a t  a t  Lyons, Kansas. Parametr ic s tud ies  p e r t a i n i n g  t o  
h igh - leve l  waste were recen t l y  conducted i n  which room s i z e ,  
waste package a r ray  and spacing, waste age, and power per  
package were va r iab les .  The obJec t ive  o f  the  s tud ies  was 
t o  a i d  i n  determin ing optimum b u r i a l  cond i t ions .  Room wid ths  
o f  15 ,  30, and 50 f t  and waste ages o f  1 t o  100 years a t  t h e  
t ime o f  b u r i a l  were considered. The p rev ious l y  used three-  
dimensional heat  conduct ion code was rev ised t o  inc lude the 
temperature dependence o f  the thermal c o n d u c t i v i t y ,  and 
c r i t e r i a  assoc iated w i t h  l i m i t i n g  temperatures were modi- 
f i e d  t o  achieve a g rea te r  degree o f  consistency f o r  the  
d i f f e r e n t  room s izes  and package arrays.  

Resul ts  f rom the  ana lys i s  show t h a t ,  independent o f  
waste age, t he re  i s  an advantage i n  us ing the 1 5 - f t  room, 
based on Reposi tory  min ing costs  and gross space requ i re -  
ments. I n  connect ion w i t h  the l a t t e r  requirements the 
preference f o r  the  smal ler  room s i z e  i s  r e s t r i c t e d  t o  the  
maximum perm iss ib le  loading cond i t i on .  

Delaying b u r i a l  o f  the  waste u n t i l  about 10 years a f t e r  
the parent  f u e l  i s  discharged from the  reac tor  a l s o  appears 
t o  be b e n e f i c i a l .  

The c a l c u l a t e d  maximurn permiss ib le  load ing  pe r  gross 
acre f o r  10-year-old waste i s  6 m e t r i c  tons o f  waste nu- 
c l i d e s ,  which corresponds t o  158 kW/acre a t  the t ime o f  
b u r i a l .  Consider ing the lowest expected thermal conduc- 
t i v i  t y  and permiss ib le  temperature f o r  any o f  the p resen t l y  
a n t i c i p a t e d  wastes, and assuming a conta iner  diameter o f  
12 i n . ,  the maximum permiss ib le  i n i t i a l  ( t ime o f  b u r i a l )  
power per waste package i s  5 kW (independent o f  waste age). 
The l i m i t i n g  power f o r  a 6- in.-diam conta iner  i s  about 3 kW. 

i 
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A l i m i t a t i o n  on power per  package i s  a l s o  imposed by 
va r ious  waste package hand l i ng  operat ions w i t h i n  the Reposi- 
t o r y .  Thermal cons iderat ions l i m i t  the power f o r  a 6- in.-diam 
con ta ine r  t o  5 kW, independent o f  waste age, w h i l e  t r a n s p o r t e r  
s h i e l d i n g  l i m i t s  the power t o  3 . 3  kW f o r  1-year-old waste; 
however, t he  pe rm iss ib le  l e v e l  i s  g rea te r  than 5 kW f o r  wastes 
o l d e r  than about 3.2 years. 

A few c a l c u l a t i o n s  were made t o  determine the e f f e c t  o f  
va ry ing  the waste package arrays w i t h i n  a room. I n d i c a t i o n s  
thus f a r  a re  t h a t  there i s  l i t t l e  d i f f e r e n c e  i n  pe rm iss ib le  
loading sur face d e n s i t y  f o r  one, two, and th ree  rows i n  a 1 5 - f t  
room and f o r  two and th ree  rows i n  a 3 0 - f t  room. I t  i s  t en ta -  
t i v e l y  concluded t h a t  the a d d i t i o n  o f  more rows w i l l  n o t  i n t r o -  
duce s i g n i f i c a n t  changes. Thus the parametr ic  ana lys i s  a p p l i e s  
t o  very low power l e v e l s  per package, accomnodated by numerous 
rows, as w e l l  as t o  the h ighe r  power l e v e l s  f o r  which the 
ca 1 cu l  a t  ions were made. 

Ca lcu la t i ons  have a l s o  been made w i t h  regard t o  tempera- 
tu res  i n  the h i g h - l e v e l  r e p o s i t o r y  f r i n g e  areas (ad jacent  
rooms, c o r r i d o r s ,  sha f t s ,  e t c . ) ,  and i n  connect ion w i t h  the 
b u r i a l  o f  c ladd ing  h u l l s  and alpha wastes. Ne i the r  o f  these 
cases appears t o  pose p a r t i c u l a r l y  d i f f i c u l t  thermal problems. 

1. INTRODUCTION 

I t  i s  proposed t h a t  r a d i o a c t i v e  wastes such as concentrated f i s s i o n  

products,  f u e l  element c ladd ing  h u l l s ,  and alpha-contaminated m a t e r i a l s  be 

placed i n  s a l t  format ions beneath the e a r t h ' s  surface f o r  permanent s t o r -  

age. Heat released from these wastes w i l l  be d i s s i p a t e d  i n  the s a l t  and 

surrounding geologic  format ions and w i l l  e v e n t u a l l y  be t r a n s f e r r e d  t o  the 

atmosphere. A consequence o f  the subsurface heat  re lease i s  an increase 

i n  the temperatures of the mined area and i t s  env i rons.  The temperature 

increases w i l l  e v e n t u a l l y  subside s ince the heat generat ion r a t e  o f  the 

waste cont inuously  decreases. However, thousands o f  years a r e  r e q u i r e d  

f o r  the temperatures t o  r e t u r n  t o  normal. 

nated as the  Reposi tory,  t o  con ta in  these wastes must be such t h a t  t he  

The design o f  a f a c i l i t y ,  des ig-  
. 
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temperature v a r i a t  

containment i n t e g r  

ons w i l  

t y ,  and 

sa fe ty ,  

1,2  ous s tud ies  

i n d i c a t e  t h a t  a s a t i s f a c t o r y  design can be achieved a t  a reasonable cost .  

The design concept f o r  the Reposi tory c a l l s  f o r  two separate b u r i a l  

areas: one f o r  alpha waste, and another f o r  h i g h - l e v e l  waste ( f i s s i o n  

products,  a c t i n i d e s ,  and c ladd ing  h u l l s ) .  The alpha waste has a power 

dens i t y  t h a t  i s  about a f a c t o r  o f  lo5  less than t h a t  i n  the s o l i d i f i e d  

h i g h - l e v e l  waste, and does n o t  present a thermal problem of  the magnitude 

t h a t  the h i g h - l e v e l  waste does. Thus, the thermal analys is  p e r t a i n s  

p r i m a r i l y  t o  the h igh - leve  

schemat ica l ly  i n  F ig .  1.1. 

v e r t i c a l  ho les beneath the 

format ion about 1000 f t  be 

no t  adversely a f f e c t  ope ra t i ona l  

t he  environment. Resul ts  o f  prev 

p o r t  ion o f  the Reposi t o r y ,  which i s  shown 

As i nd i ca ted ,  waste packages are b u r i e d  i n  

f l o o r  o f  a room t h a t  i s  mined i n  the s a l t  

ow the e a r t h ' s  surface. 

L Previous thermal analyses o f  the h i g h - l e v e l  p o r t i o n  o f  t he  

Reposi tory considered several  d i f f e r e n t  room s izes,  double and s i n g l e  

rows of  waste packages, wastes o f  d i f f e r e n t  ages, and v a r i a t i o n s  i n  the  

geologic  format ion s t r a t i g r a p h y  and thermal p r o p e r t i e s .  I t  was concluded 

t h a t  reasonable v a r i a t i o n s  i n  s t r a t  graphy and thermal p r o p e r t i e s  had 

l i t t l e  e f f e c t  on the temperatures. However, Reposi tory space and min ing 

costs  were found t o  be s e n s i t i v e  t o  room and p i l l a r  dimensions, waste 

package a r r a y  and p i t c h  (spacing between waste packages), loading pe r  

waste package, and age o f  waste a t  the t ime o f  b u r i a l .  Thus the re  was a 

need f o r  parametr ic  s tud ies  t h a t  would consider these f a c t o r s ,  and such 

s tud ies  a re  the sub jec t  o f  a p o r t i o n  o f  t h i s  r e p o r t .  

In format ion de r i ved  from the parametr ic  s tud ies  i s  used i n  the 

o v e r a l l  economic a n a l y s i s  o f  waste management t o  determine, among o t h e r  

th ings,  the optimum above ground storage t ime f o r  the h i g h - l e v e l  waste 
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Fig. 1.1. Schematic of the Proposed Federal Radioactive Waste 

Repository: Vertical Cross Section of Typical High-Level Mine. 



i n  both l i q u i d  and so l  

optimum t ime i s  i n  the  

peratures i n  working 

a l  pha waste packages 

hand l ing  procedures 

s uperpos i t i on mode 1 

s tud ies  . 

d forms. Previous ana 

range of 3 t o  10 years 

y ~ e s ~ ’ ~  i n d i c a t e  t h a t  the  

assuming t h a t  the  waste i s  

s o l i d i f i e d  w i t h i n  5 years o f  reac to r  discharge. Thus, f o r  most o f  the 

c a l c u l a t i o n s  discussed here in ,  the  maximum age o f  the  waste p r i o r  t o  bur -  

i a l  was assumed t o  be 10 years; however, a few c a l c u l a t i o n s  were made f o r  

20-year-old waste, and the  r e s u l t s  were ex t rapo la ted  t o  100 years. 

Before the  parametr ic  s tud ies  were begun, the  thermal c r i t e r i a  were 

mod i f ied  t o  achieve a g rea te r  degree o f  cons is tency between the  d i f f e r e n t  

dimensional layouts .  Furthermore, temperature dependence f o r  t he  thermal 

c o n d u c t i v i t y  o f  s a l t  was incorporated i n  the  three-dimensional  heat  con- 

duc t i on  code. 

In  a d d i t i o n  t o  the  parametr ic  s tud ies ,  t h i s  r e p o r t  d iscusses tem- 

areas adjacent  t o  b u r i a l  areas, temperatures i n  the 

temperature l i m i t a t i o n s  imposed by waste package 

n the h i g h - l e v e l  f a c i l i t y ,  and a three-dimensional  

ha t  i s  be ing  developed f o r  mine loading sequence 

2. SOLUTION OF THE HEAT CONDUCTION DIFFERENTIAL EQUATION 
WITH TEMPERATURE-DEPENDENT THERMAL CONDUCTIVITY 

Numerical s o l u t i o n  o f  the  heat conduct ion d i f f e r e n t i a l  equat ion  

f o r  3-D(XYZ) models and w i t h  temperature-independent p r o p e r t i e s  was 

accomplished us ing the  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  procedure proposed 

by Douglas.’ 

a t  ORNL f o r  the  Reposi tory s tud ies  are discussed i n  r e f .  2. Before the 

recent  parametr ic  s tud ies  were begun, the  ORNL code was rev ised t o  i nc lude  

Detai 1s associated w i t h  the  s p e c i f i c  computer code developed 
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thermal dependence f o r  the thermal c o n d u c t i v i t y .  I t  i s  now p o s s i b l e  t o  

de f o r  s p e c i f i e d  t ime i n t e r v a l s  r e c a l c u l a t e  the  c o n d u c t i v i t y  a t  each n 

t h a t  cons i s t  of one o r  more t ime steps 

The c o n d u c t i v i t y  used f o r  t he  t 

a t  t h e  temperature 

whe r e  

Tn i s  t h e  

Tn - Tn- l  

i s  eva luated tm me i n t e r v a l  t,, - 

a s t  c a l c u l a t e d  temperature, 

s t he  temperature change du r ing  the  l a s t  t ime step,  

s the l a s t  t ime step, 

s the  next  t ime i n t e r v a l ,  which can c o n s i s t  o f  one o r  - 
more t ime steps, and tm+l tm 

tm - - tn. 

-I-. . . I . I  . .  . .  ine rime s tep  ana tne t ime i n t e r v a l  a re  made as la rge  as i s  cons i s ten t  

w i t h  des i red  accuracy i n  o rder  t o  reduce computer t ime;  i n  p r i n c i p l e ,  

t he re  i s  an optimum combination. For the  Reposi tory  ana lys i s ,  the 

accuracy appears t o  be less  s e n s i t i v e  t o  t h e  s i z e  o f  the t ime i n t e r v a l  

( e f f e c t  o f  temperature dependence) than t o  the  s i z e  o f  the  t ime step.  

T r i a l - a n d - e r r o r  a t tempts showed t h a t ,  i n  combinat ion w i t h  t ime step 

s i zes  based on the  constant - thermal-proper ty  s tud ies ,  the time i n t e r v a l  

could span ten  t ime steps. 

an optimum combination, i t  has been q u i t e  s a t i s f a c t o r y  f o r  the  Reposi tory  

paramet r ic  s tud ies  conducted thus f a r .  For a t y p i c a l  problem, the  maxi- 

mum d i f f e rence  between temperatures c a l c u l a t e d  by reeva lua t i ng  the  thermal 

c o n d u c t i v i t y  f o r  every t ime s tep  and f o r  every t e n t h  t ime step was o n l y  0.5%, 

Although t h i s  does n o t  necessa r i l y  represent  
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3. SELECTION OF INPUT PARAMETERS 

3.1 Room Sizes and Waste Package Arrays 
f o r  High-Level F a c i l i t y  

i 

Room wid ths  of 15, 30, and 50 f t  were considered i n  the parametr ic  

s tud ies.  

based on waste package t ranspor te r  s i z e  and maneuverabi l i ty  and on c e i l i n g  

sag c h a r a c t e r i s t i c s ,  respec t i ve l y .  P i l l a r  w id ths  f o r  the d i f f e r e n t  room 

s izes  are  based on p i l l a r  deformat ion analyses and, a t  present ,  a r e  n o t  

considered t o  be va r iab les .  

and SO f t .  

The 15- and 5 0 - f t  values a re  s p e c i f i e d  as minimum and maximum 

The corresponding p i l l a r  w id ths  a r e  25, 30, 

The appropr ia te  waste package a r ray  w i t h i n  a r o o m  depends upon the 

power per  package, the  s i z e  o f  the room,  and s h i e l d i n g  requirements.  A 

q u a l i t a t i v e  ana lys i s  i nd i ca ted  t h a t  two rows i n  the  30- and 5 0 - f t  rooms 

and a s i n g l e  row i n  the  1 5 - f t  room would be best  fo r  the g rea te r  p o r t i o n  

o f  t h e  range o f  cond i t i ons  expected. 

most of t h e  ca l cu la t i ons .  Furthermore, t h e  two-row ar rays  were r e s t r i c t e d  

t o  rec tangu lar  geometry because t h i s  s i m p l i f i e d  t h e  numerical  ana lys i s .  

I n  some cases, s tagger ing  the  waste packages ( i .e , ,  a r rang ing  them i n  

t r i a n g u l a r  a r rays)  would improve heat  t r a n s f e r  and s h i e l d i n g  and w i  1 1  

even tua l l y  be inc luded i n  the ana lys is .  

Thus, these ar rays  were used f o r  

When the p i t c h  i s  smal l  compared t o  the  t ransverse d is tance between 

packages, a c o n d i t i o n  encountered w i t h  low power l e v e l s ,  there  w i l l  be 

thermal and s h i e l d i n g  advantages i n  inc reas ing  the  number o f  rows. There- 

f o r e ,  a few c a l c u l a t i o n s  were made w i t h  th ree  rows i n  a 3 O - f t  room and 

t w o  and th ree  rows i n  a l 5 - f t  room. As an extreme i n  t h i s  regard, a ca lcu-  

l a t i o n  was made w i t h  the waste homogenized over  a s p e c i f i c  w i d t h  o f  t h e  

b u r i a l  zone beneath a room. 
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3.2 H igh-Leve 1 Waste Character i s t  i cs 

Two types o f  h i g h - l e v e l  wastes are  considered i n  t h i s  r e p o r t :  

( 1 )  a mix tu re  o f  f i s s i o n  products and a c t i n i d e s ,  and (2) f u e l  c ladd ing  

h u l l s .  

t h e i r  s t rong  a c t i v a t i o n  and because they are contaminated w i t h  f i s s i o n  

products and a c t i n i d e s .  I n  the remainder o f  t h i s  repo r t ,  the  c ladd ing  

h u l l s  w i l l  be r e f e r r e d  t o  as  h u l l s ,  and the  f i s s i o n  p roduc t -ac t i n ides  

mix tu re  w i l l  be r e f e r r e d  t o  as  h igh - leve l  waste. 

The c ladd ing  h u l l s  a r e  considered as h i g h - l e v e l  waste because o f  

To date, o n l y  one type o f  h i g h - l e v e l  waste has been considered i n  

the parametr ic  ana lys i s .  I t  corresponds t o  a t y p i c a l  l i g h t - w a t e r  reac to r  

(LWR) f u e l  hav ing an i n i t i a l  enrichment of 3.3% 235U, an average s p e c i f i c  

power o f  30 MW(t)/metr ic ton, and a t o t a l  burnup o f  33,000 MWd/metric ton. 

It was assumed t h a t  reprocessing took p lace 150 days a f t e r  d ischarge o f  

the f u e l  f rom the  reac to r ,  t h a t  99.5% of t he  uranium and p lu ton ium was 

recovered du r ing  reprocess i ng, and t h a t  t he  remainder o f  the  uran ium and 

plutonium, p lus  the o the r  a c t i n i d e s  and f i s s i o n  products ,  were inc luded 

i n  the  s o l i d i f i e d  waste. Time-dependent composi t ions and heat genera t ion  

ra tes  f o r  t h i s  waste were ob ta ined from the computer code ORIGEN.6 A 

compi la t ion  o f  nuc l ides  and t h e i r  r e l a t i v e  heat  genera t ion  ra tes  as a 

func t i on  of t ime i s  presented i n  Table 3.1. Only those nuc l i des  t h a t  

c o n t r i b u t e  a t  l e a s t  1% t o  the t o t a l  heat genera t ion  a re  l i s t e d  i n  t h i s  

tab le .  The recorded t o t a l  heat  generat ion ra tes ,  however, i nc lude  heat  

from a l l  nuc l i des .  

heat du r ing  t h e  f i r s t  200 years comes from the f i s s i o n  products and t h a t  

the a c t i n i d e s  make the  g rea tes t  c o n t r i b u t i o n  i n  the pe r iod  which fo l l ows .  

I t  i s  o f  i n t e r e s t  t o  no te  t h a t  e s s e n t i a l l y  a l l  o f  the  



. . L . 

Table 3 .1 .  Nucl ide Sources o f  Heat Generation i n  F iss ion  Products and Act in ides 

f o r  a Typical  LWR Waste 

Heat  G e n e r a t i o n  Rates,  R e l a t i v e  t o  Grand T o t a l  a t  1 Year, a t  D e s i g n a t e d  Times A f t e r  Reprocess ing  a t  150 Days ( y e a r s ) :  

104 Nuclide 
1 2 5 10 20 50 100 200 500 103 

9 O ~ r  
90Y 
"Nb 

"Tc 

lo6Rh 

126Sb 

34cs 

37,s 
137m,, 

4 4 ~ e  

1 4 4 ~ r  

0.01 0.12 0 .11  

0.06 0.54 0.50 

0.01 

0.25 1.28 0.16 

0.21 1.47 0.53 

0.02 0.21 0.20 

0.05 0.48 0.45 

0.04 0.15 

0.30 1.24 0 .og 

0.01 0.08 0.07 

S u b t o t a l  0.97 5.65 2.16 

0.10 0.78 0.37 0.11 0 .09  

0.44 3.44 1.65 0.48 0 .41  

0.10 

0.18 1.40 0.70 0.22 0.22 

0.40 3.16 1.58 0.50 0.49 

0 .OS 

0.05 0.35 0 .09  

1.30 9.25 4.42 1.32 1.27 

0.05 

0.08 

0.12 

0.07 

0.02 0.21 

0.07 0.06 0.28 

0.02 0 .11  0.13 

0.07 0.08 1.64 

0.03 0 .33  0 .31  1.23 

0.07 0.06 0.53 3.30 1.48 
0.07 0.72 0.69 3.05 

0.02 
0.01 0.10 0.09 0.07 0.48 0.15 0.02 

0.15 0.10 0 - 0 8  0.61 0 .27  0.12 0.78 4.64 2.63 6.26 

1 5.81 2.26 1.39 9.85 4.69 1.44 2.04 4.72 2.66 6.47 
S u b t o t a l  0.03 

T o t a l  
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A curve o f  r e l a t i v e  heat  generat ion vs t ime i s  shown i n  F ig .  3.1. 

The thermal c o n d u c t i v i t y  and the  maximum perm iss ib le  temperature 

f o r  the waste ( i . e . ,  0.25 Btu h r - '  f t - '  ( O F ) - '  and l l O O ° F ,  r e s p e c t i v e l y )  

were the  l e a s t  expected nominal values f o r  any o f  the a n t i c i p a t e d  s o l i d i -  

f i e d  wastes. For many o f  the ca l cu la ted  cases, the  waste temperature was 

l i m i t i n g ;  thus there  i s  some incen t i ve  f o r  improving the  thermal proper-  

t i e s  o f  the waste. 

The h u l l s  t h a t  were considered i n  the c a l c u l a t i o n s  were assumed 

t o  have been discharged from the  same LWR and t o  have been exposed t o  the  

same opera t ing  cond i t i ons  as the h i g h - l e v e l  waste discussed i n  t h i s  

r e p ~ r t . ~  I t  was assumed t h a t  the z i r c a l o y  h u l l s  were contaminated w i t h  

0.1% o f  the h i g h - l e v e l  waste. Heat generat ion r a t e  as a f u n c t i o n  o f  

t i m e  f o r  t h i s  "waste1' i s  shown i n  F ig .  3.1. The b u r i a l  scheme f o r  the  

h u l l s  was assumed t o  be the same as t h a t  f o r  the  h i g h - l e v e l  waste. 

3 . 3  Diameter of High-Level-Waste Container 

The h igh- leve l -waste  conta iner  was assumed t o  have a 6 - i n .  d i a -  

meter f o r  t he  parametr ic  ana lys is .  Inc reas ing  the  diameter tends t o  

reduce temperatures i n  the waste and i n  the  s a l t  ad jacent  t o  the  conta iner .  

Although smal l ,  t h i s  e f f e c t  w i l l  be considered i n  g rea te r  d e t a i l  i n  a 

f u t u r e  ana lys is .  

3.4 Alpha Waste C h a r a c t e r i s t i c s  and B u r i a l  Scheme 

The ana lys i s  o f  the  alpha f a c i l i t y  was based on a t y p i c a l  a lpha 

waste composi t ion c o n s i s t i n g  o f  1% 238Pu, 60% 2 3 9 p ~ ,  

and 4% 242Pu, 

shown i n  Table 3.2. 

24% 240Pu, 1 1 %  241Pu, 

The heat  generat ion c h a r a c t e r i s t i c s  f o r  t h i s  waste are  
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Table 3.2. Heat Generation Rate o f  Typ ica l  Alpha Waste 
as a Funct ion o f  Time 

Time 
( Y d  

Powe ra 
(w) 

Time from Mine 
Closure = T o t a l  
Time - 26 years 

Power 
(w> 

0 0 

1 7.97 x 102 
30 6.55 x 105 

1 x 102 6 . 1 3  x 105 
2 3.23 x 103 3 x 102 4.28 x 105 

3 5.80 X 10: 1 x 103 1.99 x 105 
3 

4 
4 8.49 X 10 

5 1.13 x io  

6 1.42 x io4  

7 1.96 X l o 4  

8 2.69 X lo4 

9 3.44 x i o4  

10 4.39 x i o4  

1 1  5.37 x 104 

12 6.78 x 104 

13 8.76 x 104 

14 1.14 x 105 

3 x 103 9.08 X l o 4  

1 x io4 5.58 x 104 

3 x 104 2.20 x io4 

1 x 105 3 .25  x 103 

3 x io5 8.74 x io2  

1 x 106 6.20 X lo2 

3 x 106 2.89 X lo2  

1 x 107 5.04 X 10 
3 x 107 1.89 X 10 

15 1.41 x 105 

16 1.70 x 105 

17 1.99 x 105 

19 2.61 x 105 

21 3.25 x 105 

22 3.59 x 105 
23 3.93 x 105 

24 4.28 x 105 

25 4.63 x 105 
26 4.76 x 105 

18 2.29 X lo5  

20 2.92 X lo5  

a Tota l  power of a l l  a lpha waste considered fo r  b u r i a l  i n  
the Repos i t o r y .  
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8 I t  has been es t imated t h a t  1.53 X lo8 f t 3  ( p r i o r  t o  compaction) 

o f  a lpha waste w i l l  be accommodated i n  the  Reposi tory  by the year 2000. 

I f  the s p e c i f i e d  compaction schedule i s  fo l lowed,  the  gross space re -  

qu i red  f o r  the waste w i l l  be 180 acres.  The heat  generat ion i n p u t  used 

i n  the thermal ana lys i s  was based on these q u a n t i t i e s  and on an average 

p lu ton ium concent ra t ion  i n  the waste, p r i o r  t o  compaction, o f  0.25 g / f t 3 .  

I t  was f u r t h e r  assumed t h a t  the waste packages would be p laced adjacent  

t o  each o the r  and stacked 10 f t  h i g h  i n  rooms t h a t  a re  about 1000 f t  

below the  e a r t h ' s  sur face.  

Boundaries 

cons idera t  

d i men s i on a 

4.1 Mode 

4. MODELING 

s f o r  High-Leve 

The two- and three-dimensional  

on the 

on of 

mode 1 

moved, cons is ten t  

THE REPOS I TORY 

- F a c i l i t y  Parametr ic Studies 

models used f o r  most o f  the  para- 

m e t r i c  s tud ies  are  e s s e n t i a l l y  the same as those discussed i n  r e f .  2. 

l a t e s t  two-dimensional model a re  extended t o  permi t  

onger t imes a f t e r  b u r i a l .  I n  the  l a t e s t  three-  

the p i t c h  i s  a va r iab le ,  and s a l t  subregions a re  r e -  

w i t h  the a p p l i c a t i o n  o f  temperature-dependent thermal 

p r o p e r t i e s  for  the s a l t .  The 2-D(RZ) mode1 i s  shown i n  F ig .  4.1; 3-D(XYZ) 

models f o r  the  15-,  30-, and 5 0 - f t  rooms are  shown i n  F igs .  4.2, 4.3, 

and 4.4,  respec t i ve l y .  Add i t i ona l  d e t a i l e d  in fo rmat ion  p e r t a i n i n g  t o  

these models i s  g iven  i n  Tables 4.1 - 4.4. 

An a d d i t i o n a l  2-D(RZ) model , which s imulates a h igh - leve l  f a c i l i t y  

w i t h  an adjacent  alpha f a c i l i t y ,  i s  shown i n  F ig .  4.5  and i s  f u r t h e r  

descr ibed i n  Table 4.5. A d d i t i o n a l  3-D(XYZ) models inc luded d i f f e r e n t  
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Table 4.1. Description of Two-Dimensional Cylindrical Model 

A. Region Definition 

b Region N o .  Material  NO.^ Inner R Outer R Upper z M e r 2  

1 1 0 12,000 0 365 
2 2 0 12,000 365 755 

3 0 12,000 755 1000 

3 3500 12,000 1000 1020 

7 2 0 12,000 1070 10,000 

4 0 3500 1000 1020 
5 
6 3 0 12,000 1020 1070 

i c  

- ~~ ~~ 

B.  Grid Line Locations 

Grid Line Index Rb 
(I, J, or K) 

Zb 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1  
2 2  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

0 
500 
1050 
1500 
2000 
2500 
3000 
3500 
3750 
4030 
42 50 
4500 
4750 
5000 
5250 
5500 
5750 
6000 
62 50 
6500 
7000 
7500 

8500 
9000 
9500 

10,500 

8000 

10,000 

11, (I00 
11,500 
12,coo 

0 
100 
200 
300 
365 
40C 
5 00 
600 
7 00 
755 
800 
850 
900 
925 
950 
975 
1000 
1020 
1045 
1070 
1100 
1150 
1200 
1250 
1300 
1400 
1500 
1600 
1800 
2000 
2200 
2400 
2600 
2800 
3000 
3250 
3500 
4000 
4500 
5000 
5500 
6000 
7000 
8000 
9000 

10,000 

aSee Table 6.2 for the names and thermal properties of the materials. 

bDimensions are given in f ee t .  
‘Reat generation occurs in  th is  region. 



Table 4.2. Description of Three-Dimensional Model for a 
15-ft Room in the Repository 

A. Region Definition 

Ragion Materiala Left Right Front Back TOP Bottom 
b 
Z b 

2 
b 

NO. No. X Yb Y for X 
b b 

Pitch (ft) of: 
10 30 50 

1 10 0 20 0 5 15 25 600 800 
2 7 0 20 0 5 15 25 800 900 
3 6 0 20 0 5 15 25 900 985 
4 8 0 7.5 0 5 15 25 990 1000 
5 5 7.5 20 0 5 15 25 985 1000 
6 5 0 20 0 5 15 25 1000 1002 
7 10 0 20 0 5 15 25 1002 1004 

5 15 25 1004 1008 
> 15 25 1018 1021 

8 5 0 20 0 

J 15 25 1021 1025 
9 5 0 20 0 

> 15 25 1025 1050 
10 10 0 20 0 

> 1400 15 25 1050 
11 5 0 20 0 
12 10 0 20 0 
13 5 0.25 20 0 5 15 25 1008 1018 
14 5 0 0.25 0.25 5 15 25 1008 1018 
1 5c 9 0 0.25 0 0.25 0.25 0.25 1008 1018 

B. Grid Line Locations 

Grid Line Index Xb 
(I, J,  or K) 

Yb 
Pitch (ft) 

10 30 50 

Zb 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 

17 

1 8  

19 

20 

21  

22 

23 
2h 
25 

0 

0.25 

0.75 

1.5 
3 

5 

7.5 

10 

15 

20 

0 0 

0.25 0.25 

0.75 0.75 

1.5 1.5 
3 3 

5 5 
7.5 

10 

15 

0 

0.25 

0.75 

1.5 

3 

5 

7.5 
10 

15 

20 

25 

600 

700 

8 00 

900 

950 

980 

985 
990 

995 

1000 
1002 

1004 

1006 

1008 
1010.5 

1013 

1015.5 

1018 

1021 

1025 

1050 

1100 

1200 

1300 
14a0 

'See Table 6.2 for the names and thermal properties of the materials. 
bDimensions are given in feet. 
'Heat generation occurs in this region. 



Table 4.3. Description of Three Dimensional Model for a 
30-ft Room in the Repository 

A. Region Description 

Region Materiala Left Right Front Back Top Bottom 
b 
Z b 

2 b No. No. Xb Xb Yb Y for ~. 
Pitch ( f t )  o f :  

10 30 50 

1 10 0 30 0 5 15 25 600 800 
2 7 0 30 0 5 15 25 800 900 
3 6 0 30 0 5 15 25 900 985 
4 8 0 15 0 5 15 25 990 1000 
5 5 15 30 0 5 15 25 985 1000 
6 5 0 30 0 5 15 25 1000 1002 
7 10 0 30 0 5 15 25 1002 1004 
8 5 0 30 0 5 15 25 1004 1008 
9 5 0 30 0 5 15 25 1018 1021 
10 10 0 30 0 5 15 25 1021 1025 
11 5 0 30 0 5 15 25 1025 1050 
12 10 0 30 0 5 15 25 1050 1400 
13 5 0 10.75 0 5 15 25 1008 1018 
14 5 10.75 11.25 0.25 5 15 25 1008 1018 
15 5 11.25 30 (J 5 15 25 1008 1018 
16C 9 10.75 11.25 0 0.25 0.25 0.25 1008 1018 

B. Grid Line Locations 

ib b Grid Line Index Xb Y for 
(1, J, or K) Pitch ( f t )  o f :  

10 30 50 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

0 

5 

a 
9.5 

10.25 

10.75 

11.25 

11.75 

12.5 

14 

15 

17.5 

20 

25 

30 

0 0  

0.25 0.25 

0.75 0.75 

1.5 1.5 

3 3  

5 5  

7.5 

10 

15 

0 

0.25 

0.75 

1.5 

3 

5 

7.5 

10 

15 

20 

25 

600 

700 

800 

900 

950 

980 

985 

990 

995 

1000 

1002 

1004 

1006 

1008 

1010.5 

1013 

1015.5 

1018 

1021 

1025 

1050 

1100 

1200 

1300 

1400 

a 

bDimensions are given in f ee t .  

‘Heat generation occurs in th is  region. 

See Table 6.2 for the names and thermal properties of the materials. 
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Table 4 . 4 .  Description of Three-Dimensional Model for a 
50-ft Room in the Repository 

A. Region Description 

Region Materiala Left Right Front Back Top Bottom 
b No. No. X Xb ub Y for Zb Z 

b b 

Pitch ( f t )  o f :  
10 30 50 

~ 

1 10 0 50 0 5 15 25 600 800 
2 7 0 50 0 5 15 25 800 900 
3 6 0 50 0 5 15 25 900 985 
4 8 0 25 0 5 15 25 990 1000 
5 5 25 50 0 5 15 25 985 1000 
6 5 0 50 0 5 15  25 1000 1002 
7 10 0 50 0 5 15 25 1002 1004 
a 5 0 50 0 5 15 25 1004 1008 
9 5 0 50 0 5 15 25 1018 1021 

10 10 0 50 0 5 15 25 1021 1025 
11 5 0 50 0 5 15 25 1025 1050 
12 10 0 50 0 5 15 25 1050 1400 
13 5 0 20.75 0 5 15 25 1008 1018 
14 5 20.75 21.25 0.25 5 15 25 1008 1018 
1 5  5 21.25 50 0 5 1 5  25 1008 1018 
16c 9 0 0.25 0 0.25 0.25 0.25 1008 1018 

B .  Grid Line Locations 

Zb b Y for b 
Grid Line Index X 

(I, J ,  or K) Pitch ( f t )  o f :  
10 30 50 

1 0 0 0 0 600 

2 5 0.25 0.25 0.25 700 

3 10 0.75 0.75 0.75 800 

4 

5 
6 

7 

8 

9 

10 

11 

12 

13 

14 

15 
16 

17 

15 

18 

19.5 

20.25 

20.75 

21.25 

21.75 

22.5 
24 

25 
27.5 

30 

35 
40 

1.5 1.5 1.5 900 

3 3 3 950 
5 5 5 980 

7.5 7.5 985 

10 10 990 

15  15  995 
20 1000 

25 1002 

1004 

1006 

1008 

1010.5 
1013 

1015.5 

18 50 1018 

19 1021 

20 1025 

2 1  1050 

22 1100 

23 1200 

24 1300 

25 1400 

aSee Table 6 . 2  for the names and thermal properties of the materials. 

bDimensions are given in f ee t .  

‘Heat generation occurs in  th is  region. 



ORNL-DWG 72-6996 

0 

{OOO 

2000 

3000 

r\r 40,000 

FIXED TEMPERATURE BOUNDARY 
(EARTH'S SURFACE 1 

SURFACE DEPOSITS 
I SHALE I 

L20ft (SOURCE AND SALT) L 2 0 f t  (VOID) 

SHALE 

56 5 
'55 
070 

N 
N 

Fig. 4.5. Two-Dimensional Cylindrical Model of the High-Level 

Mine and Adjacent Alpha Fac i l i ty .  

I . . 



23 

Table 4.5. Description of Two-Dimensional Cylindrical Model 
Simulating High-Level Waste Repository with 

Adjacent Alpha Facility 

A. Region Definition 
~~ 

b b 
Region No. Material ~ 0 , ~  Inner R Upper Z m e r  Z Outer R 

b 

1 1 0 12,000 0 36 5 
2 2 0 12,000 36 5 155 

b 

3 3 0 12,000 755 1000 
4c 4 0 3500 1000 1020 
5 3 3500 4000 1000 1020 
6 3 5000 12,000 1000 1020 
7 3 0 12,000 1020 1070 
8 2 0 12,000 1070 10,000 

B .  Grid Line Locations 

Grid Line Index Rb Zb 
(1, J, or K) 

1 0 0 
2 500 100 
3 1000 200 
4 1500 300 
5 2000 36 5 
6 2500 400 
7 3000 500 
8 3250 6 00 
9 3300 700 

10 3350 7 5 5  
11 3400 800 
12 3450 850 
13 3500 900 
14 3550 925 
15 3600 950 
16 3650 975 
1 7  3 700 1000 
18 3750 1020 
19 3800 1045 
20 3850 1070 
21  3900 1100 
22 3950 1150 
23 4000 1200 
24 4250 1250 
25 4500 1300 
26 4750 1400 
27 5000 1500 
28 5500 1600 
29 6000 1800 
30 6500 2000 
3 1  7000 2200 
32 7500 2400 
33 8000 2600 
34 8500 2800 
35 9000 3000 
36 9500 3250 
37 10,000 3500 
3a 12,000 4000 
39 4500 
40 5000 
4 1  5500 
42 6000 
43 1000 
44 8000 
45 9005 
46 10,000 

aSee Table 6 . 2  for the names and thermal properties of the materials. 

bDimensions are given in f ee t .  

‘Heat generation occurs in  this region. 
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high- level-package ar rays  f o r  the  15- and 3 0 - f t  rooms, i n c l u d i n g  a 

homogenized source zone. These ar rays  a re  shown i n  F ig .  4.6. 

The use o f  rec tangu la r  geometry (XYZ) i n  the  3 - D  models makes i t  

necessary t o  represent  the  c y l i n d r i c a l  waste package w i t h  a rec tangu lar  

p a r a l l e l e p i p e d  hav ing a square cross sec t i on  normal t o  the long ax i s .  

In each case, the  s ides of t he  square cross sec t i on  were tangent t o  

the c y l i n d r i c a l  sur face  o f  the  waste conta iner .  Thus, the  sur face  area 

and t h e  volume o f  the  p a r a l l e l e p i p e d  were g rea te r  by a f a c t o r  o f  4 / ~  

than f o r  the c y l i n d e r .  To determine the e f f e c t  t h i s  had on the  ca lcu-  

l a t e d  sur face  temperatures 2-D(XY) and 1-D(R) comparison c a l c u l a t i o n s  

were made. The r e s u l t s  i nd i ca ted  t h a t ,  when the  c y l i n d e r  and the  p a r a l -  

lep iped con ta in  the same power per  u n i t  leng th ,  t he  sur face  temperatures 

agree to w i t h i n  about 3%. 

4.2 Models f o r  High-Level-Mine Loading Sequence Studies 

To f a c i l i t a t e  the study o f  mine load ing  sequence e f f e c t s  on temper- 

a tu re  d i s t r i b u t i o n s ,  two superpos i t ion  models a re  be ing developed. One 

o f  them, shown i n  F ig .  4.7 and f u r t h e r  descr ibed i n  Table 4.6, dep ic t s  

a u n i t  c e l l  c o n s i s t i n g  o f  a square s lab  source reg ion  and a square 

room-pi11ar-corr idor  reg ion embedded i n  an e f f e c t i v e l y  i n f i n i t e  e x t e n t  

o f  the fo rmat ion  as considered i n  the o the r  3 -D(XYZ)  models. Three o f  

these u n i t  c e l l s ,  p laced i n  se r ies  so t h a t  t he  source and room-p i l l a r -  

c o r r i d o r  reg ions are  continuous, make up a rec tangu lar  s e c t i o n  o f  the  

Reposi tory,  one end o f  which t i e s  i n t o  the  main c o r r i d o r .  Sect ions a re  

placed s ide  by s ide  on bo th  s ides o f  a main c o r r i d o r  t o  make up the  

e n t i r e  mined p o r t i o n  of the  Reposi tory.  The h o r i z o n t a l  dimensions 



25 

ORNL-DWG 72 - 69 97 

P i o T  

0 1 0  w3ft 
15-ft ROOM 

0 1, 
2 - r  3 f t  

O I 0  

I 

I 
$i 

0 +h 0 

P p  

9 O T  0 

HOMOGEN I ZED 
SOURCE 

3 f t  

I 
$i 

hJ= t -22 f t -4  

3 0 - f t  ROOM 

Fig. 4 . 6 .  Additional Arrays f o r  the 3-D(XYZ) Models of the 

High-Level Mine. 
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Fig. 4.7. Three-Dimensional Superposition Model for the High-Level 

Mine. 



Table 4.6.  Description of 3-D (XYZ) Superposition 
Model f o r  the High-Level Mine 

A. Region Definition 

Region Materiala Left Right Front Back TOP Bottom 

Zb b 
NO. NO. Xb X Yb Yb Z 

b 

1 10 0 1000 0 1000 600 800 
2 7 0 1000 0 1000 800 900 
3 6 0 1000 0 1000 900 985 
4 11 0 500 0 500 985 1000 
5 5 0 500 500 1000 985 1000 
6 5 500 1000 0 1000 985 1000 
7 5 0 1000 0 1000 1000 1002 
8 10 0 1000 0 1000 1002 1004 
9 5 0 1000 0 1000 1004 1008 

loc 5 0 500 0 500 1008 1018 
11 5 0 500 500 1000 1008 1018 
12 5 500 1000 0 1000 1008 1018 
13 5 '0 1000 0 1000 1018 1021 
14 10 0 1000 0 1000 1021 1025 
15 5 0 1000 0 1000 1025 1050 
16 10 0 1000 0 1000 1050 1400 

B. Grid Line Locations 

b Grid Line Index 
(I, J, or K) xb Yb 2 

1 0 0 6 00 
2 200 200 6 50 
3 300 300 700 
4 400 400 750 
5 450 450 800 
6 500 500 850 
7 550 550 900 
8 600 600 925 
9 700 700 950 

10 800 800 962.5 
11 1000 1000 975 
12 980 
13 985 

15 990 
16 992.5 
1 7  995 
18 997.5 
19 1000 
20 1002 
2 1  1004 
22 1006 
23 1008 

14 987.5 

24 1010.5 
25 1019 
26 1015.5 
27 1018 
28 1021 
29 1025 
30 1037.5 
3 1  1050 
32 1075 

34 1150 

36 1250 
37 1300 
38 1350 
39 1400 

33 1100 

35 1200 

'See Table 6.2 for the names and thermal properties of the materials. 

bDimensions are given in feet. 

'Heat generation occurs in this region. 
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w i t h i n  the u n i t  c e l l  a re  such t h a t  severa l  rooms on both s ides  of  a 

c o r r i d o r  a re  included. The contents  o f  the  two f i n i t e  s lab  reg ions are  

d i s t r i b u t e d  un i fo rm ly  throughout t h e i r  respec t i ve  reg ions.  

To o b t a i n  temperatures throughout the Reposi tory,  temperature 

changes c a l c u l a t e d  f o r  two o r  more u n i t  c e l l s  a re  superimposed a t  the 

appropr ia te  space and t ime p o s i t i o n s .  I f  two or more types o f  waste a re  

considered, each waste can be assigned t o  a d i f f e r e n t  c e l l ,  and each o f  

these c e l l s  must be ca l cu la ted .  

The second superpos i t ion  model i s  2-D(RZ). I t  cons is t s  o f  a 

s i n g l e  waste package loca ted  i n  an e f f e c t i v e l y  i n f i n i t e  h o r i z o n t a l  

ex ten t  o f  the s t r a t i g r a p h y  considered i n  the o the r  2-D(RZ) models ( r e f e r  

t o  F ig .  4.1 and Table 4.1). Th is  model i s  used f o r  determin ing the  

e f f e c t  o f  loading sequence on temperatures i n  the  near v i c i n i t y  of a 

waste package. A comparison o f  r e s u l t s  ob ta ined w i t h  the simultaneous 

load ing  scheme [ 3 - D ( X Y Z )  models] w i t h  r e s u l t s  ob ta ined w i t h  var ious  

sequence loadings prov ides c o r r e c t i o n  f a c t o r s  t o  be used w i t h  the  

3-D(XYZ) r e s u l t s .  Such comparisons a l s o  prov ide  guidance i n  s e l e c t i n g  

optimum load ing  schemes. 

The superpos i t ion  technique i s  s t r i c t l y  a p p l i c a b l e  o n l y  when tem- 

perature- independent p r o p e r t i e s  a re  considered. However, less o v e r a l l  

e r r o r  i s  in t roduced by us ing  temperature-dependent p r o p e r t i e s  w i t h  the 

superpos i t ion  model, and the ne t  e r r o r  i s  reasonably s m a l l .  Temperature- 

dependent p roper t i es  were used w i t h  the 3 - D ( X Y Z )  superpos i t ion  model ; 

however, t o  date they have not  been used w i t h  the  2-D(RZ) superpos i t i on  

model. 
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4.3 Model f o r  Studying High-Level-Mine Fr inge Area E f fec ts  

The above o r  s i m i l a r  superpos i t i on  models can be used t o  o b t a i n  

temperatures i n  f r i n g e  areas such as the alpha mine, sha f t s ,  adjacent 

rooms, e t c .  However, the 2-D(RZ) model shown i n  F igs.  4.1 and 4.5 w i l l  

p rov ide  much o f  the same in format ion.  F igures 4.1 and 4.5 d i f f e r  i n  

t h a t  the l a t t e r  f i g u r e  includes the alpha f a c i l i t y ,  which i s  s imulated 

by an annular v o i d  surrounding the d i s k  source. This  i s  a conservat ive 

approach t o  cons ide r ing  the i n s u l a t i n g  e f f e c t  o f  the alpha mine on the 

h i g h - l e v e l  f a c i l i t y  once the alpha mine i s  f i l l e d  w i t h  waste and back- 

f i l l e d  w i t h  crushed s a l t .  

5. CRITERIA RELATED TO THERMAL ANALYSIS 

5.1 Waste Temperatures 

The maximum perm iss ib le  temperature o f  the s o l i d i f i e d  waste i s  

s p e c i f i e d  as the maximum temperature t h a t  e x i s t e d  du r ing  the s o l i d i f i c a -  

t i o n  process. It appears t h a t  t h i s  temperature w i l l  range between 1100 

and 20OO0F, the s p e c i f i c  value depending upon the process used. 

5.2 S a l t  Temperatures 

Permiss ib le  temperatures i n  the s a l t  and o t h e r  format ions have 

thus f a r  been der ived from analyses o f  the room c losu re  r a t e  and the  

deformat ions i n  the shale bed above the mined area. An i t e r a t i v e  proce- 

dure i s  r e q u i r e d  i n  which the thermal c a l c u l a t i o n s  a r e  fo l l owed  by a 

rock mechanics ana lys i s ,  which, i n  turn,  prov ides feedback f o r  a new 



thermal ana lys i s .  The most recent  rock mechanics ana lys i s  i n d i c a t e s  

t h a t  the  f o l l o w i n g  i n t e r i m  thermal c r i t e r i a  should be used i n  t h e  thermal 

parametr ic  s tud ies .  

Consider a u n i t  c e l l  o f  the  b u r i a l  zone s i m i l a r  t o  those shown i n  

Figs. 4.2 - 4.4, extending i n  the  v e r t i c a l  d i r e c t i o n  f rom end t o  end o f  

the  waste conta iner .  The f o l l o w i n g  cond i t i ons  are s p e c i f i e d :  ( 1 )  no 

more than 1% o f  the  s a l t  i n  t h i s  u n i t  c e l l  s h a l l  be a t  a temperature 

above 482OF, and (2) no more than 25% o f  t he  s a l t  i n  t h i s  u n i t  c e l l  

s h a l l  be a t  a temperature above 392OF. 

I t  i s  poss ib le  t h a t  more r e s t r i c t i v e  sa l t - tempera ture  c r i t e r i a  

w i l l  be s p e c i f i e d  i n  connect ion w i t h  b r i n e  m i g r a t i o n  and t h e  e f f e c t s  

thereo f  (p roduc t ion  of r a d i o l y t i c  and chemical species such as H2 and 

H C l ) .  However, a t  t h i s  time, i t  does no t  appear t h a t  t h i s  w i l l  be the  

case. 

5.3 Temperature Increases i n  Freshwater Aqui fers ,  
i n  Minera l  Deposi ts,  and a t  t he  E a r t h ' s  Surface 

The maximum perm iss ib le  temperature r i s e s  i n  stagnant aqu i fe rs  

a t  depths o f  100 and 300 f t  are  15 and 5O0F, r e s p e c t i v e l y .  Because o f  

the  low heat  f l u x  a t  and above these e leva t i ons ,  a small f low r a t e  i n  

the aqu i fe rs  would reduce the  temperature r i s e  by a l a r g e  f a c t o r .  

Temperature r i s e s  anywhere i n  the geo log ic  format ions ou ts ide  the  

AEC-control led b u f f e r  zone s h a l l  be less  than 1 O F .  This l i m i t i n g  va lue 

a l s o  app l i es  t o  the  e a r t h ' s  sur face  d i r e c t l y  above the  Reposi tory .  

. 
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6 .  THERMAL PROPERTIES 

e s s e n t i a l l y  

i n  r e f .  2. 

was i s o t r o p  

the same as 

For the  3-0 

c; however, 

shale i n  the  2-D(RZ) ca 

The thermal p roper t y  data used i n  the  most recent  s tud ies  are  

the  most up-to-date values discussed and l i s t e d  

XYZ) c a l c u l a t i o n s ,  i t  was assumed t h a t  the shale 

thermal c o n d u c t i v i t y  an iso t ropy  was inc luded f o r  

cu la t i ons .  The r a t i o  o f  h o r i z o n t a l - t o - v e r t i c a l  

thermal c o n d u c t i v i t y  f o r  shale was assumed t o  be 1.5 on the  bas is  o f  

exper imental  data f rom the  Lyons s i te . ’  

a tu re  dependent, decreasing w i t h  inc reas ing  temperature. From the  stand- 

p o i n t  o f  c a l c u l a t i n g  temperature r i s e s  q u i t e  some d is tance o u t  from the 

edge of the  Reposi tory,  i t  i s  conservat ive t o  use the maximum value o f  

an iso t ropy  f o r  a l l  temperatures; t h i s  was done i n  the 2-D(RZ) c a l c u l a -  

t i o n s .  

The r a t i o  presumably i s  temper- 

The temperature dependence o f  the  thermal c o n d u c t i v i t y  o f  s a l t  

was considered i n  the 3-D(XYZ) c a l c u l a t i o n s .  For reg ions con ta in ing  

s a l t  and sha le  i t  was assumed t h a t  t he  two m a t e r i a l s  were i n  d i s c r e t e  

h o r i z o n t a l  layers ,  and t h a t  most o f  t he  heat  t r a n s f e r  i n  these regions 

occurred i n  a v e r t i c a l  d i r e c t i o n .  The e f f e c t i v e  thermal c o n d u c t i v i t y  

f o r  t he  s a l t - s h a l e  reg ions was ca l cu la ted  from 

where 

k(T)  = e f f e c t i v e  thermal c o n d u c t i v i t y  f o r  temperature T, 

k l ( T ) =  thermal c o n d u c t i v i t y  f o r  s a l t  a t  temperature T, 

e (measured i n  v e r t i c a l  k2 = thermal conduct 
d i r e c t i o n ) ,  

f l  = volume f r a c t i o n  

f 2  = volume f r a c t i o n  

v i t y  f o r  sha 

o f  s a l t ,  and 

o f  shale. 
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Calcu lated values o f  k(T) f o r  the two s a l t - s h a l e  mix tu res  considered i n  

the 3-D(XYZ) c a l c u l a t i o n s  are  shown i n  Table 6.1. Other thermal proper-  

n t h i s  t i e s  used i n  the  2-D(RZ) and 3-D(XYZ)  c a l c u l a t i o n s  discussed 

repo r t  a re  presented i n  Table 6.2. 

Recent exper imental  r e s u l t s ”  i n d i c a t e  t h a t  t he  therrna 

t i v i t y  o f  crushed s a l t  i s  about tw ice  the  va lue t h a t  was used 

con d uc- 

i n  the  

parametr ic  s tud ies .  However, an u n c e r t a i n t y  f a c t o r  o f  2 i s  n o t  unreason- 

ab le f o r  these s tud ies ,  cons ider ing  the  poss ib le  v a r i a t i o n s  i n  the  na ture  

of the  ac tua l  b a c k f i l l  i n  a room. 

7. RESULTS OF ANALYSES 

7.1 Parametr ic Analys is  o f  the High-Level Mine 

The b u l k  o f  the  r e s u l t s  f rom the  paramet r ic  ana lys i s  i s  presented 

i n  terms o f  the  q u a n t i t y  (weight) o f  h i g h - l e v e l  waste nuc l i des  ( f i s s i o n  

product and a c t i n i d e  nuc l i des )  t h a t  can be accommodated per  gross acre 

(room and p i  1 l a r  area) ,  per ne t  acre (room area o n l y ) ,  and per  waste 

package w i thou t  exceeding pe rm iss ib le  s a l t  and waste temperatures, which, 

as w i l l  be shown l a t e r ,  a re  more r e s t r i c t i v e  than the  o the r  l i m i t i n g  con- 

d i t i o n s .  The independent va r iab les  are: age o f  the  waste, s i z e  o f  the  

room, and d is tance between the waste packages p a r a l l e l  t o  the  length  o f  

the room. The recorded weights o f  nuc l ides  inc lude a l l  waste nuc l i des  

i nc lud ing  xenon and krypton,  even though these and o t h e r  gases w i l l  be 

c o l l e c t e d  separa te ly  du r ing  the  s o l i d i f i c a t i o n  process. Thermal c o n t r i -  

bu t ions  from the gases are  n e g l i g i b l e .  
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Table 6.1. Thermal Conductivities of Salt and Salt-Shale Mixtures 
as a Function of Temperature [Btu hr”  ft‘l 

Temp 
( O F )  

Conductivity 

Salt Shale (20%) Shale (50%) Pi 1 lar 
Sa 1 t (80%)- Sa 1 t (50%)- Room and 

32 

122 

212 

30 2 

39 2 

482 

5 72 

662 

75 2 

3.53 

2.90 

2.43 

2.08 

1.80 

1.60 

1.44 

1 33 

1.20 

2.29 

2.06 

1.85 

1.68 

1.53 

1.41 

1.31 

1.23 

1.14 

1 .SO 

1.43 

1.37 

1.31 

1.25 

1.19 

1.15 

1. 1 1  

1.06 

1.83 

1 .515 

1.28 

1.105 

0.965 

0.865 

0.785 

0 730 

0.665 



Table 6 . 2 .  Summary of Thermal Properties - Most Recent Values 

Material 
Therma 1 Conduct i v i  t 

Specific Heat 
Dens 'Y Temp. [Btu hr'l ft'l 

(" F) I sot rop i c Anisotropic (lb/ft ) [Btu lb'l(oF)'l] 
Vert i ca 1 Hor i zon ta 1 

1 .  Surface deposits 

2 .  Shale 

3. Shale and salt 

4.  Salt 

5. Salt 

6 .  Salt (80%)-Shale (20%) 

7. Salt (50%)-Shale (50%) 

8. Crushed salt 

9. Calcine waste 

10. Shale 

1 1 .  Room and pillar 

Two-Dimensional (RZ) Model 

70 1.59 1.59 1.59 

70 0.952 0 .952  1.43 

70 2.78 2.78 3.12 

30 0 2.06 2.06 2.06 

Three-Dimensional Models 

a 

a 

a 

70 0 .13  

0 .25  

70 0 952 

a 

135 

138 

142.5 

98 

113 

150 

116.5 

0 . 2  

0 . 2  

0 . 2  

0 .22  

0 .22  

0.216 

0 .21  

0 .21  

0 . 2 2  

0 . 2  

0.215 

a See Table 6.1 for thermal conductivity as a function of temperature. 
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The f o l l o w i n g  r e s u l t s  do n o t  s p e c i f i c a l l y  take i n t o  account the 

e f f e c t s  o f  mine loading sequence. I t  w i l l  be shown i n  Sect. 7.9 t h a t  

t h i s  ommission i s  v a l i d  f o r  sequences being considered f o r  the Reposi tory.  

7.1.1 Permiss ib le  Loadings Based on S a l t  and Waste C r i t e r i a  

F igure 7.1 shows the r e l a t i v e  e f f e c t s  o f  the th ree  l i m i t i n g  tempera- 

As i nd i ca ted ,  "25% s a l t " )  f o r  a t y p i c a l  case. t u res  (waste, "1% s a l t , "  and 

based on the 25% sal  t c r i  t e r  

o f  p i t c h ;  based on the 1% c r  

p i t c h ;  and, based on the was 

on, the sur face dens i t y  i s  near y independent 

t e r i o n ,  i t  decreases somewhat w t h  i nc reas ing  

e c r i t e r i o n ,  i t  decreases s u b s t a n t i a l l y  w i t h  

i nc reas ing  p i t c h .  

considered i n  the parametr ic  s tud ies .  

These r e l a t i v e  t rends a re  v a l i d  f o r  a l l  o f  the cases 

The minimum envelope o f  the three curves i n  F ig .  7.1 represents 

the maximum perm iss ib le  loading. I t  i s  n o t i c e d  t h a t  t h e  peak waste tem- 

perature can be very r e s t r i c t i v e  f o r  the l a r g e r  p i t c h e s  (heavier  loadings 

per c o n t a i n e r ) .  This s i t u a t i o n  can be improved s u b s t a n t i a l l y  by us ing  a 

s o l i d i f i e d  waste hav ing a h ighe r  thermal c o n d u c t i v i t y  and/or a higher .  

pe rm iss ib le  temperature. For example, one o f  t he  proposed wastes (pot 

calcine) has a 50% h ighe r  maximum perm iss ib le  temperature (1650 vs llOO°F), 

I I  b u t  about the same thermal c o n d u c t i v i t y ,  as was used i n  the parametr ic  

s tud ies .  For the p a r t i c u l a r  case i l l u s t r a t e d  i n  F ig .  7.1, the h ighe r  per-  

m i s s i b l e  temperature b a r e l y  e l i m i n a t e s  the waste as a l i m i t i n g  f a c t o r  f o r  

a 5 0 - f t  p i t c h .  

Comparisons o f  r e s u l t s  obta ined f o r  the 15-, 30-, and 5 0 - f t  rooms 

are shown i n  F igs.  7.2, 7.3, and 7.4 f o r  1-, 4-, and 10-year-old waste, 

respec t i ve l y .  Only the minimum envelope f o r  the 1% and 25% curves and 

the p o r t i o n  o f  the waste curve below t h i s  envelope a re  shown i n  these 
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Fig. 7 . 1 .  Gross Loading Surface Density for 10-year-old Waste 

i n  a 15-ft Room i n  the High-Level Repository. 
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Fig .  7.2. Comparison of High-Level Reposi tory Loading Sur face  

Densities and Loadings pe r  Waste Package f o r  1-year-old Waste and 15-, 

30-, and 50- f t  Rooms. 
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Fig. 7 .3 .  Comparison of High-Level Repository Loading Surface 
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f i g u r e s .  S i g n i f i c a n t  t rends t h a t  can be observed i n  the  f i g u r e s  are  as 

f o l  lows: 

1. The younger the waste, the  smal le r  the  p i t c h  f o r  which the  1% 

s a l t  and the waste c r i t e r i a  become l i m i t i n g .  

2. For a p a r t i c u l a r  waste age, the  d i f f e r e n c e  between maximum 

perm iss ib le  gross sur face d e n s i t i e s  f o r  the  th ree  room s i t e s  

i s  small .  However, t he re  are  s i g n i f i c a n t  d i f f e rences  between 

n e t  sur face  dens i t i es .  For instance,  i n  the  case o f  a 10-year- 

o l d  waste (F ig .  7.4), the  maximum perm iss ib le  ne t  sur face  

dens i ty  f o r  a l 5 - f t  room i s  about 37% g rea te r  than t h a t  f o r  

the  o the r  two room s i t e s .  This  c o n s t i t u t e s  a s u b s t a n t i a l  

sav ing i n  min ing and s a l t  d isposal  cos ts  f o r  the  1 5 - f t  room. 

3. lncreas ng the  p i t c h  permi ts  more waste per  package, except 

where 1 m i ted  by the  waste temperature. 

Some o f  t he  data i n  F igs.  7.2 - 7.4 and s i m i l a r  data f o r  20-year-o ld  

waste have been c ross -p lo t ted  i n  F ig .  7.5 f o r  t he  1 5 - f t  room t o  more 

c l e a r l y  dep ic t  t he  e f f e c t  o f  waste age. This  f i g u r e  shows the l i m i t i n g  

gross loading sur face  d e n s i t i e s  based on the  s a l t  c r i t e r i a .  

Costs assoc ia ted  w i t h  the  b u r i a l  o f  the  waste ( i . e . ,  Reposi tory  

charges) a re  a f u n c t i o n  o f  t he  r e c i p r o c a l  o f  the  curve i n  F ig .  7.5. Other 

cos ts  t h a t  make up the t o t a l  f o r  h igh - leve l  waste management a re  those 

f o r  i n t e r i m  storage of the waste (as l i q u i d  and/or s o l i d )  aboveground, 

f o r  s o l i d i f i c a t i o n ,  and f o r  t r a n s p o r t a t i o n  f rom t h e  process ing s i t e  t o  

the Reposi tory.  Previous i n d i c a t e  t h a t  t he  summation o f  these 

costs  as a func t i on  of waste age a t  b u r i a l  w i l l  have a minimum somewhere 

between 3 and 10 years,  l i k e l y  c lose r  t o  10 years because o f  recent  
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probab 

100 years because the  e f f e c t i v e  ha 

(T,,2 = 30 years) f rom 20 t o  about 

peratures peak w i t h i n  40 years. A 

e increases i n  est imated cos ts  f o r  the Reposi tory.  

t was poss ib le  t o  ex t rapo la te  the curve i n  F i g .  7.5 from 20 t o  

y constant  

sa 1 t tem- 

n a con- 

s tan t  maximum perm iss ib le  

i s  shown i n  F ig .  7.6 f o r  a 

curve from 20 t o  100 years 

the quant i  ty -of -waste-  n u c  

f - l i f e  o f  the  waste i s  near 

150 years, and the 1 i m i  t i n g  

constant  h a l f - 1  i f e  r e s u l t s  

n i  t i a l  power l e v e l  pe r  waste package, Th is  

1 0 - f t  p i t c h .  Thus, the  shape o f  t h e  load ing  

as shown i n  F ig .  7.5, i s  the same as t h a t  o f  

ides-per-uni t -o f -power curve shown i n  F i g .  7.7 

(data a l s o  presented i n  Table 7.1). 

7.1.2 Temperature o f  the  Waste Container Surface 

S p e c i f i c  c r i t e r i a  do n o t  as y e t  e x i s t  f o r  the conta iner  sur face  

temperature a f t e r  b u r i a l .  However, i t  i s  o f  i n t e r e s t  t o  note the  ca lcu-  

l a t e d  peak temperature r i s e s  and t h e  t imes a t  which they occur.  Th is  

in fo rmat ion  i s  presented i n  Table 7.2 f o r  t h e  case i n  which the  b a c k f i l l  

around the  waste package i s  assumed t o  have thermal p roper t i es  s i m i l a r  

t o  those o f  s o l i d  s a l t ,  and the conta iner  l oad ing  i s  l i m i t e d  by t h e  s a l t  

temperature c r i t e r i a .  The conta iner  diameter 

s ize ,  p i t c h ,  and waste age are  va r iab les .  I t  

range o f  va r iab les  considered i n  the parametr 

1 8 4 O O F  pera ture  r i s e s  range from about 360 t o  

associated w i t h  the younger waste and 

power l e v e l s  per  conta iner  a re  permiss 

a tu res  peak range from a f r a c t i o n  o f  a 

t o  30 years f o r  the lower temperatures 

i s  6 i n .  ; and the  room 

i s  observed t h a t ,  fo r  t h e  

c ana lys i s ,  t h e  peak tem- 

The h ighe r  peaks a r e  

arger  p i tches ,  fo r  which h ighe r  

b l e .  The t imes a t  which the  temper- 

year for  the h ighe r  temperatures 

f 
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Fig. 7 . 7 .  Mass of Waste Nuclides per Unit of Waste Thermal Power 

vs T i m e  Since Reprocessing a t  150 Days Following Discharge from Reactor 

(Typical Waste from LWR). 



Table 7.1. Mass o f  Waste Nucl ides per  U n i t  o f  Waste Thermal Power 
versus Time A f t e r  Reprocessing a 

Time A f t e r  Reprocessing 
(years) 

1 

2 

3 

4 

5 

7 

10 

1 1  

12 

15 

17 

20 

25 

30 

35 

40 

50 

75 

100 

5.21 

8.97 

13.6 

18.5 

23.1 

30.4 

37.7 

39.6 

41.3 

45.9 

48.6 

52.8 

60 .O 

68.1 

77.1 

87.1 

111 

20 1 

36 2 

Assuming t h a t  reprocess ing takes p lace  150 days f o l l o w i n g  the 
discharge of f u e l  f rom the reac to r  ( t y p i c a l  waste from LWR). 

a 
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Table 7.2. Maximum Surface Temperature Rises 
f o r  6-in.-Diam Waste Containers 

Waste Room Peak Peak The rma 1 Power 
Width Pitch Temp. Rise Time per  Package Age 

(years) ( f t )  ( f t )  ( O F )  (years 1 (kW) 

1 15 

30 

50 

4 

10 

15 

30 

50 

15 

30 

50 

20 15 

10 
30 
50 
10 
30 
50 
10 
30 
50 

10 
30 
50 
10 
30 
50 
10 
30 
50 

10 
30 
50 
10 
30 
50 
10 
30 
50 

10 
30 
50 

6 40 
1220 
1590 
550 
1070 
1370 
690 
1400 
1840 

3 70 
70 0 
1320 
350 
4 90 
960 
400 
920 
1640 

3 70 
5 30 

35 0 
46 0 
6 30 
3 80 
600 
9 70 

810 

360 
520 
800 

1 /2 
1 /4 

< 1/8 
314 
1 /4 
1 /8 
31 8 
1 /8 

<1/8 

30 
1 /2 
1 /4 
30 
2 
1 /2 
20 
1/2 
1 /4 

30 
20 
7 
30 
20 
12 
25 
12 
5 

30 
20 

< 10 

5.6 (1%) 
11.4 (1%) 
14.4 (1%) 
4.5 (25%) 
9.9 (1%) 
12.1 (1%) 

15.6 (1%) 

6.1 (1%) 
12.3 (1%) 

2.4 (25%) 

11.8 (1%) 
7.2 (25%) 

1.7 (25%) 
5.2 (25%) 
8.7 (25%) 
2.8 (25%) 
8.4 (25%) 
13.6 (1%) 

1.4 (25%) 
4.3 (25%) 
7.1 (1%) 
1.0 (25%) 
3.1 (25%) 
5.2 (25%) 
1.7 (25%) 
5.1 (25%) 
7.9 (1%) 

1.3 (25%) 
4.0 (25%) 
6.6 (1%) 



47 

7.1.3 E f fec t  of B a c k f i l l  Around Waste Container 

Immediately f o l l o w i n g  placement of  a waste package i n  a ho le ,  the  

annular space (% 2 in . )  between the conta iner  and the sur face o f  the  ho le  

w i l l  be b a c k f i l l e d ,  probably  w i t h  f i n e l y  crushed s a l t .  A t  212OF, the  

thermal c o n d u c t i v i t y  o f  crushed s a l t ,  p r i o r  t o  any reconso l i da t i on ,  i s  

about a f a c t o r  o f  10 less  than t h a t  f o r  so l  i d  s a l t . "  

t ime, pressure and heat  w i l l  cause the  crushed s a l t  t o  reconso l ida te ,  and 

the thermal c o n d u c t i v i t y  w i l l  presumably increase t o  the va lue f o r  s o l i d  

s a l t .  The ac tua l  t i m e  behavior has no t  as y e t  been determined. In  the  

parametr ic  ana lys is ,  i t  was assumed t h a t  the  peak temperatures i n  the 

waste and on the conta iner  sur face occurred a f t e r  the  b a c k f i l l  r eve r ted  

t o  s o l i d  s a l t .  

f o r  the  b a c k f i l l  through the time-dependent c a l c u l a t i o n .  

Over a pe r iod  o f  

Th is  pe rm i t ted  the  use o f  thermal p roper t i es  o f  s o l i d  s a l t  

Two a d d i t i o n a l  c a l c u l a t i o n s  were made i n  which a 2 - i n .  annulus o f  

crushed s a l t  was p laced around a 6- in.-diam package con ta in ing  4.3 kW o f  

10-year-old waste. Based on exper imental  r e s u l t s  f o r  f i n e l y  crushed s a l t ,  

the minimum thermal c o n d u c t i v i t y  o f  the b a c k f i l l  was assumed t o  be 

0.2 B tu  h r ' l  f t ' l  ( " F ) - l .  The i n i t i a l  temperature o f  the  conta iner  sur -  

face i n  one case was 74"F, the  same as t h a t  f o r  the surrounding format ions;  

i n  the  o ther ,  i t  was about 700°F, n e a r l y  the ac tua l  temperature t o  be 

expected a t  t he  t ime o f  b u r i a l .  

1 day was 8 0 0 " ~  and s t i l l  increas ing,  assuming the  b a c k f i l l  p r o p e r t i e s  t o  

be unchanged. 

I n  each case the sur face  temperature a f t e r  

12 According t o  the  P r o j e c t  S a l t  Vau l t  exper imental  r e s u l t s ,  reconsol  i- 

da t ion  o f  the  b a c k f i l l  would terminate the  temperature r i s e  a t  about 

1.5 days a f t e r  b u r i a l ,  a t  a temperature less  than 83OoF, and the  sur face  
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temperature would have decreased t o  about 7OO0F by 100 days a f t e r  b u r i a l .  

In the  paramet r ic  ana lys is ,  which considered o n l y  s o l i d  s a l t ,  t he  peak 

sur face temperature was about 6 O O O F  and occurred 20 years a f t e r  b u r i a l .  

I t i s  be l i eved  t h a t  the b a c k f i l l  w i l l  r e v e r t  t o  s o l i d  s a l t  long be fo re  

a 20-year p e r i o d  has passed; thus i t  i s  l i k e l y  t h a t  a minimum temperature 

w i l l  occur between 100 days and 20 years.  

Since the  i n i t i a l  peak occurs w i t h i n  o n l y  1.5 days, t h e  peak va lue  

w i l l  be independent o f  waste age, n u c l i d e  composi t ion,  and ( t o  a l a rge  

ex ten t )  room s i z e  and p i t c h .  Thus, a s i n g l e  maximum perm iss ib le  power 

l e v e l  per package, based on the a l lowab le  waste temperature, can be spec i -  

f i e d  f o r  a l l  waste ages and b u r i a l  schemes considered i n  the paramet r ic  

ana lys i s .  For a waste thermal c o n d u c t i v i t y  o f  0.25 Btu hr"  ft" ("F> ' l ,  

the temperature drops through the waste and across the  b a c k f i l l  a re  about 

?0g0F/kW and 140°F/kW, respec t i ve l y ,  f o r  the cond i t i ons  s t a t e d  above. The 

temperature r i s e  a t  the  sur face o f  the h o l e  a t  1 . 5  days i s  about 53OF/kW. 

Consequently, the temperature r i s e  a t  the  center  of the  waste a t  1.5 days 

i s  about 300°F/kW. For an a l lowab le  waste temperature r i s e  of 1000°F, 

the maximum perm iss ib le  power would be o n l y  3.3 kW. I f  the  a l l owab le  waste 

temperature r i s e  were 15OO0F, the permiss ib le  power would be 5 kW. 

Increas ing the diameter o f  the waste con ta ine r  w i l l  decrease the  

temperature drop across the b a c k f i l l  n e a r l y  p r o p o r t i o n a l l y .  Suppose t h a t  

the diameter i s  increased from 6 i n .  t o  12 i n .  The heat  f l u x  w i l l  be 

decreased by a f a c t o r  o f  2, and the temperature drop w i l l  be 77OF/kW 

instead o f  140°F/kW. There w i l l  a l s o  be a decrease i n  the h o l e  sur face  

temperature; however, t h i s  w i l l  be ignored a t  present .  Thus, a conserva- 

t i v e  est imate f o r  t he  waste temperature r i s e  a t  1.5 days f o r  a 12- in.-diam 
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conta iner  would be 109 + 77 + 53 = 240°F/kW. I f  the  a l lowab le  waste 

temperature r i s e  i s  l l O O ° F ,  the  pe rm iss ib le  power i s  4.6 kW. Considera- 

t i o n  o f  the lower sur face  temperature f o r  t he  h o l e  increases the permis- 

s i b l e  power t o  about 5.0 kW. 

A complete eva lua t i on  o f  the  e f f e c t  o f  t he  b a c k f i l l  ma te r ia l  

a w a i t s  compi la t ion  o f  more exper imental  data. 

expected t o  be conducted i n  the near f u t u r e .  

-- I n  s i t u  experiments a re  

7.1.4 Power L i m i t a t i o n s  Imposed by Hand1 ing  Operations 
Wi th in  the  Reposi tory  

I n  the preceding d iscuss ion  o f  r e s u l t s  from the parametr ic  ana lys i s ,  

1 i m i t a t i o n s  t h a t  w i  1 1  be imposed by f a c t o r s  a t  t he  Reposi tory o the r  than 

those d i r e c t l y  assoc iated w i t h  b u r i a l  were no t  considered. I t  i s  not  t he  

i n t e n t  o f  t h i s  repo r t  t o  analyze such f a c t o r s  i n  d e t a i l .  However, i t  i s  

o f  i n t e r e s t  t o  b r i e f l y  review them t o  see i f  they are  s i g n i f i c a n t l y  more 

o r  less  r e s t r i c t i v e  than the  o thers .  

I n  the process o f  conveying a h i g h - l e v e l  waste package from a 

sh ipp ing  cask t o  the  mine- level  t ranspor te r ,  t he  package must be cooled 

by thermal r a d i a t i o n  t o  the w a l l s  o f  r e l a t i v e l y  l a rge  enclosures and by 

n a t u r a l  convect ion i n  a i r .  A l l  o f  the  waste hand l ing  areas invo lved are  

t o  be cooled w i t h  c i r c u l a t i n g  a i r  and/or water  t o  ma in ta in  adequately low 

a i r  and enc losure temperatures f o r  t r a n s i e n t  and s teady-s ta te  cond i t i ons .  

 calculation^'^ made f o r  a 6- in.-diam waste package suspended v e r t i c a l l y  

i n  a i r  a t  70°F and surrounded by w a l l s  a t  70°F p r e d i c t  a con ta iner  sur face  

temperature o f  520°F f o r  a waste power o f  0.65 kW/f t .  

temperature drop across the  waste, assuming the thermal c o n d u c t i v i t y  o f  

the  waste t o  be 0.25 B tu  h r - ’  f t” ( O F ) ”  i s  71OoF. For t h i s  case, the  

The corresponding 
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o r  5 .6  kW i n  a 

waste conta iner  

w i l l  no t  be l i m  

center1 ine  temperature o f  the waste i s  1230°F. I f  the  a l l owab le  waste 

temperature i s  llOO°F, the pe rm iss ib le  power l e v e l  would be 0 .56  kW/ft 

0 - f t - l o n g  con ta ine r .  

sur face temperature has n o t  as y e t  been s p e c i f i e d ,  52OOF 

t i n g .  Thus, f rom the s tandpoint  o f  c o o l i n g  i n  a i r ,  t he  

power f o r  a waste e x h i b i t i n g  the poorest  expected thermal p r o p e r t i e s  i s  

l i m i t e d  t o  about 5 kW per package. 

large-diameter con ta ine r  would r e s u l t  i n  a h ighe r  pe rm iss ib le  value, 

based on the waste temperature, and a l s o  a h ighe r  sur face temperature. 

Although a maximum perm iss ib le  

Improved waste p r o p e r t i e s  and/or a 

A thermal ana lys i s ' '  performed on the e x i s t i n g  PSV mine- level  

waste-package t r a n s p o r t e r  i nd i ca tes  t h a t  the maximum perm iss ib le  power 

per package i s  about 5 kW, the l i m i t i n g  f a c t o r  being the temperature o f  

a t ions15 show t h a t  the power l e v e l  f o r  some 

c ted  by the dose r a t e  ( i n c l u d i n g  a c o n t r i b u -  

the t r a n s p o r t e r  s h i e l d i n g .  These l i m i t a t i o n s  

the waste. S h i e l d i n g  ca l cu  

waste ages i s  f u r t h e r  r e s t r  

t i o n  from neutrons) ou ts ide  

are i 1 l u s t r a t e d  g raph ica l  

power f o r  d i f f e r e n t  waste 

powers based on dose r a t e  

on dose r a t e ,  the a1 lowab 

y i n  Fig.  7.8, which i s  a p l o t  o f  dose r a t e  vs 

ages, and F ig .  7.9, which shows the l i m i t i n g  

and heat  removal. I t  i s  observed t h a t ,  based 

e power i s  o n l y  3 . 3  kW f o r  a 1-year-o ld  waste 

bu t  i s  i n  excess o f  5 kW f o r  ages g rea te r  than 3 .2  years. '  

An i n t e r e s t i n g  consequence o f  the above power l i m i t a t i o n s ,  i n c l u d i n g  

the one imposed immediately a f t e r  b u r i a l  by the crushed s a l t  b a c k f i l l ,  i s  

t h a t  the con ta ine r  sur face temperatures f o r  a l l  acceptable cases w i l l  n o t  

exceed approximately 55OoF. However, i f  the  waste thermal p r o p e r t i e s  and 

the t r a n s p o r t e r  design a re  improved, h ighe r  powers might be pe rm i t ted .  

This  would r e s u l t  i n  h i g h e r  sur face temperatures. 
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7.1.5 M u l t i p l e  Rows o f  Waste Packages 

As i nd i ca ted  by the r e s u l t s  presented i n  Figs.  7.1 - 7.4, the 

optimum p i t ches  f o r  power l e v e l s  below 1 o r  2 kW are  q u i t e  smal l .  I n  

some cases t h i s  can r e s u l t  i n  s h i e l d i n g  and o the r  opera t iona l  problems 

dur ing  ho le  p repara t i on  and b u r i a l .  The use o f  a d d i t i o n a l  rows increases 

the p i t c h  f o r  the  same load ing  sur face dens i t y  and hence might  be a 

des i rab le  fea tu re  for  low loadings. 

Mu l t i p le - row 3 - D ( X Y Z )  c a l c u l a t i o n s  were made w i t h  t w o  and th ree  

rows i n  a 1 5 - f t  room and w i t h  th ree  rows i n  a 3 0 - f t  room. The p a r t i c u l a r  

a r rays  are  shown i n  F i g .  4.6. The p i t ches  f o r  the 3 0 - f t  room cases were 

10 f t ;  10- and 3 0 - f t  p i t ches  were considered fo r  the  l 5 - f t  room. An add i -  

t i o n a l  c a l c u l a t i o n  was made f o r  each o f  the two rooms w i t h  the  waste 

homogenized over  a 3 - f t  w id th  f o r  the 1 5 - f t  room and over  a 2 2 - f t  w i d t h  

f o r  the  3 0 - f t  room. The h e i g h t  of the homogenized zone was 10 f t .  The 

age o f  the waste was 10 years i n  each case. 

Resul ts  f rom the above c a l c u l a t i o n s  show t h a t ,  f o r  a s p e c i f i e d  

room wid th ,  t he re  i s  e s s e n t i a l l y  no d i f f e r e n c e  between permiss ib le  load ing  

sur face d e n s i t i e s  f o r  a l l  combinations o f  d i s c r e t e  packages considered. 

The permiss ib le  loadings were about 10% lower f o r  the  homogenized cases. 

For the cases i n v o l v i n g  d i s c r e t e  packages, the  load ing  was l i m i t e d  by 

the 25% s a l t  c r i t e r i o n .  Th is  same c r i t e r i o n  was a l s o  used to eva lua te  

the homogenized cases. 

These r e s u l t s  i n d i c a t e  a considerable amount o f  f l e x i b i l i t y  i n  

accommodating low-power packages o f  a l l  ages. The permiss ib le  loading 

surface d e n s i t i e s  w i l l  be equal t o  the values shown i n  F igs.  7.2, 7.3, 

and 7.4 f o r  p i t ches  less  than 10 f t  f o r  1-year-old waste, about 20 f t  

f o r  4-year-o ld  waste, and 30 f t  f o r  10-year-old waste. 
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7.1.6 Summary o f  Parametr ic  Ana lys is  

To summarize the r e s u l t s  f rom the  paramet r ic  ana lys is ,  i t  appears 

t h a t  t he re  w i l l  be a cost  advantage a t  t h e  Reposi tory  i n  us ing  1 5 - f t  

rooms and i n  de lay ing  waste b u r i a l  f o r  about 10 years.  This  combinat ion 

would permi t  as much as 6 m e t r i c  tons o f  f i s s i o n  product  nuc l i des  ( o f  

the composi t ion descr ibed here in )  t o  be accommodated per  gross acre 

(exc lus i ve  o f  c o r r i d o r s ,  e t c . ) .  I f  the thermal p r o p e r t i e s  o f  the waste 

a re  about the same as those assumed i n  t h i s  p a r t i c u l a r  ana lys i s ,  and i f  

the conta iner  diameter i s  a t  l e a s t  12 in , ,  t h e  maximum perm iss ib le  load ing  

per .conta iner  w i l l  be 200 kg o f  waste nuc l ides .  A t  the  t ime o f  b u r i a l ,  

t h i s  would be equ iva len t  t o  a power l e v e l  o f  5 .3 kW. The approp r ia te  

p i t c h  f o r  t h i s  case, us ing  a s i n g l e  row o f  b u r i a l  ho les,  i s  about 35 f t .  

A waste w i t h  b e t t e r  thermal p roper t i es  would pe rm i t  a g rea te r  loading.  

7.2 Temperatures Throughout the  Reposi tory  

Temperatures some d is tance from t h e  mined area a re  independent o f  

room s i z e  and waste package ar rays ;  however, they a re  a f u n c t i o n  o f  the 

waste age and composi t ion and, o f  course, the gross load ing  sur face  den- 

s i t y .  Resul ts  from the 3-D(XYZ) and 2-D(RZ) paramet r ic  ana lys i s  ca lcu-  

l a t i o n s  i n d i c a t e  t h a t  the  waste o r  l o c a l  s a l t  temperatures, r a t h e r  than 

the temperatures f a r t h e r  ou t ,  a re  l i m i t i n g  over the  waste age range o f  

1 t o  20 years, cons ider ing  t h e  present  s e t  of c r i t e r i a  s p e c i f i e d  here in .  

Temperature-rise-vs-time curves obta ined from a cons is ten t  s e t  o f  2-D(RZ) 

and 3-D(XYZ)  c a l c u l a t i o n s  a re  shown i n  F ig .  7.10 f o r  the  case i l l u s t r a t e d  

i n  F ig .  7.11. Th is  l a t t e r  f i g u r e  shows a t y p i c a l  b u r i a l  scheme, which, 

i n  th ree  dimensions, corresponds t o  a 15-f t - room case w i t h  a 3 0 - f t  p i t c h .  
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TIME (years) 

F ig .  7.10. Temperature R i s e  v s  T i m e  Af t e r  B u r i a l  f o r  10-year-old 

LWR Calcined Waste, 15-f t  Room, 25-ft  P i l l a r ,  S ing le  Row of 6-in.-diam 

Containers  on 30-ft P i t c h ,  Each Containing 165 kg of Waste Nucl ides .  

(See F ig .  7.11 f o r  i d e n t i f i c a t i o n  of curves.)  
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The gross load ing  sur face dens i t y  i n  the c a l c u l a t i o n s  was 6 m e t r i c  tons 

per  acre,  and the waste age was 10 years. The s p e c i f i c  l oca t i ons  f o r  

which temperature h i s t o r i e s  a re  recorded i n  F i g .  7.10 are  i d e n t i f i e d  

a l p h a b e t i c a l l y  i n  F ig .  7.11. 

F igure  7.10 shows t h a t  the waste c e n t e r l i n e  and the conta iner  sur -  

face temperature r i s e s  peak i n  about 5 and 15 years a t  900 and 55OoF, 

respec t i ve l y .  Near the base o f  the p i l l a r ,  the maximum temperature r i s e  

i s  3OO0F and the corresponding t ime 50 years.  

r i s e  a t  the base o f  the p r o t e c t i v e  shale l a y e r  i s  170OF (130 years) ,  

37OF (500 years) ,  i n  a stagnant f reshwater  a q u i f e r  a t  300 f t  below the 

surface, and 0.26OF (500 years) a t  the e a r t h ' s  surface. I t  i s  a l s o  

observed t h a t  the permiss ib le  l 0 F  temperature r i s e  i n  the geo log ic  forma- 

t i o n s  surrounding t h e  Reposi tory  occurs a t  a l o c a t i o n  2500 f t  beyond the 

edge o f  the  mined area (we l l  w i t h i n  the AEC-control led bu f fe r  zone)and 

about 2000 f t  below the e a r t h ' s  sur face.  

years . 

The maximum temperature 

The corresponding t me i s  6000 

The 2-D(RZ) c a l c u l a t i o n s  i n d i c a t e  t h a t  when the maximum perm iss ib le  

loading sur face  d e n s i t i e s  a re  based on the 25% s a l t  c r i t e r i o n ,  a l l  peak 

temperatures and peak t imes f o r  p o s i t i o n s  f a r t h e r  ou t  a re  e s s e n t i a l l y  

independent o f  waste age. Thus, the peaks o f  curves c through j i n  

F ig .  7.10 a r e  a l s o  app l i cab le  f o r  3.7 m e t r i c  tons o f  1-year-o ld  waste 

per  gross acre  ( i .e . ,  700 kW/acre), 4.9 m e t r i c  tons o f  4-year-old waste 

pe r  gross acre  ( i  .e., 265 kW/acre) and 7.7 m e t r i c  tons o f  20-year-old 

waste per  gross acre ( i  .e,, 144 kW/acre). P r i o r  t o  the peaks the re  a re  

d i f f e rences  i n  the  temperature curves. The younger the waste, the more 

r a p i d l y  the temperatures tend t o  increase. 



Thermal c o n d u c t i v i t y  an i so t ropy  i n  the shale was n o t  considered 

i n  the above 2-D(RZ) c a l c u l a t i o n .  I n c l u d i n g  an iso t ropy  tends t o  increase 

the temperatures a t  p o i n t s  beyond the edge o f  t he  mined area. 

h o r i z o n t a l - t o - v e r t i c a l  thermal c o n d u c t i v i t y  f a c t o r  o f  1.5 i s  used, t he  

l 0 F  temperature-r ise l o c a t i o n  occurs a t  3000 f t  beyond the  edge r a t h e r  

than a t  2500 f t  beyond. The depth and the t ime are the same as f o r  the 

i s o t r o p i c  case. 

When a 

7.3 Reposi t o r y  Space Requirements 

A t  the present t ime i t  i s  intended t h a t  the Reposi tory w i l l  accept 

h igh - leve l  waste through the year 2000. I f  n e a r l y  a l l  o f  the waste i s  

10 years o l d  a t  the t i m e  o f  b u r i a l ,  the amount o f  e l e c t r i c a l  energy gener- 

a ted t h a t  w i l l  p rov ide waste f o r  the Reposi tory  i s ,  accord ing t o  the most 

recent AEC p r e d i c t i o n ,  2440 X l o 6  MWd. For the proposed 1 5 - f t  room and 

2 5 - f t  p i l l a r  arrangement, the pe rm iss ib le  gross loading sur face d e n s i t y  

w i l l  be 6 m e t r i c  tons o f  waste nuc l i des  per  acre. Waste generat ion c a l -  

c u l a t i o n s  i n d i c a t e  t h a t  f o r  a t y p i c a l  LWR the re  w i l l  be 40.5 kg o f  waste 

nuc l i des  per m e t r i c  t on  o f  f u e l ,  assuming the  burnup t o  be 33,000 MWd 

per m e t r i c  ton o f  f u e l .  Thus the b u r i a l  area requ i red  per  u n i t  o f  thermal 

energy generated i s  0.20 acre per  l o 6  MWd; and the t o t a l  area, e x c l u s i v e  

o f  c o r r i d o r s ,  s h a f t s ,  e tc . ,  i s  about 490 acres. I t  i s  est imated t h a t  the 

c o r r i d o r s  and s h a f t s  w i  1 1  occupy about 10% of the area o f  the Reposi tory.  

With t h i s  a d d i t i o n ,  the t o t a l  area o f  the Reposi tory exc lud ing  the AEC- 

c o n t r o l l e d  b u f f e r  area around the Reposi tory would be 550 acres, 
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7.4 Diameter of the Waste Container 

The e f f e c t  o f  the diameter of the waste conta iner  has been considered 

b r i e f l y .  Inc reas ing  the diameter w h i l e  h o l d i n g  t h e  power constant  decreases 

the heat  f l u x  a t  the c o n t a i n e r - s a l t  i n t e r f a c e .  This  tends t o  reduce l o c a l  

s a l t  temperatures, the reduc t ion  becoming smal le r  as the d is tance from the  

i n t e r f a c e  increases. A t  r a d i a l  d is tances corresponding t o  the pe r iphe r ies  

of the 1% and 25% s a l t  volumes, the reduc t ion  i n  temperature i s  n e g l i g i b l e ;  

however, i t  i s  s i g n i f i c a n t  a t  the c o n t a i n e r - s a l t  i n te r face .  For example, 

inc reas ing  the con ta ine r  diameter from 6 i n .  t o  14 i n .  decreases the  i n t e r -  

face temperature r i s e  

a 5 0 - f t  p i t c h .  I n  t h  

crease i n  the maximum 

not  as g rea t  f o r  smal 

by about 17% f o r  10-year-old waste i n  a 1 5 - f t  room on 

s case, the  l a r g e r  conta iner  would r e s u l t  i n  a 7% i n -  

permiss ib le  load ing  sur face dens i ty .  The e f f e c t  i s  

e r  p i t ches ,  b u t  i s  somewhat g rea te r  f o r  l a r g e r  rooms 

(Q 13% f o r  a 5 0 - f t  room and 5 0 - f t  p i t c h )  . 
The ac tua l  diameter o f  a conta iner  s p e c i f i e d  f o r  a p a r t i c u l a r  waste 

w i l l  depend upon several  f a c t o r s ,  i n c l u d i n g  the  dens i t y  o f  the s o l i d i f i e d  

product.  The s p e c i f i c  volume o f  the s o l i d i f i e d  product  i s  expected t o  be i n  

the range 0.25 t o  1 f t 3 / 1 0 4  MWd. l6 For the case considered here, the  burnup 

6 i s  33,000 MWd/metric ton, and O R I G E N  r e s u l t s  p r e d i c t  the waste n u c l i d e  pro-  

duc t ion  t o  be 40.5 kg /met r ic  ton. Thus, the  s o l i d i f i e d  waste-product 

"dens i ty " "  range i s : 
-1. 

40.5 ka  .. m e t r i c  t o n  .. l o 4  MWd 
m e t r i c  ton  " 33,000 MWd " (1  to  -0.25) f t 3  

k g  o f  waste nuc l i des  
f t 3  o f  s o l i d i f i e d  product  

= 12.3 to '49.1 

-L 

'' Th is  i s  n o t  a t r u e  dens i t y  s ince  the 40.5 k g  inc ludes q u a n t i t i e s  o f  gases 
t h a t  w i l l  n o t  a c t u a l l y  e x i s t  i n  the  s o l i d i f i e d  product,  and the s p e c i f i c  
volumes do n o t  inc lude these q u a n t i t i e s .  However, the "densi ty,"  as ca lcu-  
la ted ,  i s  cons i s ten t  w i t h  the recorded weights and sur face  d e n s i t i e s  i n  t h i s  
repo r t  and, when used w i t h  them, y i e l d s  the c o r r e c t  s o l i d i f i e d - w a s t e  volume. 
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Assuming the  h e i g h t  o f  the waste i n  the  con ta ine r  t o  be 10 ft, 

cons is ten t  w i t h  the h e i g h t  used i n  the parametr ic  ana lys i s  descr ibed 

here in,  t he  i n s i d e  diameter o f  the con ta ine r  i s  computed from: 

D = 0.357 f t  (;) , 
where 

-3 L f 

D = i n s i d e  diameter o f  the con ta ine r ,  

p = dens i t y  o f  the s o l i d i f i e d  waste, 

L = loading o f  waste nuc l ides.  

Reference t o  Figs.  7.2 through 7.4 and cons ide ra t i on  o f  heat  

removal and nuc lear  r a d i a t i o n  l i m i t a t i o n s  imposed du r ing  hand l i ng  and 

t r a n s p o r t i n g  the wastes suggest t h a t  waste n u c l i d e  loadings per con- 

t a i n e r  w i l l  probably range from 25 t o  300 kg. Corresponding c o n t a i n e r  

diameters a re  shown i n  F ig .  7.12 f o r  the two "extreme" waste d e n s i t i e s .  

Consider a s p e c i f i c  case i n  which the waste age i s  10 years,  the 

room s i t e  i s  15 ft, and the waste thermal p r o p e r t i e s  a re  the same as 

those used i n  the parametr ic  ana lys i s .  According t o  F ig .  7.4, the maxi- 

mum perm iss ib le  loading o f  waste nuc l i des  per  con ta ine r  i s  200 kg. I f  

a s o l i d i f i e d  waste hav ing the lowest a n t i c i p a t e d  d e n s i t y  i s  used, the 

requi red con ta ine r  diameter would be 17.5 in. The e x i s t i n g  h i g h - l e v e l  

waste-package t r a n s p o r t e r  accepts a con ta ine r  hav ing a maximum diameter 

of 14 in .  

corresponds t o  0.46 f t 3 / 1 0 4  MWd, would be requi red.  

To comply w i t h  t h i s  l i m i t  a dens i t y  o f  26.9 k g / f t 3 ,  which 
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Fig.  7.12. Container I n s i d e  Diameter vs Waste Nuclide Loading 

f o r  a Range of Waste S o l i d i f i e d  Product  D e n s i t i e s  and f o r  a Waste Height  

Within t h e  Container  of 10 f t .  
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7.5 Temperatures i n  the Fr inge Areas 

Working areas adjacent  t o  loaded p o r t i o n s  o f  the  h i g h - l e v e l  wine 

must be mainta ined a t  s u f f i c i e n t l y  low temperatures t o  pe rm i t  sa fe  oper-  

a t i o n  o f  the Reposi tory .  

areas undergoing excavat ion and loading,  and perhaps an adjacent  a lpha 

f a c i l i t y .  Temperatures i n  these areas a re  a f u n c t i o n  o f  the min ing and 

loading sequences, the d is tances between these areas and heat  sources 

and the v e n t i l a t i o n  scheme. Near ly  any p r a c t i c a l  load ing  sequence i s  

such t h a t  min ing and/or d r i l l i n g  and b u r i a l  opera t ions  must take p lace  

adjacent  t o  areas t h a t  have p rev ious l y  been loaded w i t h  waste. For a 

p a r t i c u l a r  sequence and v e n t i l a t i o n  scheme, both o f  which tend t o  be 

es tab l i shed  on the bases o f  o ther  fac to rs ,  the d is tances between the new 

and the o l d  areas can be s p e c i f i e d  such t h a t  temperatures a re  n o t  exces- 

s ive .  O f  course, t he re  i s  a des i re  t o  minimize these d is tances so as t o  

minimize the t o t a l  land  area requ i red  f o r  the  Reposi tory .  

These f r i n g e  areas inc lude the c o r r i d o r s ,  shaf ts ,  

Temperatures i n  the f r i n g e  areas have been c a l c u l a t e d  w i t h  a 

2-D(RZ) model (F ig .  4.5 and Table 4.5)  and a 3-D(XYZ) superpos i t i on  model 

(F ig .  4.7 and Table 4 . 6 ) .  The 2-D(RZ) model inc ludes an annular  vo id  

surrounding the h i g h - l e v e l  mine t o  s imu la te  the worst  poss ib le  i n s u l a t i n g  

e f f e c t  o f  the alpha mine du r ing  the e a r l y  years.  Also,  t h e  f u l l  s i z e  o f  

the h i g h - l e v e l  mine i s  included, and a l l  waste i s  assumed t o  be loaded 

simultaneously.  These fea tures  tend t o  r e s u l t  i n  h igher- than-actual  

temperatures f o r  the  f r i n g e  areas, b u t  n o t  s u b s t a n t i a l l y  h ighe r  because 

of the t ime constants  and t imes o f  i n t e r e s t  invo lved.  Homogenization o f  

the source reg ions has the opposi te  e f f e c t  f o r  l oca t i ons  very c lose  t o  

the rooms. However, t h e  he terogene i ty  e f f e c t  i s  q u i t e  small  a t  50 o r  
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more f e e t  ou t  f rom the source. 

F igure  7.13 shows temperature-rise-vs-time curves f o r  s p e c i f i c  

l oca t i ons  i n  the s a l t  surrounding the source reg ion.  The r e s u l t s  pre-  

sented i n  t h i s  f i g u r e  correspond t o  the " t y p i c a l "  LWR h igh - leve l ,  

10-year-old waste discussed p rev ious l y  and a re  conserva t i ve l y  app l i cab le  

f o r  younger wastes when the 25% s a l t  c r i t e r i o n  i s  l i m i t i n g  ( r e f e r  t o  

Sect. 7.1.1). 

Resul ts  f rom the 3 - D ( X Y Z )  superpos i t  on model take i n t o  account 

the load ing  sequence e f f e c t ,  which tends t o  r e s u l t  i n  lower temperatures 

than those c a l c u l a t e d  w i t h  the  2-D(RZ) mode . A comparison o f  r e s u l t s  

f rom the superpos i t ion  and 2-D(RZ) c a l c u l a t i o n s  shows n e g l i g i b l e  d i f f e r -  

ences f o r  p o s i t i o n s  50 f t  o r  more away from the source. 

Al though l i m i t i n g  temperatures have n o t  as y e t  been s p e c i f i e d  f o r  

the  f r i n g e  areas, i t  i s  o f  i n t e r e s t  t o  examine the temperatures a t  a few 

p o i n t s  us ing  a t e n t a t i v e  l ayou t  o f  the mine f o r  the Lyons s i t e  (F ig .  7.14). 

Ten years a f t e r  b u r i a l  i s  commenced i n  the f i r s t  sec t i on  o f  the repos i -  

t o r y  (years 1 - l o ) ,  b u r i a l  must commence i n  an adjacent  sec t i on  (years 

11 and 12). The w id th  o f  the s a l t  column ( b u f f e r )  between the  back ends 

o f  rooms i n  ad jacent  sec t ions  i s  t e n t a t i v e l y  s p e c i f i e d  as 50 f t .  The 

temperature r i s e  i n  the s a l t  a t  the  l o c a t i o n  o f  the  back end o f  the  new 

room j u s t  p r i o r  t o  excavat ion a t  10 years would be about 45OF, which 

probably  i s  n o t  excessive f o r  mining, d r i l l i n g ,  and b u r i a l .  As the b u r i a l  

r a t e  accelerates,  the delay time between sec t ions  i s  cons iderably  less ,  

and hence the temperature r i s e s  i n  new sec t ions  a t  the t ime o f  t h e i r  

opera t ion  a re  less.  An except ion  t o  t h i s  general  r u l e  invo lves the  main 

c o r r i d o r ,  sec t i ons  on the oppos i te  s ide  o f  the  main c o r r i d o r ,  and a f i n a l  
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F ig .  7.13. Temperature R i s e  vs T i m e  S ince  B u r i a l  f o r  Loca t ions  

Near Edge of Source Region: 158 kW/Acre of 10-year-old LWR Waste. 
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Fig. 7.14. A Proposed High-Level Mine Layout and Loading 

Sequence with an Adjacent Alpha Mine: Lyons S i t e .  
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sec t ion  (year 23) t h a t  i s  ad jacent  t o  t h e  f i r s t .  A p o r t i o n  o f  the  c o r r i d o r  

t h a t  i s  used e s s e n t i a l l y  up u n t i l  mine decommissioning and a s e c t i o n  rece iv -  

i n g  waste a t  about t h i s  same time are  d i r e c t l y  oppos i te  the f i r s t  s e c t i o n  

and thus are exposed t o  waste bu r ied  about 13 years beforehand. Suppose 

t h a t ,  i n  the absence o f  sur face c o o l i n g  by means o f  the  v e n t i l a t i n g  a i r ,  

the maximum perm iss ib le  sur face temperature r i s e  i n  the  c o r r i d o r  i s  50OF. 

Assuming t h a t  decommissioning takes p lace  i n  25 years, the  c l o s e s t  permis- 

s i b l e  approach o f  waste i n  the f i r s t  sec t i on  to  the  main c o r r i d o r  j u s t  

ou ts ide  t h i s  sec t i on  would be about 80 f t .  The oppos i te  sec t ion ,  which 

receives waste about 23 years a f t e r  b u r i a l  i s  i n i t i a t e d  i n  the f i r s t  sec- 

t i o n ,  i s  separated from the  f i r s t  sec t i on  by the main c o r r i d o r ;  there fore ,  

the temperature r i s e  a t  the entrance t o  the new sec t i on  would be less  than 

5OoF. 

The l a s t  sec t i on  t o  be f i l l e d  w i t h  waste i s  ad jacent  t o  the f i r s t  

sec t ion  and i s  separated by 50 f t  o f  s a l t  a t  the back ends o f  the  rooms. 

A t  23 years the temperature r i s e  a t  the  back end of a new room oppos i te  

one of the  f i r s t  rooms loaded would be about 75°F. I f  the  d is tance between 

the two sec t ions  invo lved were 100 f t  ins tead of 50 f t ,  the temperature 

r i s e  would be o n l y  4OOF. 

The h i g h - l e v e l  s h a f t  i s  loca ted  about 500 f t  f rom waste i n  the 

f i r s t  sec t ion .  I t s  temperature r i s e  a t  the end o f  25 years would be l e s s  

than l ° F .  

The p r o x i m i t y  o f  the alpha waste t o  the h igh - leve l  waste and a 

permiss ib le  temperature r i s e  i n  the alpha waste due t o  the h i g h - l e v e l  

waste have n o t  been spec i f ied .  However, a t  t h i s  t ime i t  appears t h a t  a 

25OF r i s e ,  corresponding t o  a d is tance o f  500 f t  and a peak t ime o f  about 
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400 years,  would be acceptable.  Fur ther  d iscuss ion  o f  temperatures i n  

the alpha mine i s  inc luded i n  Sect. 7.8. 

7.6 Removal o f  Heat from Rooms w i t h  V e n t i l a t i n g  A i r  

Several 2 - D ( X Z )  c a l c u l a t i o n s  (see r e f .  1 f o r  model d e t a i l )  were 

made f o r  cases i n  which the  i n t e r i o r  o f  a room d i r e c t l y  above b u r i e d  

waste was cooled w i t h  v e n t i l a t i o n  a i r .  The coo lan t  flow r a t e  was such 

t h a t  the  coo lan t  f i l m  heat  t r a n s f e r  c o e f f i c i e n t  (h f )  was c o n t r o l  l e d  almost 

e n t i r e l y  by n a t u r a l  convect ion.  

0.4, 0.7, and 1 B tu  h r "  f t -2  ( O F ) - ' .  

t i o n  t h a t  the h f  va lue  was un i fo rm over a l l  room surfaces. 

hf  = f (AT) (see F ig .  7 .15) ,  where AT i s  the d i f f e r e n c e  i n  temperature 

between Furthermore, AT i s  n o t  u n i -  

form over the sur faces.  However, the approximat ion o f  uni form hf i s  ade- 

quate f o r  o b t a i n i n g  p r e l i m i n a r y  in fo rmat ion  on the  e f f e c t  o f  a i r  coo l ing .  

Ca lcu la t ions  were made w i t h  h f  = 0.1, 

I t  was assumed i n  any one c a l c u l a -  

I n  a c t u a l i t y ,  

the sur face and the  b u l k  coolant .  l7 

Figure  7.16 shows a p l o t  o f  the  temperature r i s e  a t  the center  o f  

the f l o o r  o f  a 1 5 - f t  room as a f u n c t i o n  o f  t ime f o r  the f o u r  d i f f e r e n t  

values o f  h f  and f o r  the  case i n  which the  room i s  p a r t i a l l y  f i l l e d  w i t h  

crushed s a l t  and topped o f f  w i t h  an i nsu la ted  vo id.  If i t  i s  assumed t h a t  

s u f f i c i e n t  a i r  i s  c i r c u l a t e d  t o  ma in ta in  the room a i r  temperature a t  about 

the o r i g i n a l  ambient ( 7 4 O F ) ,  then the temperature r i s e s  i n  F i g .  7.16 

represent  the temperature drops across the coo lan t  f i l m .  Re fe r r i ng  again 

t o  F ig .  7.15, i t  i s  observed t h a t  h f  f o r  these temperature drops ranges 

between 0.5 and 1 B t u  hr"  ft-' (OF)-'. The ac tua l  temperature drop, e s t i -  

mated us ing  the in fo rmat ion  i n  F igs .  7.15 and 7.16, i s  expected t o  be 
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s l i g h t l y  above the h f  = 0.7 curve i n  F ig .  7.16. 

maximum temperature r i s e  i n  the f l o o r  w i t h  v e n t i l a t i n g  a i r  passing through 

the room w i l l  be about 20OF. 

This means t h a t  the 

The amount o f  heat  removed from a l 5 - f t  room w i t h  the v e n t i l a t i n g  

a i r  can be roughly est imated from 

P 1.25 - = 1.3(AT) L I 

where 

P = power (w) ,  

L = l eng th  o f  room ( f t )  , 
AT = temperature drop across coolant  f i l m  (OF). 

This equat ion i s  p l o t t e d  i n  F ig .  7.17, which shows t h a t ,  f o r  AT = 2OoF, 
P - =  55 W / f t .  The power per u n i t  o f  length o f  the room t h a t  corresponds L 
t o  158 kW/acre i s  i= 145 W / f t .  Thus, a maximum of about 40% o f  the waste 

heat can be removed w i t h  the room v e n t i l a t i n g  a i r ,  the maximum r a t e  occur-  

r i n g  a t  about 5 years a f t e r  b u r i a l .  

P 

The s p e c i f i e d  f l o w  r a t e  o f  v e n t i l a t i n g  a i r  i n  a room i s  20,000 cfm. 

If 55 W / f t  i s  be ing removed w i t h  t h i s  a i r ,  the temperature r i s e  o f  the 

a i r  would be about 5OF. 

A pr imary i m p l i c a t i o n  t o  be drawn from the above r e s u l t s  is t h a t  

temperature r i s e s  i n  the f r i n g e  areas mentioned i n  Sect. 7.5 can be sub- 

s t a n t i a l l y  reduced w i t h  v e n t i l a t i n g  a i r .  This prov ides an a d d i t i o n a l  

degree of f l e x i b i l i t y  i n  working o u t  a l oad ing  sequence p a t t e r n .  



71 

v 

z 
0 
0 
[15 

LL 
0 
I 
I- 
W z 
W 
-J 

I- 
z 
3 

W 

- 

a 
U s 
0 a 

2 

h 

t 
rc 
\ 
u) 
c 
c 

I O 2  

5 

2 

IO’ 2 
TEMPERATURE DROP ( O F )  

ORNL-DWG 72-7Ott 

5 IO2 

Fig.  7.17. Vent i la t ing-Air  Heat Removal Capab i l i t y  vs 

Temperature Drop Across Coolant Film. 



72 

7.7 Cladding H u l l s  

Ca lcu la t i ons  were made f o r  c ladd ing  h u l l s  t h a t  were b u r i e d  1 and 

3 years a f t e r  reprocessing. 

h a l f - l i f e  over  t h i s  pe r iod  o f  t ime; thus the pe rm iss ib le  power per  waste 

package i s  e s s e n t i a l l y  the same f o r  the two ages. The 25% s a l t  tempera- 

t u r e  c r i t e r i o n  was l i m i t i n g  f o r  a 1 5 - f t  room and a 1 0 - f t  p i t c h ,  the  con- 

d i t i o n s  f o r  which the c a l c u l a t i o n s  were made. The maximum perm iss ib le  

power per  package was 3 .3  kW, o r  359 kW/gross acre.  

There i s  l i t t l e  change i n  the  e f f e c t i v e  

The expected power f rom 1-year-o ld  c ladd ing  h u l l s  i s  about 95 W per  

ton o f  f u e l  ( U  + Pu), and the compacted volume i s  2.1 f t 3 / t o n .  I t  has 

been proposed t h a t  a 10- f t - long,  9- in.-diam c y l i n d r i c a l  con ta iner  be 

used t o  con ta in  the h u l l s  f o r  b u r i a l .  Consequently, the i n i t i a l  power 

per  package i s  200 W f o r  1-year-old h u l l s ,  and 147 W f o r  3-year-o ld  h u l l s .  

For two rows of waste packages i n  a l 5 - f t  room, the  p i t ches  corresponding 

t o  these powers and t o  the maximum permiss ib le  power sur face  dens i t y  a re  

1.2 f t  and 0.9 f t ,  respec t i ve l y .  

18 

According t o  r e f .  18, s h i e l d i n g  du r ing  b u r i a l  opera t ions  w i l l  r e -  

q u i r e  about 3 f t  between ho les  i n  the f l o o r  i n  the  case o f  t h e  1-year-o ld  

h u l l s .  Thus, b u r i a l  i n  a 15- f t  room w i l l  n o t  be very  e f f i c i e n t .  The use 

of m u l t i p l e  rows i n  a l a r g e r  room tends t o  r e c t i f y  t h i s  s i t u a t i o n .  A 

23- f t  room w i t h  a 2 7 - f t  p i l l a r ,  s i x  rows o f  waste packages spaced 3 f t  

apar t ,  and a p i t c h  o f  3 f t  r e s u l t s  i n  the  l i m i t i n g  power sur face  d e n s i t y  

w i t h  200 W per package. I n  r e f .  18 i t  was est imated,  on a somewhat d i f -  

fe ren t  bas is ,  t h a t  15 rows i n  a 5 0 - f t  room w i t h  a 3 - f t  spacing and p i t c h  

would be acceptable.  However, the power sur face  dens i t y  fo r  t h i s  arrange- 

ment would be 25% too h igh .  
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7.8 Temperatures i n  Combustible Alpha Waste 

Temperatures i n  the  a lpha waste are  equal t o  the  summation o f  the  

alpha- and h igh- leve l -waste  c o n t r i b u t i o n s  t o  the temperature o f  the  sur -  

rounding s a l t  format ion and of the temperature drop i n  the  waste and back- 

f i l l  m a t e r i a l  i n  the b u r i a l  rooms. I n  a prev ious ana lys is ,  a one- 

dimensional model was used t o  determine temperatures i n  the format ions 

above and below the  c e n t r a l  p o r t i o n  o f  the a lpha b u r i a l  hor izon ,  inde- 

pendent o f  the h igh - leve l  f a c i l i t y .  The h i g h - l e v e l  c o n t r i b u t i o n  can be 

obta ined from the  2-D(RZ) r e s u l t s  discussed i n  Sect. 7.5 and can be super- 

imposed on the  1 - D ( Z )  r e s u l t s .  Th is  i s  somewhat conserva t ive  a t  the edge 

of the  a lpha f a c i l i t y  because the 1-D(Z) model does no t  cons ider  the  r a d i a l  

degradat ion of the temperature i n  t h i s  area. Based on t h i s  conserva t ive  

approach, the  maximum temperature o f  the  s a l t  j u s t  above the a lpha waste 

a t  t he  edge o f  the alpha f a c i l i t y  nearest  t o  the  h igh - leve l  f a c i l i t y  

(assuming a 5 0 0 - f t  separat ion)  i s  about 140OF. The c o n t r i b u t i o n  f rom the  

h i g h - l e v e l  waste i s  25OF. 

2 

With a compaction f a c t o r  o f  10, t he  peak average power dens i t y  i n  

the a lpha waste i s  expected t o  be about 0.042 W / f t 3 .  

ana lys is ,  segregat ion w i t h i n  an i n d i v i d u a l  con ta iner  was ignored and the 

e f f e c t i v e  thermal c o n d u c t i v i t y  f o r  the waste and back f i  1 1  m a t e r i a l  was 

assumed t o  be 0.1 B tu  h r - I  f t - I  (OF)". 

drop from the  center  o f  the "homogenized" waste t o  the s o l i d  s a l t  o f  about 

20OF. 

temperature so t h a t  the  a d d i t i o n  o f  the  above temperatures (which y i e l d s  

1 6 0 ~ ~ )  i s  somewhat conservat ive,  based on the p a r t i c u l a r  assumptions 

cons i dered. 

I n  the prev ious 

This  r e s u l t e d  i n  a temperature 

The peak power dens i t y  a c t u a l l y  occurred p r i o r  t o  the peak s a l t  
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A con t inu ing  eva lua t i on  o f  the  alpha f a c i l i t y  i n d i c a t e s  t h a t  a 

conservat ive lower l i m i t  f o r  the  thermal c o n d u c t i v i t y  o f  the waste and 

b a c k f i l l  i s  0.02 B t u  h r - ’  f t ”  ( O F ) - ’ ,  which i s  approx imate ly  the  va lue 

f o r  stagnant a i r  a t  the temperatures o f  i n t e r e s t .  Th is  increases the  peak 

waste temperature drop t o  1 0 O O F  and the waste temperature t o  240OF, i f  

the source i s  assumed t o  be un i fo rm ly  d i s t r i b u t e d .  Segregat ion w i t h i n  

an i n d i v i d u a l  con ta iner  can increase the drop considerably .  

The maximum permiss ib le  un i fo rm temperature f o r  combust ib le alpha 

waste has been t e n t a t i v e l y  s p e c i f i e d  as 35OoF, based on exper imenta l  

work19 conducted a t  ORNL w i t h  t y p i c a l  combust ib le alpha wastes i n  55-gal 

metal drums. Th is  temperature i s  less than the “handbook“ i g n i t i o n  tem- 

peratures f o r  spontaneous combustion o f  a l l  o f  the  d i f f e r e n t  types o f  

a n t i c i p a t e d  wastes. I t  i s  recognized t h a t  segregat ion o f  the  nuc lear  

energy source w i t h i n  a conta iner  might r e s u l t  i n  l o c a l  temperatures i n  

excess o f  350OF and i n  excess o f  handbook values f o r  spontaneous combus- 

t i o n  i g n i t i o n  temperatures. However, a t  the  present  t ime, i t  i s  be l i eved  

t h a t  the i g n i t i o n  temperature f o r  compacted waste i n  a drum con ta in ing  a 

l i m i t e d  amount o f  ox idan t  w i l l  be h ighe r  than the  handbook value. I t  i s  

a l s o  be l i eved  t h a t  i g n i t i o n  i n  one of these packages would n o t  be o b j e c t i o n -  

ab le  because the  lack  of ox idant  would l i m i t  combustion t o  a small  f r a c t i o n  

of the  waste i n  a s i n g l e  conta iner .  Fur ther  s tud ies  regard ing  segregat ion 

and l i m i t i n g  temperatures are  be ing  conducted. 
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7.9 S e n s i t i v i t y  o f  Maximum Temperatures 
t o  Loading Sequence (Phas i ng) 

The temperature change a t  any p o i n t  i n  the  Reposi tory can be thought 

o f  as the sum o f  temperature-change c o n t r i b u t i o n s  f rom each o f  the  many 

waste packages. For the  hypo the t i ca l  case o f  temperature-independent prop- 

e r t i e s ,  the conduct ion equat ion i s  1 i nea r  and the  temperature-change d i s -  

t r i b u t i o n s  f o r  s i n g l e  sources can be superimposed i n  accordance w i t h  any 

des i red  space and t imewise load ing  scheme t o  o b t a i n  the t o t a l  temperature 

change a t  a g iven p o i n t .  Typ ica l  temperature-r ise d i s t r i b u t i o n s  i n  space 

and t ime f o r  a s i n g l e  waste package are  shown i n  F ig .  7.18. A t  each p o i n t  

i n  space, the temperature curve e x h i b i t s  a maximum; and, the f a r t h e r  the 

p o i n t  f rom the source, the  smal le r  the maximum value and the  longer  i t  

takes t o  occur.  Thus, for  the  case o f  m u l t i p l e  sources, the temperature 

a t  a p a r t i c u l a r  p o i n t  i n  space and t ime i s  dependent upon the  r e l a t i v e  

p o s i t i o n s  and t imes o f  b u r i a l  o f  a l l  the sources. Th is  can be descr ibed 

as a phasing e f f e c t .  

To i l l u s t r a t e  the phasing e f f e c t ,  cons ider  a c o n c e n t r i c - c i r c l e  

b u r i a l  a r ray  w i t h  40 f t  between c i r c l e s  and about 40 f t  between adjacent  

packages on any p a r t i c u l a r  c i r c l e .  (Th is  c l o s e l y  resembles s ing le- row 

b u r i a l  o f  h i g h - l e v e l  waste i n  1 5 - f t  rooms w i t h  a 4 0 - f t  p i t c h . )  The problem 

i s  t o  f i n d  the maximum sur face temperature of the  c e n t r a l  package for  

d i f f e r e n t  load ing  sequences. 

Each curve i n  F i g .  7.18 can be thought o f  as the c o n t r i b u t i o n  made 

by a s i n g l e  package, loca ted  the  i nd i ca ted  d is tance away, t o  the  c e n t r a l  

package. Suppose t h a t  a l l  packages are  loaded a t  t h e  same t ime. For t h e  

c i r c u l a r  a r r a y  considered, the  number o f  con ta iners  on c i r c l e  n i s  2 ~ n .  
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Fig.  7.18. Temperature D i s t r i b u t i o n  i n  Space and T i m e  f o r  

a S i n g l e  High-Level Waste Package Containing 189 kg (5 kw) of 10-year-old 

LWR Waste Nuclides. 



The temperature r i s e  on the surface o f  the c e n t r a l  package is: 

ATSt = ATS + 2rCn ATn , 
where 

ATst = t o t a l  temperature r i s e  on the sur face  o f  t h e  c e n t r a l  package, 

ATS 

ATn 

= sur face temperature r i s e  w i t h  a s i n g l e  package, 

= sur face  temperature r i s e  w i t h  a s i n g l e  package a t  a r a d i a l  
d is tance o f  40n f t .  

The maximum va lue  ob ta ined f o r  TSt, us ing  the data i n  F ig .  7.18, i s  464OF. 

I t  occurs a t  about 7 years.  

F igure  7.18 i nd i ca tes  t h a t  a h igher  temperature could be ob ta ined 

by load ing  each c i r c l e  a t  the most opportune t ime t o  ensure t h a t  a l l  o f  

the peaks are  superimposed. Suppose t h a t  the  o u t e r  ten  c i r c l e s  a re  

loaded about 100 years be fore  the c e n t r a l  package i s  loaded, and t h a t  

the o the r  c i r c l e s  a re  loaded a t  the appropr ia te  in te rmed ia te  t imes f o r  

superpos i t ion  o f  peaks. The r e s u l t a n t  maximum sur face temperature r i s e  

i s  about 703'F, occu r r i ng  about 0.4 year a f t e r  the  f i n a l  package ( c e n t r a l  

package) has been bu r ied .  O f  course, such a b u r i a l  scheme i s  n o t  r e a l -  

i s t i c ,  a l though i t  does i l l u s t r a t e  the p o t e n t i a l  e f f e c t  o f  phasing. 

An ac tua l  load ing  sequence be ing  considered f o r  the  Reposi tory  

r e s u l t s  i n  a 10-year lapse between b u r i a l  i n  ad jacent  sec t ions .  Suppose 

t h a t  the d is tance between the  back ends o f  rooms o f  the t w o  sec t ions  i s  

about 40 f t ,  t h a t  the  minimum d is tance between packages i n  the  two sec- 

t i o n s  i s  40 f t ,  and t h a t  the spacing w i t h i n  a sec t i on  i s  a l s o  40 ft. 

Fur ther ,  suppose t h a t  both sec t ions  are  loaded instantaneously  b u t  one i s  

loaded 10 years p r i o r  t o  the o the r .  Again, us ing  the c i r c u l a r  a r ray ,  

the number o f  packages i n  the f i r s t  sec t i on  t h a t  i s  a r a d i a l  d is tance o f  
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40n f t  f rom a c e n t r a l l y - l o c a t e d  package a t  the  c l o s e s t  edge o f  the  second 

sec t i on  i s  m - 1 .  The corresponding number i n  the second s e c t i o n  i s  nn+l .  

Using the  superpos i t i on  technique, the  maximum sur face  temperature r i s e  i s  

found t o  be 500OF. Thus, the e r r o r  i n  assuming instantaneous load ing  i s  

500 - 464 = 3 6 O ~ .  

sec t ions  i s  80 f t  ra the r  than 40 f t ,  b u t  the  spacing w i t h i n  each sec t i on  

i s  s t i l l  40 f t ,  t h e  e r r o r  i s  o n l y  9 O F .  These r e s u l t s  i n d i c a t e  t h a t  maximum 

temperatures can be accu ra te l y  ca l cu la ted  f o r  normal ope ra t i on  o f  the 

Reposi tory,  assuming t h a t  a l l  waste i s  b u r i e d  a t  the  same t ime. Th is  i s  

f o r t u n a t e  s ince  three-dimensional  models, which a re  requ i red  f o r  much o f  

the Reposi tory ana lys is ,  would be imprac t i ca l  (cons ider ing  computer t ime) 

i f  l o a d i n g  sequence had t o  be considered. For some unusual (or a t  l e a s t  

unant ic ipa ted)  cases, t h e  sequence may need t o  be considered. I n  t h a t  

event,  the  s ingle-package superpos i t ion  model can be used t o  o b t a i n  cor rec-  

t i o n  fac to rs  t o  be app l i ed  t o  the instantaneous- loading r e s u l t s ,  o r  t o  

determine spacings t h a t  w i l l  minimize the  e f f e c t .  

I f  the  minimum d is tance between packages i n  ad jacent  
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