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THERMAL PROPERTIES PIEASUREMENTS ON ROCKSALT SAMPLES FROM THE SITE OF THE 
PROPOSED WASTE ISOLATION PILOT PLANT 

J. N. Sweet and J. E. McCreight 
Thermophysical  P r o p e r t i e s  D i v i s i o n  

A b s t r a c t  

Thermal c o n d u c t i v i t y ,  t h e r m a l  expans ion ,  and s p e c i f i c  h e a t  measurements have been 
made on a number of specimens  c u t  from c o r e  samples  o b t a i n e d  from d r i l l  h o l e s  a t  
o r  n e a r  t h e  s i t e  of t h e  proposed Waste I s o l a t i o n  P i l o t  P l a n t  (WIPP). The s p e c i f i c  
h e a t  measurements were made by d i f f e r e n t i a l  scann ing  c a l o r i m e t r y  and t h e  r e s u l t s  
showed t h a t  t h e  s p e c i f i c  h e a t s  of b o t h  c l e a n  r o c k s a l t  samples  and of  d i r t y  samples  
w i t h  i 7 %  i n s o l u b l e  i m p u r i t i e s  were e s s e n t i a l l y  i d e n t i c a l  t o  t h e  p u b l i s h e d  s p e c i f i c  
h e a t  f o r  pure  NaC1.  I n  t h e  the rmal  expans ion  measurements, two d i s t i n c t  g roups  of  
samples were i d e n t i f i e d .  The f i r s t  group had a v e r a g e  expans ion  c o e f f i c i e n t s  i n  
t h e  t e m p e r a t u r e  range 300-700 K c l o s e  t o  t h a t  r e p o r t e d  f o r  p u r e  NaC1. A l l  t h e  sam- 
p l e s  i n  t h i s  group were composed p redominan t ly  of h a l i f e ,  w i t h  o n l y  s m a l l  amounts 
of  o t h e r  m i n e r a l s  o r  m a t e r i a l s  p r e s e n t .  A second g roup  of samples  had expans ion  
c o e f f i c i e n t s  o n l y  -0.3-0.5 t h a t  of NaC1. The samples  i n  t h i s  g roup  were com- 
posed l a r g e l y  of  p o l y h a l i t e ,  a n h y d r i t e ,  o r  s i l t s t o n e .  

The measurements f i r s t  r e p o r t e d  by Acton on t h e  the rmal  c o n d u c t i v i t y  of samples  
Faken from a  b o r e h o l e  a t  t h e  s i t e  of t h e  proposed n u c l e a r  was te  i s o l a t i o n  p i l o t  
p l a n t  (WIPP) n e a r  C a r l s b a d ,  NM, have been extended t o  i n c l u d e  a d d i t i o n a l  sam-ples 
and h i g h e r  t empera tu re  measurements. Samples f o r  t h e s e  measurements were t a k e n  
from s e v e r a l  d e p t h s  of t h r e e  w e l l s ,  i n c l u d i n g  t h e  w e l l  AEC 8 from which Acton 
o b t a i n e d  h i s  samples.  These samples ranged from r e l a t i v e l y  p u r e  r o c k s a l t  (NaC1) 
w i t h  s m a l l  amounts of i n t e r s t i t i a l  a n h y d r i t e  t o  e s s e n t i a l l y  n o n s a l t  samples  com- 
posed of gypsum o r  c l ay .  The measurements i n  t h i s  l a t e s t  series were conducted 
a t  Sandia  u s i n g  t h e  l o n g i t u d i n a l  h e a t  f low a p p a r a t u s  d e s c r i b e d  by Acton,  a t  t h e  
Los Alamos S c i e n t i f i c  Labora to ry  (LASL) u s i n g  a  t r a n s i e n t  l i n e  s o u r c e  t e c h n i q u e ,  
and a t  Dynatech Corp., Cambridge, MA u s i n g  a  l i n e a r  h e a t  f l o w  compara t ive  t ech-  
n ique.  

I n  g e n e r a l ,  t h e  d a t a  from t h e  t h r e e  l a b o r a t o r i e s  a g r e e d  r e a s o n a b l y  w e l l  f o r  
s i t n i l a r  c o a r s e  g r a i n e d  t r a n s l u c e n t  rock  s a l t  samples ,  w i t h  t h e  LASL and Sandia  
r e s u l t s  t y p i c a l l y  be ing  abou t  20% h i g h e r  than  t h o s e  of Dynatech. The measured 
r o c k s a l t  c o n d ~ ~ c t i v i t i e s  i n  t h e  t e m p e r a t u r e  range  300-700 K a r e  d e s c r i b e d  r e l a -  
t i v e l y  a c c u r a t e l y  by a n  e x p r e s s i o n  of t h e  form, = ~ ~ ( 3 0 0 / ~ ) ~ ,  where A. = con- 
u c t i v i t y  a t  300 K, Y = 1.14, and T  i s  t h e  t e m p e r a t u r e  i n  K. The S a n d i a  and LASL 
d a t a  a r e  b e s t  d e s c r i b e d  by lo = 6 W/m-K, w h i l e  f o r  t h e  Dynatech d a t a ,  A. = 5 W/m-K 
y i e l d s  t h e  b e s t  f i t .  S l a c k  h a s  proposed t h a t  a  two pa ramete r  e x p r e s s i o n  of t h e  
form g i v e n  above f o r  A i s  g e n e r a l l y  a p p l i c a b l e  t o  a  wide v a r i e t y  of  n o n m e t a l l i c  
s o l i d s ,  w i t h  t h e  d e v i a t i o n  of Y from one r e s u l t i n g  f r o m , b o t h  the rmal  expans ion  
e f f e c t s  and o p t i c - a c o u s t i c . p h o n o n  i n t e r a c t i o n s  which a r e  not '  i n c l u d e d  i n  t h e  
s t a n d a r d  a n a l y s i s  of t h e r m a l  c o n d u c t i v i t y  caused by phonon t r a n s p o r t .  The d a t a  
i n  t h e  range  T >  500 K f r e q u e n t l y  d e v i a t e s  by -+15% from t h a t  p r e d i c t e d  by t h e  
above f u n c t i o n a l  form. 
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T h i s  i s  n o t  b e l i e v e d  t o  be t h e  r e s u l t  of t h e  o n s e t  of r a d i a t i v e  the rmal  t r a n s p o r t  
b e c a u s e  t h e  d e v i a t i o n s  a r e  n e g a t i v e  a s  w e l l  a s  p o s i t i v e .  I n f r a r e d  t r a n s m i s s i o n  
rueilsurements on r o c k s a l t  samples  from the. proposed WIPP s i t e  show no t r a n s m i s s i o n  
i n  t h e  3-10 pm wavelength  r a n g e  f o r  samples  2 5 cm t h i c k .  Use of t h e  e s t i m a t e d  
i n f r a r e d  a b s o r p t i o n  c o e f f i c i e n t  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e r e  is  l i t t l e  
r a d i a t  i v e  h e a t  t r a n s p o r t  f o r  T L 801) K. 

For  n o n s a l t  samples  from t h e  .proposed WIPP s i t e ,  v a l u e s  of X o  f a l l  i n  t h e  range  
0.5-3 W/m-K and f r e q u e n t l y  y v a l u e s  a r e  i n  t h e  range  y < 1. A l l  samples  were 
d e n s e  w i t h  l i t t l e  o r  no p o r o s i t y  e v i d e n t .  On t h e  b a s i s  of t h e s e  exper iments ,  we 
have conc luded  t h a t  t h e  t h e r m a l  c o n d u c t i v i t y  o f  m a t e r i a l s  found a t  t h e  s i t e  can  
be  p r e d i c t e d  t o  a n  a c c u r a c y  ~ ' 3 0 %  from knowledge of t h e  compos i t ion  and g r a i n  
s i z e  of t h e s e  m a t e r i a l s .  
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I. I n t r o d u c t i o n  

The p u r p o s e  of t h i s  r e p o r t  i s  t o  p r e s e n t  and d i s c u s s  the rmal  p r o p e r t i e s  

measurements  made i n  s u p p o r t  of s t u d i e s  of t h e  proposed Waste I s o l a t i o n  P i l o t  

P l a n t  (WIPP). The p r o p e r t i e s  measured were t h e r m a l  expans ion ,  the rmal  conduc- 

t i v i t y ,  and s p e c i f i c  h e a t .  I n  t h e  c a s e  of t h e  the rmal  c o n d u c t i v i t y  measurements,  

a  b r i e f  d e s c r i p t i o n  of  t h e  r e s u l t s  and t h e i r  u s e  i n  r e p o s i t o r y  the rmal  a n a l y s i s  

h a s  a l r e a d y  been  g i v e n  elsewhere. '  T h i s  r e p o r t  c o n t a i n s  a  more complete  d e s c r i p -  

t i o n  of t h e  c o n d u c t i v i t y  e x p e r i m e n t s  t h a n  does  Ref. 1 and a l s o  i n c l u d e s  a  s e c t i o n  

r e v i e w i n g  t h e  t h e o r y  of s a l t  the rmal  c o n d u c t i v i t y .  The r e s u l t s  of t h e r m a l  expan- 

s i o n  and s p e c i f i c  h e a t  measurements a r e  a l s o  p r e s e n t e d  and d i s c u s s e d .  

Samples f o r  a l l  t h e  measurements were t a k e n  from t h r e e  d r i l l  h o l e s  which 

were  d e s i g n a t e d  AECji8, E R D A # ~  and ~ 1 ~ ~ 8 1 9 . ~  ERDA89 i s  l o c a t e d  abou t  0.1 kn frors 

t h e  c e n t e r  of t h e  p roposed  WIPP s i t e  and i n  a s q u a r e  a r e a  approx imate ly  0.6 km 

on a  s i d e  d e s i g n a t e d  a s  zone I - s u r f a c e  f a c i l i t i e s  a r e a .  WIPP#19 i s  l o c a t e d  

a b o u t  U.9 km n o r t h  o f  E K D A # ~  i n  a n  a r e a  o v e r  t h e  p r o s p e c t i v e  undergound r e p o s i -  

t o r y ,  and  AECii8 i s  l o c a t e d  a b o u t  6  km n o r t h e a s t  of t h e  c e n t e r  and o u t s i d e  t h e  

WIPP s i t e  boundary. The p r e c i s e  l o c a t i o n s  of t h e s e  d r i l l  h o l e s  a r e  shown i n  

fig. 2-10 of Ref. 2. 

The t h e r m a l  expans ion  measurements and most Of t h e  c o n d u c t i v i t y  measurements 

were performed by Dynatech Corp. of  Cambridge, Mass. The f i n a l  Dynatech r e p o r t s  

a r e  i n c l u d e d  a s  a p p e n d i c e s  t o  t h i s  r e p o r t .  Some of t h e  the rmal  c o n d u c t i v i t y  

measurements were performed a t  Sandia  a s  were a l l  of t h e  s p e c i f i c  h e a t  measure- 

ments.  The v a r i o u s  c o r e  samples  were c a t a l o g u e d  a s  t o  d r i l l  h o l e  number and 

d e p t h ,  and a l l  of t h e  c o r e s  used i n  t h e  c o n d u c t i v i t y  and expans ion  exper iments  

were  photographed and a n a l y z e d  q u a l i t a t i v e l y  a s  t o  compos i t ion  by S. J. Lambert 

o f  Sand ia  L a b o r a t o r i e s .  These  photographs  a r e  p r e s e n t l y  main ta ined  on f i l e  by 

t h e  a u t h o r s  of  t h i s  r e p o r t .  The sample numbers a l o n g  w i t h  t h e  a s s o c i a t e d  w e l l  



numbers, d e p t h s  and d e s c r i p t i o n s  a r e  shown i n  Tab le  I. An examina t ion  of t h i s  

t a b l e  shows t h a t  most of t h e  samples from t h e  deeper  d e p t h s  were composed p r i -  . 

m a r i l y  of r o c k s a l t  o r  h a l i t e  (NaC1) and a n h y d r i t e  (CaS04) w i t h  p o l y h a l i t e  

(K2Ca2Mg(S04) 2H20) and c l a y  a s  t h e  main a d d i t i o n a l  c o n s t i t u e n t s .  Samples 

from s h a l l o w e r  d e p t h s  c o n t a i n e d  gypsum and v a r i o u s  o t h e r  m a t e r i a l s .  D e t a i l e d  

g e o l o g i c  d a t a  on m i n e r a l  compos i t ion  v s  dep th  a t  o r  n e a r  t h e  WIPP s i t e  i s  

p r e s e n t e d  i n  Ref. 2. 

A s  a g e n e r a l  r e s u l t ,  we found t h a t  samples composed p r i m a r i l y  of h a l i t e  

and a n h y d r i t e  had the rmal  c o n d u c t i v i t i e s  c h a r a c t e r i s t i c  of t h e  p u r e  m a t e r i a l s .  

The p resence  o f , s i g n i f i c a n t  q u a n t i t i e s  of p o l y h a l i t e ,  c l a y , '  o r  rock  r e s u l t e d  i n  

a  s i g n i f i c a n t  lower ing  of t h e  conduct. ivity.  The s p e c i f i c  h e a t s  of a l l  samples 

measured had e s s e n t i a l l y  t h e  same magnitude and t empera tu re  dependence a s  t h a t  

r e p o r t e d  f o r  p u r e  h a l i t e .  I n  t h e  c a s e  of the rmal  expans ion ,  t h e  samples com- 

posed l a r g e l y  o f  h a l i t e  had mean c o e f f i c i e n t s  of expans ion  c l o s e  t o  t h a t  r e p o r t e d  

f o r  p u r e  NaC1. The p resence  of s i g n i f i c a n t  amounts of a n h y d r i t e ,  p o l y h a l i t e ,  o r  

gypsum r e s u l t e d  i n  a  s i g n i f i c a n t  lowering of t h e  expans ion  c o e f f i c i e n t .  

I n  t h e  nex t  s e c t i o n ,  t h e  s p e c i f i c  h e a t  measurements a r e  d i s c u s s e d  and i n  

Sec. I11 t h e  thermal  expansion measurements a r e  d e s c r i b e d .  I n  Sec. I V  t h e  

the rmal  c o n d u c t i v i t y  measurements a r e  p r e s e n t e d  and t h e  e f f e c t  of c o n d u c t i v i t y  

v a r i a t i o n  o r  u n c e r t a i n t y  o n  r e p o s i t o r y  the rmal  a n a l y s i s  i s  i n v e s t i g a t e d  i n  

Sec. V. F i n a l l y ,  t h e  major c ~ n c l u s i o n s .  of t h i s  s t u d y  a r e  s e t  f o r t h  i n  Sec. V I .  



T a b l e  I. Composi t ion of WIPP Core Samples 

The f o l l o w i n g  compos i t e  d e s c r i p t i o n s  were g i v e n  by S. J. Lambert - Div. 4511, Sand ia  
L a b o r a t o r i e s .  

Core NO./ Depth 
Wel l  No. (m) D e s c r i p t i o n  

1/AEC//8 825 Coarse  g r a i n  r o c k s a l t  w i t h  w h i t e  i n t e r s t i t i a l  a n h y d r i t e  (-7%) 
w i t h  f i n e  t o  c o a r s e  g r a i n  h a l i t e .  

2/AECi/8 627 Medium c o a r s e  g r a y  r o c k s a l t ;  f i n e  t o  v e r y  c o a r s e  h a l i t e  w i t h  
s m a l l  p o c k e t s  of g r a y  c l a y  (-2%) and t r a c e s  of p o l y h a l i t e  
(-11 2 % ) .  

869 Gray v e r y  c o a r s e  c r y s t a l l i n e  r o c k s a l t ;  medium t o  very  coarse 
g r a i n  h a l i t e  w i t h  wisps of a n h y d r i t e  (-3%) and l n t e t s t i  t i a l .  
medium g r a y  c l a y .  

589 C o n t a i n s  marker  bed number 133. About 2 i n c h e s  of p o l y h a l i t e  
and v e r y  f i n e  t o  c o a r s e  g r a i n  o range  h a l i t e .  F l e s h  c o l o r e d  
p o l y h a l i t e .  

590 Dense medium r e d  f i n e  g r a i n  p o l y h a l i t e .  Marker bed No. 133. 

503 Marker bed number 124. Dense g r a y  l a m i n a t e d  a n h y d r i t e .  

336 Medium t o  v e r y  c o a r s e  g r a i n  o range  h a l i t e  (-4%) w i t h  r e d d i s h  
brown c l a y  i n  wispy s t r i n g e r s  (-1%). P o l y h a l i t e  a s s o c i a t e d  
w i t h  c l a y .  

607 Coarse  t o  v e r y  c o a r s e  g r a i n  h a l i t e  w i t h  a n h y d r i t e  (-4%) i r l  

i r r e p ~ l a r  r l n t s  and s t r i n g e r s ,  i n t e r s t i t i a l  up  t o  2 cm 10116 
(-3%). Medium gray c l a y  o c c u r r i n g  a s  a n h y d r i t e  does.  

b l l J  Ab6uC 8 inches sf der ls r  red  1~ulyllal.LLe cuuLctilliug beds of 
c o a r s e  g r a i n  h a l i t e  up t o  2  cm t h i c k  and g r a d i n g  upward t o  
v e r y  c o a r s e  g r a i n  o range  h a l i t e .  

609 L i g h t  o range  medium t o  ve ry  c o a r s e  g r a i n  h a l i t e  w i t h  wispy 
band of p o l y h a l i t e  (-40%) n e a r  one end. 

213 Dense g r a y  a n h y d r i t e  abou t  h a l f '  c o n v c r t e d  t o  50% gypsum a t  
nnc. cnd. 

370 Dark red  medium g r a i n  h a l i t e  (-60%) and red c l a y  (-40%). 

629 Very c o a r s e  g r a i n  r o c k s a l t  w i t h  minimal c l ay .  T r a c e s  of 
a ~ l l ~ y d ~ , i L e  a111:l v e r y  t h i n  l f n e  o f  pacchy po lyha l lLc .  

188 Dark p i n k  medium g r a i n  l a m i n a t e d  gypsum. 

82 Laminated c r o s s  bedded micaceous s i l t  s t o n e  w i t h  a  v e i n l e t  o f  
gypsum p a r a l l e l  t o  bedding n e a r  t h e  268' l e v e l  abou t  4 mrn Lll.ick. 



11. S p e c i f i c  Heat  Measurements 

A l l  of t h e  samples  f o r  s p e c i f i c  h e a t  measurements were t a k e n  from t h e  ERDA#9 

d r i l l  hole .  The measurements were made w i t h  a Perkin-Elmer model DSC-2 d i f f e r e n -  

t i a l  scann ing  c a l o r i m e t e r  (DSC) o v e r  a  t e m p e r a t u r e  range  298-700 K. T h i s  i n s t r u -  

ment r e q u i r e s  a  r a t h e r  s m a l l ' s a m p l e  (550 mg); i n  o r d e r  t o  o b t a i n  a  sample represen-  . . 

t a t i v e  of t h e  bu lk ,  approx imate ly  0.1 kg of each  c o r e  sample was t h o r o u g h l y  ground 

t o  a  f i n e  powder. A s m a l l  sample (-50 mg) o f  each powder w a s  t h e n  scanned on t h e  

DSC o v e r  t h e  t e m p e r a t u r e  range  298-700 K. The p r e c i s i o n  of t h e  DSC measurements 

i s  e s t i m a t e d  t o  be '5%. 

I n  t h e  f i r s t  s e r i e s  of measurements,  no  m i n e r a l  o r  o t h e r  g e o l o g i c  in fo rn la t ion  

abou t  t h e  samples  was recorded.  Three  c o r e  samples were a n a l y z e d  and t h e  r e s u l t s  

a r e  sKown i n  Tab le  11. 

Tab le  I1 

S p e c i f i c  Heat R e s u l t s  f o r  Three  Core Samples from ERDA#9 
( i n  kJ/kg-K) 

Sample Depth 

T ( K )  

3 The d a t a  i n  t h e  l a s t  column of Tab le  I1 a r e  t h o s e  r e p o r t e d  f o r  pure  NaCl . It i s  

1 

e v i d e n t  from i n s p e c t i o n  of  Tab le  11 t h a t  t h e  t h r e e  samples  used i n  t h i s  exper iment  



had s p e c i f i c  h e a t s  v e r y  c l o s e  t o  t h a t  of p u r e  NaCl o v e r  t h e  e n t i r e  t e m p e r a t u r e  

range i n v e s t i g a t e d .  
.- 

I n  a second s e r i e s  of measurements,  t h e  s p e c i f i c  h e a t  of a  sa l t  sample w i t h  

a r e l a t i v e l y  h i g h  i m p u r i t y  c o n t e n t  ( d i r t y  s a l t )  was compared t o  t h a t  of a  r e l a -  

t i v e l y  low i m p u r i t y  c o n t e n t  ( c l e a n  s a l t ) .  The h igh  i m p u r i t y  sample was s e l e c t e d  

from a 631  ITI c o r e  s e c t i o n  from E R D A ~ I ~  and t h e  low i m p u r i t y  sample from a  799 n 

c o r e .  The samples  were  c h a r a c t e r i z e d  a s  f o l l o w s :  

D i r t y  S a l t  

Appearance:  I n c l u s i o n s  of reddish-brown m a t e r i a l  i n  a  m a t r i x  of c o a r s e  

(-2 cm), c l e a r  c r y s t a l s .  

Composi t ion:  Soluble-major  component of h a l i t e  (NaC1) w i t h  t r a c e  of 

p o l y h a l i t e  (K2Ca2Mg(S04)4 2 ~ ~ 0 ) .  I n s o l u b l e  (<7%) - 

H e m a t i t e  (Fe203) ,  q u a r t z ,  c l a y ,  f e l d s p a r .  

C lean  S a l t  

Appearance:  Medium g r a i n e d  ('<U.> cmj, w h i t e  c r y s t a l l i n e  m a t e r i a l .  No 

obv ious  i n c l u s i o n s  of  o t h e r  m a t e r i a l .  

Composi t ion:  Major component of h a l i t e ,  t r a c e s  of a n h y d r i t e  (CaS04),  

qua1 Lz, I e l d s p a ~ .  
I 

The sample  p r e p a r a t i o n  and measurements were p e r f o n l e d  a s  p r e v i o u s l y  d e s c r i b e d .  

Two samples  of  each of  t h e  c l e a n  and d i r t y  s a l t s  were run. The d i r t y  s a l t  

e x h i b i t e d  a n  endotherm between 605 and 645 K which i s  b e l i e v e d  t o  be a s s o c i a t e d  

w i t h  p o l y h a l i t e  dehydra t ion .  The scan  of t h e  c l e a n  s a l t  d i d  not  show any  

t h e r m a l  anomal ies .  The r e s u l t s  a r e  shown i n  Tab le  111. 

S i n c e  t h e  i n a c c u r a c y  of t h e  DSC s p e c i f i c  h e a t  d e t e r m i n a t i o n s  i s  e s t i m a t e d  

t o  be no g r e a t e r  t h a n  +5%, i t  c a n  be s e e n  t h a t  t h e  s p e c i f i c  h e a t s  of t h e  

c l e a n  and d i r t y  s a l t s  were i d e n t i c a l  w i t h i n  t h e  l i m i t s  of e x p e r i m e n t a l  e r r o r ,  

and b o t h  were i d e n t i c a l  t o  t h e  s p e c i f i c  h e a t  r e p o r t e d  f o r  p u r e  NaC1. 



T a b l e  I11 

S p e c i f i c  Heat R e s u l t s  f o r  t h e  Clean  and D i r t y  S a l t  Samples  f rom ERDAi19 
(kJ/kg-K) 

Sample 

hy 
Clean S a l t  D i r t y  S a l t  

Although t h e  above r e s u l t s  i n d i c a t e  t h a t  t h e  s p e c i f i c  h e a t  of samples  com- . 

posed l a r g e l y  o f  h a l i t e  i s  i d e n t i c a l  t o  t h a t  of pure  NaC1, no measurements were 

made on samples  composed p r i n c i p a l l y  of p o l y h a l i t e  o r  a n h y d r i t e ,  i n  c o n t r a s t  t o  

t h e  expans ion  and c o n d u c t i v i t y  measurements. It would be d e s i r a b l e  t o  examine tlle 

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

conducted.  



111. Thermal Expansion Measurements 

The t h e r m a l  e x p a n s i o n  measurements were performed a t  t h e  Dynatech Corp., 

Cambridge,  MA w i t h  a Ne tzsch  a u t o m a t i c  r e c o r d i n g  q u a r t z  s i n g l e  pushrod d i l a t o m e t e r .  

The d i l a t o m e t e r  was o p e r a t e d  i n  a n  ambient environment  and i n  a t e m p e r a t u r e  

range  293-700 K. A s t a n d a r d  specimen of s a p p h i r e  (A1203) was used t o  c a l i b r a t e  

t h e  d i l a t o m e t e r .  The n e t  o v e r a l l  e r r o r  l i m i t  a s s o c i a t e d  w i t h  t h e s e  measurements 

i s  e s t i m a t e d  t o  be '5%. 

The specimens  f o r  t h e  d i l a t o m e t e r  were  saw c u t  a t  Dynatech t n  a r e c t a n g u l a r  

p a r a l l e l e p i p e d  shape  w i t h  d imens ions  - 50 mm x 12 mm x 12 mm. S i n c e  12 mm i s  

a b o u t  t h e  same s i z e  a s  a l inear  dimensinn of t h e  l a r g e r  c r y s t a l l i t e c  i n  t h c  c o r e  

s a m p l e s ,  some breakage  of samples  a l o n g  c r y s t a l l i t e  boundar ies  o c c u r r e d  d u r i n g  

t h e  exper iments .  Out of a t o t a l  of 1 5  samples ,  t h r e e  samples  b roke  a f t e r  being 

s u b j e c t e d  t o  400 K and s i x  d i s i n t e g r a t e d  a f t e r  exposure  t o  600 K. Two c o r e s  ( # 2 ,  

!i3) c o u l d  not  be  c u t  t o  y i e l d  a s u i t a b l y  s i z e d  sample. The i n i t i a l  l e n g t h  of each 

sample  was measured w i t h  a micrometer.  The r e s u l t s  from t h e  Dynatech r e p o r t  

( ~ p p e n d i x  A) a r e  shown i n  T a b l e  I V .  The mean c o e f f i c i e ~ t  of linear thermal 

e x p a n s i o n  a i s  d e f i n e d  by t h e  r e l a t i o n ,  

where Lo = i n i t i a l  l e n g t h  and AL(T,,,) i s  t h e  sample  e l o n g a t i o n ,  a t  Tmax, t h e  

h i g h e s t  t e m p e r a t u r e  a c h i e v e d  i n  Tab le  I V .  Also shown i n  t h e  l a s t  row o f  Tab le  I V  

are t h e  1'PKC recommended e x p a n s i o n  v a l u e s  and mean expans ion  c o e f f i c e n t  f o r  NaC1. 4 

The d a t a  f o r  t h e  samples  which s u r v i v e d  t o  600 C o r  above i s  shown g r a p h i c a l l y  i n  

Fig .  1 a l o n g  w i t h  t h e  Thermophysical  P r o p e r t i e s  Research C e n t e r  (TPRC) recommended 

e x p a n s i o n  c u r v e  f o r  N a C l .  

From i n s p e c t i o n  of T a b l e  IV and Fig.  1 i t  i s  e v i d e n t  t h a t  t h e r e  a r e  two d i s -  

t i n c t  g r o u p s  of samples  w i t h  d i f f e r e n t  t h e r m a l  expans ion  c h a r a c t e r i s t i c s .  The 



Fig. 1. Thermal expansion vs temperature  f o r  samples i n  Table IV .  Also shown i s  

t h e  TPRC recommended expansion f o r  NaC1. 



Table  I V  

The L i n e a r  Thermal Expansion of S a l t  and Rock Core Specimens - Dynatech 

Llrrenr lYirrmal Sxpanslon,  AL/L, O v e r a l l  C o e f f i c i e n t  
Temp. Of L i n e a r  

( l o 4  ALIL,) Thermal xpans ion  
Sample Refe rence .  293 K 300 K 400 K 500 K 600 K 700 K ------ - a ( 1 0 - ~ - l )  t . .  

2 2055.3-8 to .  2056-8 ( 1 )  ,.' 

3 ERDA 912840.7 t o  2841.45 ( 1 )  

5 .  ERDA 911910.3 t o  1910.9 0 1.3 29.7 58.2 

6 EWA 911631.4 t o  1632 U 0.4 20.9 41.5 

7 ERDA 911086.8 t o  1087.55 0 1.3 44.0 86.8 

8 ERDA 911969.4 t o  1970.1 0 2.3 49.6 96.8 

9 AEC#8MB133/200i.g t o  2002.7 0 1.5 27.2 52.8 

1 0  ~ ~ C 8 8 / 1 9 9 5 . 6  t o  1996.1 0 1.8 27.8 ( 2 )  

11 AEC#8/698 t o  698.5 0 2.0 30.8 ( 2 )  

1 2  ~EC#8/1212.25 t o  1213.1 0 1 .3  44.4 87.6 

TPRC-NaC1 (recommended) 0 2.8 44.8 89.6 137.1 --- 44.7 

( 1 )  Samples s u i t a b l e  f o r  measurement cou ld  no t  be o b t a i n e d  from t h e  c o r e  m a t e r i a l .  

(2 ) Sample decomposed. 

f i r s t  g roup ,  comprised of samples  from c o r e s  #1, 4,  7, 8 ,  12 and 13,  had expan- 

s i o n s  c l o s e  t o  t h a t  of p u r e  NaC1. Tab le  I i n d i c a t e s  t h n t  each of t h e s e  c o r e s  

c o n t a i n e d  s i z e a b l e  f r a c t i o n s  of h a l i t e ,  and t h e  d i l a t o m e t e r  samples were i n  f a c t  

c u t  from t h e  h a l i t ;  p o r t i o n s  of t h e s e  co res .  A second group of samples t a k e n  from 



c o r e s  //5, 6 ,  9, and 1 5  had much lower  expans ions ,  -0.3-0.5 t h a t  of NaC1. . Cores 

/I5 and /I9 were p r i n c i p a l l y  p o l y h a l i t e ,  and Fig.  1 shows t h a t  t h e y  had v e r y  similar 

expans ion  v a l u e s .  Core //6 was a n h y d r i t e  and Core /I15 s i l t s t o n e  and gypsum. 

Although t h e  sample s i z e s  used i n  t h i s  s t u d y  were t o o  s m a l l  t o  be  represen-  

t a t i v e  of l a r g e  c o r e s ,  t h e y  d.id p r o v i d e  some u s e f u l  in fo rmat ion .  The expans ion  

of t h e  h a l i t e  i n  t h e  c o r e  samples  a p p e a r s  t o  be  c l o s e  t o  t h a t  of p u r e  NaC1. The 

l a r g e s t  d e v i a t i o n  from t h e  p u b l i s h e d  NaCl expans ion  a t  600 K .was abou t  8%. The 

p resence  of some small c r a c k s  o r  j o i n t s  i n  o u r  samples  does  n o t  a p p e a r  t o  have- .  

produced a  n o t i c a b l e  a f f e c t  on t h e  the rmal  expans ion  behav io r .  The expans ion  of 

t h e  o t h e r  m i n e r a l s  i n  t h e  c o r e  samples  i s  lower ,  wi th  a n h y d r i t e  and p o l y h a l i t e  

hav ing  abou t  h a l f  t h e  expans ion  of h a l i t e .  Th i s  i n f o r m a t i o n  can  be used t o  pre- 

. d i c t  t h e  l i n e a r  expans ion  of a  r e g i o n  i n  t h e  r e p o s i t o r y  i f  t h e  compos i t ion  and 

m i n e r a l  ar rangement  i n  t h a t  r e g i o n  a r e  known. 



I V .  Thermal C o n d u c t i v i t y  Measurements and A n a l y s i s  

I n  t h i s  s e c t i o n ,  t h e  t h e r m a l  c o n d u c t i v i t y  measurements a r e  d e s c r i b e d  and t h e  

r e s u l t s  ana lyzed .  A p r e l i m i n a r y  d i s c u s s i o n  of t h e s e  t o p i c s  was g i v e n  i n  Ref. 1. 

I n  p a r t  A,  t h e  measurement t e c h n i q u e s  a r e  d e s c r i b e d  and t h e  measurement r e s u l t s  

a r e  p r e s e n t e d  i n  p a r t  B. - In p a r t  C ,  t h e  t h e o r y  of s a l t  t h e r m a l  c o n d u c t i v i t y  i s  

rev iewed  and p a s t  measurements a r e  d i s c u s s e d ,  and i n  p a r t  D a n  a n a l y s i s  of t h e  

s e n s i t i v i t y  o f  r e p o s i t o r y  t e m p e r a t u r e s  t o  the rmal  c o n d u c t i v i t y  v a r i a t i o n  i s  

p r e s e n t e d .  The c o n c l u s i o n s  of t h i s  p a r t  of t h e  s t u d y  a r e  p r e s e n t e d  i n  p a r t  D. 

A. Thermal C o n d u c t i v i t y  Measurement Techniques  

The t h e r m a l  c o n d u c t i v i t y  of t h e  salt s p ~ c i m e n s  used i n  t h i o  o tudy  w a s  nleasu~ed 

a t  t h r e e  d i f f e r e n t  l a b o r a t o r i e s ,  e a c h  of which used a  d i f f e r e n t  t echn ique .  A t  

Sandia  L a b o r a t o r i e s ,  Albuquerque,  NM, t h e  l i n e a r  h e a t  f l o w  t e c h n i q u e  d e s c r i b e d  by 

5 Acton was u s e d ,  w h i l e  a t  t h e  Los Alamos S c i e n t i f i c  L a b o r a t o r i e s  (LASL), Los 

Alamos, NM, a  t r a n s i e n t  l i n e  s o u r c e  method was employed.6 F i n a l l y ,  i n  a  r e c e n t  

s e r i e s  o f  measurements performed a t  t h e  Dynatech Corp., Camhr i .dg~ ,  MA, a l i n e a r  

h e a t  f l o w  t h e r m a l  compara to r  t e c h n i q u e  was u t i l i z e d .  7 

The i n i t i a l  measurements i n  t h i s  program were made a t  Sand ia  u s i n g  t h e  

l i n e  r f low t e c h n i q u e ,  i n  a n  e x t e n s i o n  of Ac ton ' s  work.5 The samples  were t a k e n  

from w e l l  ERDA#9 a t  t h e  630 m and 799 m l e v e l .  I n  a l a t e r  ~ . x p e r f m o n t ,  a samplc 

of p u r e  p r e s s e d  g r a n u l a t e d  s a l t  w a s  measured b o t h  a t  Sand ia  and a t  Dynatech i n  

o r d e r  t o  make a  d i r e c t  compar ison of t h e  r e s u l t s  ob ta ined '  by bo th  l a b o r a t o r i e s  

o n  samples  o b t a i n e d  f o r  t h e  same p i e c e  of homogeneous m a t e r i a l .  

I n  t h e  Sand ia  l i n e a r  h e a t  f l o w  t e c h n i q u e  a  sys tem of t h e  type  shown i n  Fig.  2 ( a )  

i s  used w i t h  a c y l i n d r i c a l  sample  of nominal  d imensions  1 0  cm h i g h  and 1 0  cm i n  

clia111eke.r. Heat i s  s u p p l i e d  from a bottom o r  main h e a t e r  and f lows a x i a l l y  up t h e  sam- 

p.1.e and r a d i a l l y  o u t  t h e  s i d e s  i n t o  a  powder i n s u l a t i o n .  The sys tem does  no t  employ 

guard  h e a t e r s .  The c e n t e r l i n e  t e m p e r a t u r e  p r o f i l e  i s  de te rmined  from tliermocouples 
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Fig .  2. ' ( a )  Diagram of t h e  Sand ia  l i n e a r  h e a t  f l o w  c o n d u c t i v i t y  a p p a r a t u s .  The 
sys t em i s  n o t  gua rded .  

Sandia 
Heat Flux Transducer Linear Heat Flow 

Conductivity System 
Thermocouple Array  

(b )  Schema t i c  d i ag ram of t h e  l i n e a r  f l o w  sys t em.  OZ = a x i a l  h e a t  
f l u x  and @r = r a d i a l  o r  l e a k a g e  h e a t  f l u x .  



imbedded i n  r a d i a l  h o l e s  d r i l l e d  i n  t h e  sample and t h e  h e a t  f l u x  a t  t h e  c o l d  o r  

t o p  end i s  de te rmined  w i t h  a h e a t  f l u x  t r a n s d u c e r ,  a s  shown i n  F i g .  2 ( b ) .  Fur- 

t h e r  d e t a i l s  are g i v e n  i n  Ref .  5 .  'l'he the rmal  c o n d u c t i v i t y  i s  de te rmined  from 

t h e  r e l a t i o n ,  

where $= (L)  i s  t h e  a x i a l  h e a t  f l u x  measured by t h e  t r a n s d u c e r  a t  z = L and t h e  

d e r i v a t i v e  dT/dz i s  c a l c u l a t e d  from a  l e a s t  s q u a r e s  polynomial f i t  t o  t h e  T(zi )  

d a t a ,  where t h e  z i  a r e  thermocouple  a x i a l  l o c a t i o n s .  The advan tage  of t h i s  

t e c h n i q u e  i s  t h a t  i t  u s e s  a  l a r g e  sample which i s  r e l a t i v e l y  e a s y  t o  machine and 

i n s t a l l  i n  t h e  h e a t e r  a p p a r a t u s .  The p r i n c i p a l  d i s a d v a n t a g e  i s  t h a t  i t  i s  most 

s e n s i t i v e  t o  t h e  c o n d u c t i v i t y  a t  t h e  c o l d  end ( z  = L) and f a i r l y  i n s e n s i t i v e  t o  

t h e  c o n d u c t i v i t y  a t  t h e  o t h e r  end. Hence, i t  w i l l  no t  p r o v i d e  a n , a v e r a g e  con- 

d u c t i v i t y  o f  inhonogeneous samples  but r a t h e r  a  c o n d u c t i v i t y  which i s  h e a v i l y  

weighted by t h e  c o n d u c t i v i t y  i n  t h e  r e g i o n  of z  = L. Another d i s a d v a n t a g e  of t h e  

method i s  t h a t  i t  r e l i e s  on t h e  h e a t  f l u x  t r a n s d u c e r  c a l i b r a t i o n  d a t a  s u p p l i e d  by 

t h e  m a n u f a c t u r e r  f o r  d e t e r m i n a t i o n  of t h e  h e a t  f l u x  from t h e  measured t r a n s d u c e r  

o u t p u t  v o l t a g e  and t empera tu re .  

Tn t h e  sample p r e p a r a t i o n  p r o c e s s ,  c o r e  samples from t h e  ERDAjI9 d r i l l  h o l e  

were machined t o  produce c y l i n d r i c a l  samples  108 mm i n  d i a m e t e r  and 102 mm high.  

S i x  e q u a l l y  spaced 1.6 mm d i a m e t e r  thermocouple h o l e s  were d r i l l e d  r a d i a l l y  t o  t h e  

c e n t r a l  a x i s  of t h e  sample. The h o l e s  were l o c a t e d  symmet r ica l ly  wi th  r e s p e c t  t o  

t h e  z  a x i s  midpoint .  The sample r e s t e d  on t h e  main h e a t e r  which c o n s i s t e d  of a  

nichrome w i r e  wound h e a t e r  sandwiched between z i r c o n i a  t i l e s .  A Pb f o i l  was 

l o c a t e d  between t h e  t o p  of t h e  sample and t h e  h e a t  f l u x  t r a n s d u c e r  t o  improve 

c o n t a c t  between t h e  sample and t r a n s d u c e r .  The t r a n s d u c e r  was a  Thermonet ics  

Corp. model no. Hll-45-3-E w i t h  a s q u a r e  a c t i v e  a r e a  50.8 mm on a  s i d e .  The nanu- 

f a c t u r e r ' s  r e p o r t e d  a c c u r a c y  i s  3%, with  t h e  h e a t  f l u x  be ing  determined from t h e  



t r a n s d u c e r  o u t p u t  v o l t a g e  v i a  a  c a l i b r a t i o n  c u r v e  s u p p l i e d  by t h e  m a n u f a c t u r e r .  
0 

The t r a n s d u c e r  f u n c t i o n s  by u s i n g  a t h e r m o p i l e  t o  c o n v e r t  t h e  t e m p e r a t u r e  d rop  

., produced by t h e  i n c i d e n t  h e a t  f l u x  t o  a n  o u t p u t  v o l t a g e .  Asbes tos  paper  s t r i p s  

were p laced  between t h e  f l u x  t r a n s d u c e r  and t h e  upper  h e a t  s i n k  t o  p r o t e c t  t h e  

t r a n s d u c e r .  A sc rew d r i v e  was . u t i l i z e d  t o  b r i n g  t h e  h e a t  s i n k  i n  c o n t a c t  w i t h  t h e  

staclc and t o  a p p l y  s t a c k  p r e s s u r e .  Powdered s i l i c a  i n s u l a t i o n  was used around t h e  

s tac lc  t o  r educe  r a d i a l  h e a t  l o s s e s .  

I n  t h e  measurement p r o c e s s ,  a  c o n s t a n t  power was s u p p l i e d  t o  t h e  main h e a t e r  

and a 2 4  h  p e r i o d  w a s  a l lowed  f o r  a l l  sample t e m p e r a t u r e s  t o  s t a b i l i z e .  The 

thermocouple and t r a n s d u c e r  r e a d i n g s  were t h e n  recorded  and t h e  c o n d u c t i v i t y  c a l -  

c u l a t e d  from E q .  ( 1 ) .  The q u a n t i t y  (dT/dzlZZL was c a l c u l a t e d  from a  second o r d e r  

l e a s t  s q u a r e s  polynomial  f i t  t o  t h e  T(z i )  d a t a ,  where t h e  z i  a r e  t h e  thermocouple  

a x i a l  c o o r d i n a t e s .  The p r e s e n c e  of a  s i g n i f i c a n t  r a d i a l  h e a t  f l u x  r e s u l t s  i n  a 

d e c r e a s e  i n  $jz a s  z  + L, w i t h  t h e  r e s u l t  t h a t  dT/dz d e c r e a s e s  a s  z  + L. I n  

p r a c t i c e ,  a  second o r d e r  polynomial  was s u f f i c i e n t  t o  a c c u r a t e l y  r e p r o d u c e  t h e  

T(z i )  d a t a  f o r  a l l  samples  measured. 

The t r a n s i e n t  l i n e  s o u r c e  o r  probe method used a t  LASL i s  i l l u s t r a t e d  sche-  

m a t i c a l l y  i n  Fig.  3. A c y l i n d r i c a l  sample i s  used  w i t h  a  h e a t e r  p robe  i n s t a l l e d  i n  

an a x i a l  h ~ l e  d r i l l e d  a long  t h e  sample c e n t e r l i n e .  A t e m p e r a t u r e  s e n s o r  a t t a c h e d  

t o  t h e  probe measures t h e  t e m p e r a t u r e  n e a r  t h e  probe s u r f a c e .  The sample i s  s u r -  

rounded w i t h  i n s u l a t i n g  powder and h e a t e d  t o  a  n e a r l y  uniform temperatur .e  w i t h  a n  

e x t e r n a l  c y l i n d r i c a l  h e a t e r .  A t  t h e  t ime  t = 0 t h e  h e a t e r  probe i s  e n e r g i z e d  w i t h  

a d c  power s u p p l y ,  producing a c o n s t a n t  r a d i a l  h e a t  f l u x  c h a r a c t e r i z e d  by a  l i n e a r  

2 power d e n s i t y  @(W/m) a l o n g  t h e  probe. For  t imes  t s a t i s f y i n g  t > a  / 4 a ,  where . 
a  = probe r a d i u s  and a = t h e r m a l  d i f f u s i v i t y  of  sample,  t h e  t e m p e r a t u r e  i s  g i v e n  

approx imate ly  by,  8 



Sample 

Center Probe 

Thermocouple 

LAS L 
Transient L i  ne Source 
Conductivity System 

Fig .  3. Schemat ic  d iagram of t h e  t r a n s i e n t  l i n e  s o u r c e  sys tem used f o r  t l iermal 
c o n d u c t i v i t y  measurement a t  t h e  Los Alamos S c i e n t i f i c  Laboratory. 
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Fig.  4. Schemat ic  diagram of t h e  cornpara t . ive the rmal  c o n d u c t i v i t y  sys tem used 
a t  t h e  Dynatech Corp. 



- where y  i s  E u l e r ' s  c o n s t a n t .  A p l o t  of  T ( a , t )  v s  Rnt t h u s  h a s  a  s l o p e  @/4nX 

from which X may be  de r ived .  Although t h i s  t e c h n i q u e  a p p e a r s  t o  be a b s o l u t e  

s i n c e  t h e  d e t e r m i n a t i o n  of @ i s  from h i g h l y  a c c u r a t e  measurements of t h e  probe 

v o l t a g e  and c u r r e n t ,  i n  r e a l i t y  end e f f e c t  l o s s e s  and probe-sample c o n t a c t  r e s i s -  

t a n c e  make t h e  c a l c u l a t i o n  of @ somewhat i n d e t e r m i n a n t .  A s  a  r e s u l t  of t h i s ,  

t h e  system i s  u s u a l l y  c a l i b r a t e d  w i t h  a q u a r t z  specimen of known c o n d u c t i v i t y .  

I n  t h e  LASL exper iments ,  f o u r  samples  were c u t  from two d i f f e r e n t  c o r e s  t aken  

from t h e  631 m and 700 m l e v e l s  of E R D A ~ ~ ~ .  The samples  were c y l i n d r i c a l  w i t h  a  

d i a m e t e r  = 635 nlm and h e i g h t  = 365 mm. A 1 mm d i a m e t e r  h o l e  was d r i l l e d  a x i a l l y  

th rough  t h e  c e n t e r  of t h e  sample. A s t a i n l e s s  s t e e l  p robe  c o n t a i n i n g  a  h e a t e r  

and a  t h e r m i s t o r  was i n s e r t e d  i n t o  t h e  h o l e  and a  c o n d u c t i v e  g r a p h i t e - g l y c e r i n  

s o l u t i o n  was poured i n t o  t h e  h o l e  around t h e  probe i n  o r d e r  t o  minimize t h e  

the rmal  c o n t a c t  r e s i s t a n c e .  The sample was b rough t  t o  the rmal  e q u i l i b r i u m  a t  

t h e  d e s i r e d  ambient  t e m p e r a t u r e  by c i r c u l a t i n g  f l u i d  from a  c o n t r o l  b a t h  th rough  

a  c o i l  sys tem wound around t h e  copper  sample  c o n t a i n e r .  A t  t h e  t ime  t = 0 a  

c o n s t a n t  e l e c t r i c a l  i n p u t  power i s  s u p p l i e d  t o  t h e  probe h e a t e r  of a  magni tude 

s u f f i c i e n t  t o  produce a  4-5 C t e m p e r a t u r e  r i s e  w i t h  a  few seconds .  A f t e r  a  

20 s t ime d e l a y ,  t h e r m i s t o r  r e a d i n g s  were t a k e n  every  1 0  s. The c o n d u c t i v i t y  was 

t h e n  found from Eq. ( 2 )  a s  d e s c r i b e d  above. 

The compara t ive  t echn ique  employed by Dynatech i s  i l l u s t r a t e d  i n  Fig.  4. A c y l i n -  

- d r i c a l  sample of h e i g h t  127 mrn and d i a m e t e r  i n  t h e .  r ange  50-60 mm w i t h  thermocouple  

g rooves  machined on t h e  top and bottom s u r f a c e s  i s  sandwiched between two r e f e r e n c e  o r  

s t a n d a r d  d i s k s  of similar s i z e  and known c o n d u c t i v i t y  w i t h  t h e r p o c o u p l e s  p l a c e d  i n  

g rooves  a l o n g  t h e  t o p  and bottom s u r f a c e s  of each  r e f e r e n c e  d i s k .  The s t a c k  composed 

of sample and r e f e r e n c e  d i s k s  i.s sandwiched between a  main and a u x i l i a r y  heater and 



t h e  t o t a l  s t a c k  i s  l o a d e d  h y d r a u l i c a l l y  t o  reduce the rmal  c o n t a c t  r e s i s t a n c e  

between v a r i o u s  s t a c k  e lements .  Three  c y l i n d r i c a l  guard h e a t e r s  a r e  used t o  

minimize r a d i a l  h e a t  t r a n s p o r t  from t h e  s t a c k .  The h e a t  f l u x  QZ through t h e  

sample i s  c a l c u l a t e d  as t h e  a v e r a g e  of t h e  h e a t  f l u x e s  th rough  t h e  t o p  and bottom 

r e f e r e n c e s ,  

where X r l , Z  = c o n d u c t i v i t y  of t h e  t o p  ( 1 )  and bottom ( 2 )  r e f e r e n c e s ,  ATr1,2 

i s  t h e  t e m p e r a t u r e  d r o p  a c r o s s  t h e  r e f e r e n c e  and z r l , 2  i s  t h e  r e f e r e n c e  t h i c k -  

ness .  The sample c o n d u c t i v i t y  i s  t h e n  g i v e n  by 

As = Qz/(AT,/z,? , ('1 

where ATs and zs a r e  t h e  t e m p e r a t u r e  drop a c r o s s  t h e  sample and sample t h i c k -  

n e s s  r e s p e c t i v e l y .  The r e f e r e n c e  m a t e r i a l s  used i n  t h i s  i n v e s t i g a t i o n  were 

Pyrex 7740 f o r  c o n d u c t i v i t i e s  i n  t h e  range  -0.5-1.8 W/m-K and Pyroceram 9606 

f o r  c o n d u c t i v i t i e s  i n  t h e  range -2.5-6 W/m-K. The c o n d u c t i v i t i e s  of t h e  

r e f e r e n c e  m a t e r i a l s  were assumed t o  be t h o s e  p u b l i s h e d  by t h e  N a t i o n a l  Bureau 

of S t a n d a r d s  f o r  t h e s e  m a t e r i a l s  ( s e e  Appendix B). 

For  t h e  compara t ive  measurements,  c o r e  samples from AECjI8, ERDAiI9, and 

W I P P # ~ ~  d r i l l  h o l e s  were sh ipped  t o  Dyantech Corp., Cambridge, MA. The c o r e s  

were machined t h e r e  t o  produce disk-shaped samples  e i t h e r  5 1  mrn o r  64 mm i n  

d i a m e t e r  by 1 2  mm i n  h e i g h t .  Thermocouple g rooves  were then machined i n  h n t h  

f a c e s  of t h e  sample and t h e  thermocouples  were p laced  wi th  t h e  j u n c t i o n  a t  t h e  

sample  a x i a l  c e n t e r l i n e .  These thermocouples were h e l d  i n  p l a c e  w i t h  Astrocerarn 

adhes ive .  The t e s t  s t a c k  shown s c h e m a t i c a l l y  i n  Fig.  4  w a s  t h e n  assembled and 

loaded  h y d r a u l i c a l l y  t o  reduce  c o n t a c t  r e s i s t a n c e .  The s t a c k  was surrounded by a  

c o a x i a l  t h r e e  e lement  guard f u r n a c e  i n  o r d e r  t o  minimize r a d i a l  h e a t  f l u x  i n  t h e  



t o p  and bottom r e f e r e n c e  and sample e lements .  The t o p  and bottom guard  h e a t e r s  

were c o n t r o l l e d  by t e m p e r a t u r e  s e n s o r s  t o  match t h e  t e m p e r a t u r e s  of t h e  main and 

a u x i l i a r y  h e a t e r  . thermocouples r e s p e c t i v e l y ,  w h i l e  t h e  c e n t r a l  guard  h e a t e r  tem- 

p e r a t u r e  was matched t o  t h e  sample a v e r a g e  t empera tu re .  I n  t h i s  way, t h e  a x i a l  

t e m p e r a t u r e  d i s t r i b u t i o n  a t  t h e  g u a r d , r a d i u s  was m a i n t a i n e d  c l o s e  t o  t h a t  e x i s t i n g  

a t  t h e  s t a c k  c e n t e r l i n e ,  t h u s  minimtzing r a d i a l  g r a d i e n t s .  Dynatech exper iments  

have shown t h a t  t h i s  type  of g u a r d i n g  t o g e t h e r  w i t h  a  sample  w i t h  a  d i a m e t e r /  

h e i g h t  r a t i o  2 3 w i l l  r e s u l t  i n  a  f a i r l y  uniform a x i a l  h e a t  f l u x  th roughout  t h e  

s t a c k ;  i . e . ,  @ , ( r , z )  - c o n s t a n t  i n  t h e  s t a c k .  

Measurement e r r o r s  i n  t h e  compara t ive  t echn ique  a r e  b e l i e v e d  t o  occur  p r in -  

c i p a l l y  from two s o u r c e s ,  the rmal  c o n t a c t  r e s i s t a n c e  between t h e  r e f e r e n c e  d i s k s  

a n d  t h e  sample d i s k  and the rmal  c o n d u c t i v i t y  mismatch between r e f e r e n c e  and 

sample which produces  a  n o n l i n e a r  ~ ( z j  v a r i a t i o n  a t  t h e  s t a c k  c e n t e r l i n e . 8  The 

a n a l y s i s  by L a u b i t z  i n  Ref. 8 i n d i c a t e s  t h a t  t h e  p r e s e n c e  of  c o n t a c t  r e s i s t a n c e  

w i l l  r e s u l t  i n  a n  o v e r e s t i m a t e  of t h e  t r u e  sample c o n d u c t i v i t y .  The e f f e c t  of 

sample - re fe rence  c o n d u c t i v i t y  mismatch i s  more complex, b u t  g e n e r a l l y ,  f o r  X r  > 

A s ,  A s  i s  underes t ima ted  and f o r  A r  < A s ,  A s  i s  o v e r e s t i m a t e d .  I n  o r d e r  

t o  make a  q u a n t i t a t i v e  e s t i m a t e  of t h e s e  e r r o r s ,  a  numer ica l  h e a t  t r a n s f e r  

a n a l y s i s  02 t h e  comparator  system would be r e q u i r e d .  

I n  t h e  Dynatech i n s t r u m e n t  c a l i b r a t i o n  and v e r i f i c a t i o n  program (Appendix B ) ,  

a  Pyroceram 9606 r e f e r e n c e  d i s k  was used a s  a  sample and run a g a i n s t  Pyrex 7740 

r e f e r e n c e s .  The a c t u a l  d a t a  i s  shown i n  Appendix B ,  p. 12. Measurements were 

made a t  f i v e  t e m p e r a t u r e s  i n  t h e  range 309-712 K ,  w i t h  t h e  l a r g e s t  observed 

d i f f e r e n c e  between t h e  measurements and t.he NBS v a l u e s  b e i n g  6% a t  309 K. This  - 
c a l i b r a t i o n  s u g g e s t s  t h a t  t h e  i n s t r u m e n t  e r r o r s  a r e  p robab ly  n o t  l a r g e .  I n  t h e  



a b s e n c e  of any o t h e r  way t o  c a l i b r a t e  t h e  sys tem,  we have e s t i m a t e d  t h e  e r r o r  

a s s o c i a t e d  w i t h  t h e  c o m p a r a t i v e  measurements a s  '6% of t h e  measured va lue .  

B. Thermal C o n d u c t i v i t y  Measurement R e s u l t s  

The r e s u l t s  of t h e  Dynatech and Sandia  exper iments  a r e  shown i n  Fig. 5. The 

t o p  c u r v e s  show r e s u l t s  of S a n d i a  measurements on two samples  from ERDA#9. The 

h y s t e r e s i s  e f f e c t  s e e n  i n  t h e  E R D A ~ ~ ~  630 m measurement i s  b e l i e v e d  t o  be due t o  

w a t e r  d r i v e o f €  d u r i n g  t h e  h e a t i n g  p rocess .  - T h e  numbers on t h e  o t h e r  c u r v e s  i n  

Fig.  5 c o r r e s p o n d  t o  t h e  same numbers i n  t h e  f i r s t  column of  Tab le  I. The 

m a j o r i t y  o f  t h e  samples  measured had 300 K c o n d u c t i v i t i e s  i n  t h e  range  -4.5-5.5 

\J/m-K. For t h e  samples  w i t h  X(30U K) < 4.5 W/m-K Cnllmbers 5, 9 ,  11, 1 2 ,  l 4 ) ,  

T a b l e  I shows t h a t  each  had a s u b s t a n t i a l  amount of n o n s a l t  m a t e r i a l ,  e i t h e r  

p o l y h a l i t e ,  c l a y ,  o r  gypsum. .The lowes t  c o n d u c t i v i t y  measured (ji14) was from a 

n e a r  s u r f a c e  sample t a k e n  from WIPPtl9 a t  t h e  188 m l e v e l .  It was composed 

e n t i r e l y  o f  l a m i n a t e d  gypsum. 

The LASL r e s u l t s  a r e  shown i n  Fig.  6  f o r  samples  from t h e  631 m a n d  799 rn 

l e v e l s  of  ERDA#9. These measurements were made up t o  o n l y  335 K, t h e  u p p e r  

l i m i t  of t h e  LASL c o n d u c t i v i t y  a p p a r a t u s .  Two samples  6.4 cm i n  d i a m e t e r  and 

3 . 7  cm h i g h  were c u t  from e a c h  of t h e  -10 cm d i a m e t e r  x 20 cm h i g h  d r i l l e d  

b l o c k s  from e a c h  we l l .  It c a n  be  s e e n  t h a t  t h e  c o n d u c t i v i t y  of a11 o f  t . h ~  

samples  e x h i b i t e d  abou t  t h e  same t e m p e r a t u r e  dependence b u t  t h a t  t h e  magnitude 

of t h e  c o n d u c t i v i t y  o f  t h e  two samples  from t h e  631 m ERDAji9 c o r e  b lock  d i f f e r e d  

by a b o u t  I>%. This  i s  q u i k e  t y p i c a l  of t h e  v a r i a t i o n  which can  be found i n  

samples  from nearby  r e g i o n s  and i t  o c c u r s  because  of l o c a l  inhomogen ie t i e s  i n  

t h e  g e o l o g i c  m a t e r i a l .  Also  shown i n  Fig. 6  i s  a  l i n e  c h a r a c t e r i z e d  by t h e  

r e l a t i o n ,  A = ( / j 4  ~ / m - K ,  which r e p r e s e n t s  a  r e a s o n a b l y  good f i t  t o  

t h e  Dynatech d a t a ,  a s  w i l l  be  d i s c u s s e d  i n  p a r t  IV-C. 



7 H' ' 1 ~  0 8 0 ERDA NO. 9 
0 lB 0 9 (630 m) FORWARD 

6 2 21 10 A ERDA NO. 9 
3 + 11 (630 m) REVERSE 

5 0 ERDA NO. 9 

4 

3 

2 

1 

.9 

Fig.  5.  Exper imenta l  c o n d u c t i v i t y  v s  t e m p e r a t u r e  ' r e s u l t s  from Dynatech ( samples  
1A-15) and Sand ia  (ERDAiI9 forward.  (temp. i n c r e a s i n g )  and r e v e r s e  (temp. 
d e c r e a s i n g )  - '630 m and ERDA#9 - 799 m). The sample numbers cor respond  
t o  t h e  numbers i n  t h e  f i r s t  column of Tab le  I. 



Fig.  6 .  Exper imenta l  c o n d u c t i v i t y  r e s u l t s  o b t a i n e d  by LASL f o r  f o u r  d i f f e r e n t  
samples from two d i f f e r e n t  d e p t h s  of w e l l  ERDA#9. Al,so shown i s  t h e  
r e l a t i o n ,  h = 5 ( 3 0 0 / ~ ) l * ~ ~  which c h a r a c t e r i z e s  t h e  Dynatech d a t a .  
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For comparison purposes  c o n d u c t i v i t y  measurements on samples of pure  gran- 

u l a t e d  s a l t  c u t  from a  s a l t  b lock f u r n i s h e d  b y ; t h e  Morton S a l t  Co. were made a t  
. . 

b o t h  Dynatech and Sandia.  The r e s u l t s  a r e  shown i n  Fig. 7, where t h e  Dynatech 

r e s u l t s  a r e  shown ( s o l i d  l i n e  d a t a  p o i n t s )  compared t o  t h e  Sandia  r e s u l t s  

(dashed l i n e s )  f o r  two d i f f e r e n t  runs  i n  which d i f f e r e n t  h e a t  f l u x  t r a n s d u c e r s  

were employed. Also shown a r e  t h e  r o c k s a l t  c o n d u c t i v i t y  r e s u l t s  of B i rch  and 

9 Clark  which have been used e x t e n s i v e l y  i n  t h e  p a s t  f o r  the rmal  modeling of s a l t  

r e p o s i t o r i e s ,  and a  curve  (dot-dash)  r e p r e s e n t e d  by t h e  r e l a t i o n ,  

where X o  = 5  W/m-K and y = 1.14. Eq. ( 5 )  r e p r e s e n t s  a f i t ,  a c c u r a t e  t o  =25%, t o  

most of t h e  Dynatech d a t a  shown i n  Fig.  5  f o r  samples composed p r i m a r i l y  of h a l i t e  

and a n h y d r i t e .  The Bi rch  and Cla rk  d a t a  can  a l s o  be  c h a r a c t e r i z e d  by Eq. ( 5 ) ,  b u t  

w i t h  Xo = 5.5 W/m-K and y = 1.20. The e f f e c t  of v a r i a t i o n  i n  h e a t  f l u x  t r a n s -  

ducers  o r  u n c e r t a i n t y  i n  t h e i r  c a l i b r a t i o n  i n  t h e  Sand ia  exper iments  i s  i n d i c a t e d  

by t h e  s h i f t  i n  t h e  Sandia  d a t a  by about  25% produced by t h e  t r a n s d u c e r  exchange. 

The e s t i m a t e d  262 maximum e r r o r  f o r  t h e  Dynatech d a t a  i s  r e p r e s e n t e d  by t h e  

e r r o r  b a r  a t  t h e  320 K p o i n t  on t h e  Dynatech X v s  T  g raph  i n  Fig. 7. 

I n  tllc c a s e  of t h e  Sandia  d a t a ,  i t  i s  e v i d e n t  t h a t  t h e  c o n d u c t i v i t y  d i f f e r e n c e  

observed w i t h  t h e  two d i f f e r e n t  f l u x  t r a n s d u c e r s  was much l a r g e r  t h a n  t h e  quoted 

23% accuracy  of t h e  t r a n s d u c e r s .  I n  a d d i t i o n ,  t h e  observed t e m p e r a t u r e  depen- 

dence of t h e  Sandia  X v s  T  c u r v e s  i n  Fig. 7  i s  n o t  t h e  same a s  t h a t  observed i n  

t h e  Dynatech exper iments  o r  t h a t  r e p o r t e d  by Bi rch  and Clark .  There  is ,  however 

o n l y  a  - 30% d i s c r e p a n c y  between t h e  SLA and t h e  Dynatech r e s u l t s .  I n  view of 

t h e  b e t t e r  c a l i b r a t i o n  of t h e  Dynatech e x p e r i m e n t a l  equipment and t h e  s u b s t a n t i a l  

agreement between t h e  Dynatech r e s u l t s  and t h o s e  of Bi rch  and C l a r k  over  a  l a r g e  

t empera tu re  range,  we have e l e c t e d  t o  use  t h e  Dynatech d a t a  a s  t h e  pr imary r e s u l t s  



Fig.  7. .Comparison of Dynatech and Sandia d a t a  f o r  s i m i l a r  samples of 99% pure  
g r a n u l a t e d  s a l t  c u t  from a sa l t  b lock  f u r n i s h e d  by t h e  Morton S a l t  Co. 
Also shown i s  t h e  d a t a  of B i r c h  and Cla rk  (Ref. 9 )  and t h e  f u n c t i o n  
g i v e n  by Eq. (5 )  which f i t s  t h e  Dynatech d a t a  f o r  WIPP r o c k s a l t .  



. .. 

of t h i s  i n v e s t i g a t i o n .  The Sandia  r e s u l t s  conf i rm t h e  g e n e r a l  magnitude and 

t r e n d  of t h e  c o n d u c t i v i t y  d a t a ,  but  t h e y  cannot  be r e l i e d  upon a s  a pr imary d a t a  

source .  In t h e  fo l lowing  s e c t i o n  we s h a l l  d i s c u s s  t h e  t h e o r y  of i n s u l a t o r  con- 

d u c t i v i t y  and show t h a t  Eq. ( 5 )  rests on a  reasonab ly  sound t h e o r e t i c a l  founda- 

t ion.  I 

C. Theory of S a l t  Thermal C o n d u c t i v i t y  and Review of P a s t  Measurements 

1. Review of Thermal C o n d u c t i v i t y  Theory. The b a s i c  t h e o r y  of i n s u l a t o r  

the rmal  c o n d u c t i v i t y  i s  reasonab ly  w e l l  e s t a b l i s h e d ,  a l t h o u g h  t h e  complexi ty  of 

t h i s  t h e o r y  makes i t  i s  d i f f i c u l t  t o  a c h i e v e  c l o s e  numer ica l  cor respondence  

between theory  and exper iment  wi thou t  use of a d j u s t a b l e  pa ramete rs  o r  s i m p l i f y i n g  

approximat ions .  I n  t h e  case of opaque i n s u l a t o r s ,  h e a t  i s  t r a n s p o r t e d  by a c o u s t i c  

phonons, and s c a t t e r i n g  of t h e s e  phonons, e i t h e r  by o t h e r  phonons o r  by imper- 

f e c t i o n s  such  as d i s l o c a t i o n s  o r  g r a i n  boundar ies ,  produces  a  r e s i s t a n c e  t o  h e a t  

t r a n s p o r t .  The t h e o r y  of l a t t i c e  the rmal  c o n d u c t i v i t y  h a s  been reviewed exten-  

s i v e l y  by Klemens and 2iman,12 and a n  e x t e n s i v e  l i s t  of r e f e r e n c e s  h a s  
; .. 

r e c e n t l y  been compiled by s lack .13  The purpose  of t h i s  r ev iew i s  t o  d i s c u s s  t h o s e  

a s p e c t s  of t h e  t h e o r y  which p e r t a i n  t o  t h e  c o n d u c t i v i t y  of r o c k s a l t  and t o  d i s c u s s  

t h e  t empera tu re  dependence of t h i s  c o n d u c t i v i t y .  

I n  a  m a t e r i a l  such  a s  r o c k s a l t  w i t h  reasonab ly  l a r g e  s i z e d  c r y s t a l s ,  boundary 

hnd i m p e r f e c t i o n  s c a t t e r i n g  i s  r e l a t i v e l y  un impor tan t ,  w i t h  t h e  r e s u l t  t h a t  t h e  

main s o u r c e  of thermal  r e s i s t a n c e  i s  phonon-phonon s c a t t e r i n g .  The most. impor tan t  

e v e n t s  a r e  t h r e e  phonon p r o c e s s e s  which have t h e i r  b a s i s  i n  t h e  anharmonic terms 

i n  t h e  Hamil tonian which d e s c r i b e s  t h e  o s c i l l a t i n g  c r y s t a l  l a t t i c e .  l2 The 

lowes t  o r d e r  anharmonic term c o n t a i n s  a l l  p o s s i b l e  p r o d u c t s  of t h r e e  a tomic  d i s -  

placements.  When t h i s  term i n  t h e  Hamil tonian i s  t rans formed  t o  i t s  q u a n t i z e d  

form, i t  d e s c r i b e s  t h r e e  phonon p r o c e s s e s  i n  which e i t h e r  one phonon i s  d e s t r o y e d  

w i t h  two being c r e a t e d  o r  t h e  i n v e r s e  p r o c e s s  wi th  two phonons i n t e r a c t i n g  t o  form 



a  t h i r d .  I n  t h e s e  i n t e r a c t i o n s ,  energy  i s  conserved and c r y s t a l  momentum i s  con- 

s e r v e d  up t o  a r e c i p r o c a l  l a t t i c e  v e c t o r .  I n  t h e  c a s e  of an  i n t e r a c t i o n  i n  which 

-+ 3 
two phonons w i t h  wave v e c t o r s  k '  and k" a r e  d e s t r o y e d  w i t h  t h e  c r e a t i o n  of a 

-+ 
phonon w i t h  wave v e c t o r  k ,  a  p r o c e s s  wi th ,  

i s  c a l l e d  a  normal o r  N p r o c e s s ,  whi le  a  p r o c e s s  w i t h  

-b 
where C = r e c i p r o c a l  l a t t i c e  v e c t o r  i s  c a l l e d  a n  "umklapp" . . o r  U process .  I f  

t h e r e  i s  a n o n e q u i l i b r i u m  phonon d i s t r i b u t i o n  produced by a  t empera tu re  g r a d i e n t ,  

N p r o c e s s e s  a l o n e  cannot  r e s t o r e  e q u i l i b r i u m  when t h e  g r a d i e n t  i s  removed because  

N p r o c e s s e s  l e a v e  t h e  t o t a l  phonon momentum unchanged, a s  i n d i c a t e d  by Eq. ( 6 ) .  

Thus U p r o c e s s e s  a r e  r e q u i r e d  f o r  r e s t o r a t i o n  of the rmal  e q u i l i b r i u m ,  even though 

t h e  v a l u e  of t h e  the rmal  c o n d u c t i v i t y  depends on bo th  t y p e s  of p rocesses .  

AK remperaeures  2 O D ,  t h e  Uebye t e m p e r a t u r e ,  a l l  phonon modes are e x c i t e d  

and t h e  c o n d u c t i v i t y  i s  de te rmined  p r i n c i p a l l , ~  hy l.l p rocesses .  For NaC1, O D  

i s  i n  t h e  range  - 250-300 K ,  w i t h  t h e  e x a c t  v a l u e  dependent  on t h e  way i n  which 

eD is der i l red from e x p e r i m e n t a l  d a t a .  Thus, i n  s i t u a t i o n s  of i n t e r e s t  f o r  

w a s t e  r e p o s i t o r y  a n a l y s i s ,  t h e  medium w i l l  be above O D  and hence i n  the U pro- 

c e s s  r e g i o n .  For t h i s  t e m p e r a t u r e  r e g i o n ,  t h e r e  have been s e v e r a l  t r a n s p o r t  

t h e o r y  c a l c u l a t i o n s  of t h e  the rmal  c o n d u c t i v i t y  performed i n  a n  a t t e m p t  t o  d e r i v e  

t h e  c o n d u c t i v i t y  magnitude i n  t e rms  of more fundamental  c o n s t a n t s  and parameters .  

L e i b f r e i d  and SchlEmann made t h e  f i r s t  d e f i n i t i v e  c a l c u l a t i o n  i n  19.54. l4 s i n c e  

t h a t  t i m e ,  t h e i r  c a l c u l a t i o n  h a s  been c o r r e c t e d  and r e f i n e d  by a  number of a u t h o r s  

as  d i s c u s s e d  by P a r r o t t  and ~ t u c k e s . ' ~  The r e s u l t i n g  h i g h  t empera tu re  phonon con- 

d u c t i v i t y  f o r  T >> O D  a s  quo ted  by P a r r o t t  and S tukes  i s ,  



- 
where kB = Boltzmann's c o n s t a n t ,  h = , P l a n c k l s  c o n s t a n t ,  M = mean a tomic  mass, 

6 = cube r o o t  of 'mean a tomic  volume, and y = Griineisen parameter .  I n  t h e  Debye 

model, y i s  d e f i n e d  v i a  t h e  r e l a t i o n ,  y = -a(Rne,,/a(RnV), where V = c r y s t a l  

volume. S lack  h a s  proposed a s l i g h t l y  modif ied v e r s i o n  o f  Eq. ( 3 )  a s  being more 

c o n s i s t e n t  with,  e x p e r i m e n t a l  d a t a  f o r  a range of d i f f e r e n t  m a t e r i a l s .  The S lack  

c o n d u c t i v i t y  i s  g i v e n  by t h e  r e ' l a t i o n ,  16 

- 
where n = number of atoms i n  t h e  l a t t i c e  b a s i s ,  B = 3.04 x M = mean a t o m i c  

mass (grams) ,  6 = =.ube r o o t  of t h e  mean a tomic  volume (i), and nex i s  a smal l  
- .  

p o s i t i v e  number which a r i s e s  a s  a r e s u l t  of both  the rmal  expansion and a c o u s t i c -  

o p t i c  phonon interact ions . ' '  ' A s  i s  i n  u n i t s  of ~ / m - K .  
. . 

Both Eq. ( 8 )  and Eq. ( 9 )  y i e l d  r e a s o n a b l e  v a l u e s  f o r  X of NaC1. €ID i s  n o t  
. . 

. . 
unique ly  d e f i n e d ,  but  i t s  v a l u e  f a l l s  i n  t h e  range - 250-330 K ,  depending on how 

i t  i s  e x t r a c t e d  from expe'r imental  d a t a .  Using t h e  pa ramete rs  shown i n  Table V I ,  

t h e  Debye t empera tu re  c o n d u c t i v i t i e s  XpS(BD) = 13.88 W/m-K and XS(eD) = 8.11 W/m-K 

a r e  de r ived .  

The TPRC d a t a  c o l l e c t i o n  i n d i c a t e s  t h a t  measured s i n g l e  c r y s t a l  NaCl conduc- ' 

. . 
t i v i t i e s  f a l l  i n  t h e  range ,  Xexp = 6.5-8.5 W/m-K a t  T = 250 Ke20 Thus b o t h  Eq. 

( 8 )  and Eq. ( 9 )  p r e d i c t  t h e  magnitude of t h e  s a l t  the rmal  c o n d u c t i v i t y  r e a s o n a b l y  
. . 

well .  

From a s imple  k i n e t i c  t h e o r y  c a l c u l a t i o n ,  i t  can  be shown t h a t  t h e  conduc- 

t i v i t y  i s  r e l a t e d  . t o  t h e  U p r o c e s s  mean f r e e  p a t h  R by, 
. 



Table  V I  
Thermal P a r a m e t e r s  f o r  N a C l  Used i n  t h e  C o n d u c t i v i t y  C a l c u l a t i o n  

Paramete r  

O D  
- 
M 

Value 

250 K 

29.22 g  

1.77 [1 

Notes/  ( r e f .  ) 

Assumed 

Mean of Na and C 1  a tomic masses. 

FCC c r y s t a l ,  l a t t i c e  pa ramete r ,  a. 
= 5.63 8, 8 atoms/FCC c e l l .  (18) 

High temp. l i m i t  (19)  

2  a t o m s / u n i t  c e l l  

where Cv = s p e c i f i c  h e a t  ( u n i t  volume and vs = a  r e p r e s e n t a t i v e  sound v e l o c i t y .  

5  Using t h e  r e p r e s e n t a t i v e  v a l u e s  Cv = 1.88 J / c ~ ~ - K ,  vs = 5  x 1 0  cmls ,  and h = 

7 w / ~ - K , ~ ~  t h e  mean f r e e  p a t h  i s  found t o  be,  aNaCl = 23 1. Thus, t h e  the rmal  

c o n d u c t i v i t y  shou ld  n o t  be  much a f f e c t e d  by t h e  p o l y c r y s t a l l i n e  n a t u r e  of a c t u a l  

d e n s e  r o c k s a l t  samples u n t i l  t h e  average  g r a i n  s i z e  d e c r e a s e s  t o  a  v e r y  s m a l l  

value .  The s a l t  d a t a  d i s c u s s e d  i n  Sec. IV-B g e n e r a l l y  s u p p o r t s  t h i s  h y p o t h e s i s .  

I n  many c a s e s ,  f a i r l y  d i r t y  s a l t  specimens had room t e m p e r a t u r e  c o n d u c t i v i t i e s  

i n  t h e  range  5-6 W/m-K, and i n  a l a r g e  number of o t h e r  c a s e s ,  A (290 K) f e l l  

i n  t h e  range 4-5 W/m-K. 

The t e m p e r a t u r e  dependence of h i s  impor tan t  f o r  p r e d i c t i n g  r e p o s i t o r y  tem- 

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

d i s c u s s e d  by P a r r o t t  and S t u c k e s  p r e d i c t s  h a T-' when T  >> eD, a s  i n d i c a t e d  

by Eq. (8). The t h e o r y  proposed by S l a c k  l e a d s  t o  t h e  p r e d i c t i o n  a T-( '+~ ex ) 

where nex - 0.1. For NaC1, S l a c k  h a s  found nex " 0.24. The TPRC d a t a  i n d i -  

c a t e s  t h a t  n,, = 0.16$ ~ l e m e n s ~ ~  h a s  sugges ted  t h a t ,  f o r  T  2 O D ,  t h e  c o r r e c t  

form f o r  t h e  t e m p e r a t u r e  dependence of A i s  



# 

where a 113. NO derivation is presented for this form, but it is suggested 

that Eq. (11) would result from expanding the phonon distribution functions in ~ 

the general conductivity expression to second order in T-I rather than first order, 

as in commonly done to derive high temberature expressions like Eq. (8). However, 
. . . . 

an actual expansion of the general expression leads to the cancellation of second 

order terms as a result of energy conservation in three phonon U processes. As a 
i 

result of this, we feel that Eq. (11) must 'be regarded as strictly a phenomeno- 

logical relation. An equation of this type with aBD = 100 K was used by Stephens 

and &imoniZ3 to analyze rocksalt conductivity data and also by r\cton5 in a pre- 
' e 

liminary analysis .of New Mexico rocksalt data. Thellogarithmic temperature deriva- 

tives of the various conductivity expressions are shown in Table VII. 

Table VII 

Temperature Dependence of Conductivity Expressions for Various Models 
Discussed in the Text 

Conductivity Expression d(lnA)/d(lnT) d(lnA)/d(lnT) IT  = 8 
D 

In addition to classical phonon heat conduction, heat can also be transferred 

in semitransparent solids, such as rocksalt, by radiation. In situations where 

radiant transfer from the boundarieqcan be ignored in calculating the heat flux 

within a semitransparent solid, it can be shown that radiant transfer produces a 

heat flux proportional to the local temperature gradient,24 with the constant of 

proportionality,or effective.radiation conductivity being given by, 



I n  Eq. ( 1 2 )  n  = mean i n d e x  of r e f r a c t i o n ,  a = Stefan-Boltzmann c o n s t a n t ,  and 

K~ i s  a  mean a b s o r p t i o n  c o e f f i c i e n t  d e f i n e d  by Viskan ta  and Anderson. 25 i n  

Eq. ( 1 2 )  i s  f r e q u e n t l y  r e f e r r e d  t o  a s  t h e  Rosseland r a d i a t i v e  c o n d u c t i v i t y  a f t e r  

S. Rosse land  who proposed t h e  e x p r e s s i o n  i n  1931. 

Using Eq. ( 1 2 ) ,  i t  i s  p o s s i b l e  t o  e s t i m a t e  v a l u e s  of KR which w i l l  l ead  t.n 

a n  a p p r e c i a b l e  v a l u e  of AR. The Wien d i sp lacement  law r e l a t i n g  the tpmpere tu re  

and t h e  wave leng th  2, c o r r e s p o n d i n g  t o  t h e  maximum i n  t h e  blackbody power 

spec t rum i s ,  2 6 

I 

when 2, i s  i n  pm and T i n  K. A t  600 K,  R, = 5  pm. Using t h e  e s t i m a t e  n  = 

1.5 i n  Eq. ( 1 2 )  l e a d s  t o  t h e  r e s u l t ,  

For A R  t o  be n o n - n e g l i g i b l e ,  s a y . % > ,  0.5 w / ~ - K ~  r e q u i r e s ,  

The l i m i t i n g  v a l u e  of KR i n  Eq. ( 1 5 )  cor responds  t o  a m a t e r i a l  w i t h  a n  o p t i c a l  

t h i c k n e s s ,  dK #,- 5 1 ~ ~  -- 1.7 cm. Bulmer has r e c e n t l y  c o ~ n p l e t e d  measurements on 

t h e  i n f r a r e d  t r a n s m i t t a n c e  p r o p e r t i e s  of r o c k s a l t  samples o b t a i n e d  from t h e  pro- 

posed WIPP si te.  Measurements were made i n  t h e  wavelength range - 3.5-12.5 m. 2  7 

The f requency  averaged e x t i n c t i o n  c o e f f i c i e n t  which i n c l u d e s  bo th  a b s o r p t i o n  and 

s c a t t e r i n g  i s  r e p o r t e d  by Bulmer t o  f a l l  i n  t h e  range - 500-1000 m-' f o r  6.3 mn 

t h i c k  samples  and - 330-550 m-' f o r  12.7 mm t h i c k  samples.  E s s e n t i a l l y  z e r o  



t r a n s m i s s i o n  was observed f o r  5 1  mm t h i c k  samples. I f  a l l  t h e  o p t i c a l  a t t e n u a t i o n  

i n  t h e  Bulmer exper iments  w a s  p r 0 d u c e d . b ~  a b s o r p t i o n ,  t h e n  Eq. ( 1 4 )  p r e d i c t s  a 

n e g l i g i b l e  r a d i a t i v e  c o n d u c t i v i t y  a t  600 K. I f  some of t h e  a t t e n u a t i o n  i s  due t o  

s c a t t e r i n g ,  t h e n  i t  i s  n o t  p o s s i b l e  a - p r i o r i  t o  r u l e  ou t  a  r a d i a t i v e  c o n t r i b u t i o n  
. , 

t o  t h e  c o n d u c t i v i t y  a t  t h e  l e v e l  of XR - < 0.5 pm. 

. . .. . 2. ~ e v i e w  of P a s t  Measurements 

A l a r g e  amount. of d a t a  on t h e  thermal  c o n d u c t i v i t y  o,f r e l a t , i G e l y  'pure rock- 

s a l t  samples i s  r e p o r t e d  i n  t h e  TPRC d a t a  s e r i e s . 2 0  Some of ; h i s  da ta ,  which i s  pre- 

s e n t e d  i n  g r a p h i c a l  form i s  reproduced i n  'Fig. 8. The r e p o r t e d  measurements do n o t  

. A ,  

extend t o  a  h igh  enough tempera tu re  t o  ' e x h i b i t  r a d i a t i v e '  c o n d u c t i v i t y  e f f e c t s ;  i . e .  , 
. . 

X a T ~ .  I n  t h e   range^ > 200 K ,  t h e  t r e n d  o f  t h e  d a t a  f o l l o w s  a n  e x p r e s s i o n  of 
'- 0 

t h e  S lack  form, Eq. ( 5 ) ,  w i t h  y  = 1.16 and a  300 K c o n d u c t i v i t y  Xo = 6 ~ / m - K .  

The thermal  c o n d u c t i v i t y  used by Chever ton and. ~ u r n e r ~ ~  i n  an  a n a l y s i s  of t h e  pro- 

posed Lyons, Kansas waste  r e p o s i t o r y  was of . t h e  form g i v e n  by Eq. ( 5 )  w i t h  Xo = 5.5 
. . .. . 

W/m-K a n d y  = 1.21. They o b t a i n e d  t h e i r  data ,  from B i r c h  and  lark.' I n  a  r e c e n t  

a n a l y s i s  of t empera tu res  i n  a bedded. s a l t  ' . r e p o s i t o r y  produced by h i g h  l e v e l  waste  
. . 

c a n i s t e r s ,  s i s son2 '  used a c o n d u = t i v i t y  ... . which, i n  t h e  range T = 325-460 K ,  f a l l s  

i n  between t h e  TPRC and-  t h e  ~ i r c h  .a.nd..Clark c o n d u c t i v i t i e s  and which does  n o t  have 
. .. . 

t h e  form of E q .  (5).  The ~ i r c h ' a n d  Cla rk ,  S i s s o n ,  and TPRC c o n d u c t i v i t i e s  a r e  shown 

g r a p h i c a l l y  i n  Fig. 9. Also shown i n  Fig.  9  i s  some Oak Ridge N a t i o n a l  Labora to ry  

d a t a  on s i n g l e  c r y s t a l  r o c k s a l t  from Lyons, ~ a n s a s . ~ ~  Data r e p o r t e d  by ~ c t o n ~  f o r  

a  r o c k s a l t  sample t a k e n  from a  M i s s i s s i p p i  Chemical Co. p o t a s h  mine i n  s o u t h e a s t  

New Mexico i s  a l s o  shown i n  Fig.  9. Th i s  d a t a  i s  c h a r a c t e r i z e d  by Xo = 8  W/m-K 

and 'y = 1.02. Acton a l s o  measured some r o c k s a l t  samples from t h e  s i t e  o t  t h e  

proposed Waste I s o l a t i o n  P i l o t  P l a n t  (WIPP) n e a r  Car l sbad ,  NM. The sample were 

t a k e n  from a w e l l  d e s i g n a t e d  AEC-8 and a r e  shown i n  Fig. 10. 



Fig.  8. Thermal c o n d u c t i v i t y  vs  t empera ture  of r o c k s a l t  as r epo r t ed  i n  t h e  TPRC 

Data S e r i e s  (Ref. 20). 





Fig- 1 0 -  Thermal c o n d u c t i v i t y  v s  t empera tu re  f o r  samples from w e l l  AEC118. Data 

uf Acton (Ref. 5) .  



Some measurements on r o c k s a l t  c o n d u c t i v i t y  which i n c l u d e  r a d i a t i v e  e f f e c t s  
. :  ' .  . 

were r e p o r t e d  by Stephens  and M a i m ~ n i . ~ ~  They used a  r a d i a l  h e a t  f low t e c h n i q u e  

on  r o c k s a l t  samples from t h e  Carey Mine, . . W i n f i e l d ,  LA. The samples were r e p o r t e d  

t o  be 99+% NaCl w i t h  s m a l l  amounts of a n h y d r i t e  (CaS04) and were s a i d  t o  ' b e  t r a n s -  . 

l u c e n t  w i t h  many l a r g e  c r y s t a l s  and a g g r e g a t e s  of s m a l l  c r y s t a l s ,  some. > 4  i n .  - 
i n  s i z e .  The smooth curve  used by Stephens  and Maimoni t o  r e p r e s e n t  t h e i r  d a t a  

i s  shown i n  Fig. 9. It i s  e v i d e n t  t h a t  t h e  Stephens  and Maimoni c o n d u c t i v i t y  i s  

h i g h e r  t h a n  most of t h e  d a t a  p r e v i o u s l y  r e p o r t e d  f o r  r o c k s a l t  a l t h o u g h  i t  i s  l e s s  

t h a n  t h a t  r e p o r t e d  by Acton f o r  t h e  NM p o t a s h  mine sample i n  t h e  t empera tu re  r e g i o n  

where both  measurements over lap .  

I n  summary of t h i s  review of p a s t  r o c k s a l t  the rmal  c o n d u c t i v i t y  measurements,  

i t  may be noted t h a t  most of t h e  r e p o r t e d . d a t a  i n  t h e  t empera tu re  range  - 300- 

600 K i s  c o n s i s t e n t  w i t h  t h e  form g i v e n  by E,q. ( 5 )  and paramete rs  Xo = 5-6 w / ~ - K  

and y = 1.0-1.2 The e x c e p t i o n s  a r e  one s e t  of Acton d a t a  which h a s  t h e  Eq. ( 5 )  

form but Xo = 8 W/m-K and t h e  Stephens  and Maimoni d a t a  which e x h i b i t s  r a d i a t i v e  

t r a n s p o r t  e f f e c t s  a t  t empera tu res  above 600 K. 

The major c o n s t i t u e n t  p r e s e n t  i n  most of t h e  samples  l i s t b d  i n  Tab le  I i s  

h a l i t e  and t h e  second most p r e v a l e n t  m i n e r a l  i s  a n h y d r i t e .  ~ e a s u r e m e n t s  of an- 

h y d r i t e  c o c d u c t i v i t y  a s  a  f u n c t i o n  of t empera tu re  have n o t  been p r e v i o u s l y  re- 

por ted .  A number of 293 K c o n d u c t i v i t y  measurements on a n h y d r i t e  samples o b t a i n e d  

from f o u r  d i f f e r e n t  l o c a t i o n s  show c o n d u c t i v i t y  v a l u e s  i n  t h e  range  4.9-5.6 

w / ~ - K . ~ ~  S ince  t h e  t empera tu re  dependence of t h e  c o n d u c t i v i t y  i s  s i m i l a r  f o r  

most m i n e r a l s  which a r e  e l e c t r i c a l  i n s u l a t o r s ,  i t  i s  r e a s o n a b l e  t o  assume t h a t  

X(T) f o r  a n h y d r i t e  i s  v e r y  similar t o  t h a t  of h a l i t e .  In any f u t u r e  e x p e r i m e n t a l  

thermal  c o n d u c t i v i t y  a n a l y s i s  of WIPP m a t e r i a l s , . i t  would be u s e f u l  t o  de te rmine  

t h e  c o n d u c t i v i t y  of a n h y d r i t e  more p r e c i s e l y  t h a n  was done i n  t h e  exper iments  

r e p o r t e d  h e r e ,  s i n c e  a n h y d r i t e  a p p e a r s  t o  be t h e  predominate n o n h a l i t e  m i n e r a l  



p r e s e n t  a t  t y p i c a l  WIPP s i t e  b u r i a l  depths .  It would a l s o  be u s e f u l  t o  reexamine 

some p o l y h a l i t e  samples and t o  s t u d y  t h e  e f f e c t  of wa te r  d r i v e o f f  i n  more d e t a i l .  

D. Conc lus ions  on Thermal C o n d u c t i v i t y  Measurements 

The major  e x p e r i m e n t a l  r e s u l t  of t h i s  s t u d y  i s  shown i n  t h e  X v s  T  g raph  of 

t h e  Dynatech d a t a ,  Fig.  5. For  samples composed p redomina te ly  of h a l i t e  and /or  

a n h y d r i t e ,  t h e  c o n d u c t i v i t y  i s  d e s c r i b e d  by Eq. ( 5 )  with  X o  i n  t h e  r a n g e  4.5-5.5 

W/m-K and y = 1.14. The p r e s e n c e  of o t h e r  m i n e r a l s  o r  m a t e r i a l s  such  a s  poly- 

h a l i t e  o r  c l a y  w i l l  r e s u l t  i n  a d e c r e a s e  i n  Xo and a change i n  t h e  t e m p e r a t l ~ r e  

dependence of A. The d a t a  i s  n o t  e x t e n s i v e  enough t o  a l l o w  any more d e t a i l e d  

c o n c l u ~ i o n c  t o  be drawn. 

The Sand ia  and Los Alamos c o n d u c t i v i t y  measurements g e n e r a l l y  s u p p o r t  t h e  

Dynatech r e s u l t s ,  a l t h o u g h  t h e  Los Alamos measurements were made o n l y  over  a  

l i m i t e d  t e m p e r a t u r e  range  and t h e  Sandia  measurements were s u b j e c t  t o  r a t h e r  l a r g e  

s o u r c e s  of e r r o r .  However, i n  no measurements i n  t h e  p r e s e n t  s e r i e s  were v a l u e s  

of X o  > 6 W/m-K observed.  T h i s  i s  i n  c o n t r a s t  t o  t h e  p r e v i o u s  r e s u l t s  of Acton 5 

i n  which Xo v a l u e s  a s  h i g h  as 8 ~ / m - K  were repor ted .  

The t h e o r y  of i n s u l a t o r  the rmal  c o n d u c t i v i t y  g e n e r a l l y  s u p p o r t s  t h e  use  of 

a n  e x p r e s s i o n  of t h e  form of  Eq. ( 5 )  f o r  d e s c r i b i n g  t h e  c o n d u c t i v i t y  temperature 

dependence. The t h e o r e t i c a l  e x p r e s s i o n s  g i v e n  i n  Eq. (8)  and Eq. ( 9 )  can  p r e d i c t  

t h e  300 K h a l i t e  c o n d u c t i v i t y  t o  w i t h i n  - 50%. The s m a l l  d e v i a t i o n  of y from 

u n i t y  i n  Eq. ( 5 )  i s  c o n s i s t e n t  w i t h  t h e  p r e s e n c e  of the rmal  expans ion  and o p t i c a l  

phonon e f f e c t s  which a r e  n o t  i n c l u d e d  i n  t h e  b a s i c  theory .  Although d e v i a t i o n s  

from t h e  b e h a v i o r  p r e d i c t e d  by Eq. ( 5 )  f r e q u e n t l y  were observed a t  t e m p e r a t u r e s  

T  > 500 K ,  t h e y  were b o t h  p o s i t i v e  and n e g a t i v e  wi th  r e s p e c t  t o  Eq. ( 5 ) .  Thus - 
t h e  measurements i n  t h i s  s e r i e s  do no t  p o s i t i v e l y  conf i rm t h e  p r e d i c t e d  o n s e t  

of r a d i a t i v e  c o n d u c t i v i t y .  T h i s  r e s u l t  i s  c o n s i s t e n t  w i t h  t h e  i n f r a r e d  t r a n s -  

m i s s i o n  measurements made by Bulmer on s i m i l a r  samples.  



V. D i s c u s s i o n  of Thermal C o n d u c t i v i t y  V a r i a t i o n  and i t s  
E f f e c t  on R e p o s i t o r y  Thermal A n a l y s i s  

I n  a  r e p o s i t o r y  i n  which h i g h  l e v e l  power producing w a s t e  i s  s t o r e d ,  t h e  

t h e r m a l  c o n d u c t i v i t y  of t h e  m a t e r i a l  s u r r o u n d i n g  t h e  was te  w i l l  p l a y  a  major  r o l e  

i n  de te rmin ing  t h e  t e m p e r a t u r e  i n  t h e  v i c i n i t y  o f  t h e  was te  c o n t a i n e r s .  B. W. 

Bulmer h a s  performed a  s e n s i t i v i t y  a n a l y s i s  u s i n g  a  one-dimensional  t r a n s i e n t  

numer ica l  h e a t  conduc t ion  a n a l y s i s  i n  o r d e r  t o  d e t e r m i n e  t h e  u n c e r t a i n t y  i n  t h e  

maximum sa l t  t e m p e r a t u r e  a s  a  f u n c t i o n  of t h e  r e l a t i v e  c o n d u c t i v i t y  uncer-  

t a i n t y .  32,33 T h i s  maximum t e m p e r a t u r e ,  Tma,( , o c c u r s  a t  t h e  c o n t a i n e r - s a l t  

i n t e r f a c e .  Bulmer p r e s e n t s  r e s u l t s  showing aTmax(,)/aX, vs A S  and ATmax(,) 

vs .  A X ~ / X ~ ,  where A s  = sa l t  c o n d u c t i v i t y  and ATmax(s) i s  t h e  v a r i a t i o n  i n  Tmax(s) 

produced by a n  u n c e r t a i n t y  A X s  i n  As. I n  t h e  t r a n s i e n t  c a s e  t h e  t e m p e r a t u r e  a l s o  

depends on t h e  the rmal  d i f f u s i v i t y ,  as = Xs/pCp. Bulmer a l s o  g i v e s  r e s u l t s  

of c a l c u l a t i n g  ATmax(,) VS. AC / C  
P  P* 

It  i s  p o s s i b l e  t o  demons t ra te  a n a l y t i c a l l y  t h e  dependence of ATmax(,) on As 

u s i n g  r e p r e s e n t a t i v e  s o l u t i o n s  of t h e  h e a t  conduc t ion  e q u a t i o n  f o r  s i m p l i f i e d  model 

problems. I n  t h e  s i t u a t i o n  modeled by Bulmer, t h e  was te  i s  c o n s i d e r e d  a s  a  d i s -  

. t r i b u t e d  medium i n  a  s l a b  geometry. For  a  v e r y  s i m p l i f i e d ' a n a l y s i s ,  we c o n s i d e r  

t h e  s t e a d y  s t a t e  problem i n  which a  w a s t e  s l a b  of t h i c k n e s s  L and c o n d u c t i v i t y  X w  

produces  h e a t  a t  a  r a t e  6 p e r  u n i t  volume, wi th  t h e  h e a t  be ing  conducted t o  s i n k s  

on e i t h e r  s i d e  a t  a  t e m p e r a t u r e  O°C and l o c a t e d  a  d i s t a n c e  6 from t h e  was te  s l a b  

edge a s  shown i n  Fig .  11. The one d imens iona l  s t e a d y  s t a t e  h e a t  c o n d u c t i o n  

e q u a t i o n ,  f o r  t e m p e r a t u r e  independen t  A s  and Xw i s ,  

The s o l u t i o n  of  Eq. ( 1 6 )  which s a t i s f i e s  t h e  boundary c o n d i t i o n s  i s ,  



From t h e  second of Eq. (171,  Tmax(s) = T ( L / ~ ) ,  o r ,  

f o r  6 >> L/2. Although t h e  e x p r e s s i o n . f o r  Tma,(s) i n  Eq. (18)  c o n t a i n s  t h e  

a r b i t r a r y  l e n g t h  6 ,  i t  does  show t h a t  Tmax(s),  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  A s ,  o r  

2  9 Using t h e  r e s u l t s  of S i s s o n ' s  a n a l y s i s ,  Tmax(s) - < 100 C and t h u s ,  

I n  t h e  c a s e  of t h e  medium being .composed of r o c k s a l t  a n d / o r  a n h y d r i t e ,  we have seen 

from t h e  d a t a  i n  Sec. IV-B t h a t  A X E / l c  - 0.2, and hence,  ATmax(,) - ,  < 20 C. 

For a somewhat more r e a l i s t i c  a n a l y s i s ,  we c o n s i d e r  a  t h i n  s l a b  s o u r c e  d i s -  

s i p a t i n g  power i n t o  a n  i n f i n i t e  medium as shown i n  Fig.  12. I f  t h e  s o u r c e  of h e a t  

2 f l u x  i s  t u r n e d  on a t  t i m e  t = 0  w i t h  a  c o n s t a n t  s t r e n g t h  Fo(W/m ), t h e n  t h e  tem- 

p e r a t u r e  a s  a f u n c t i o n  of t ime  and d i s t a n c e  z from t h e  s o u r c e  p l a n e  i s  g i v e n  by, 3 /I 

where e r f c  i s  t h e  complementary e r r o r  f u n c t i o n .  The maximum tempera tu re  i n  t h e  

medium s u r r o u n d i n g  t h e  s o u r c e  o c c u r s  a t  z = 0 ,  and  from Eq. (21)  i s  g i v e n  by, ' 
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SALT-CONDUCTIVITY = AS 

WASTE SLAB - 
CONDUCTIVITY = & 

I 
. L  - I 

I 

3 Fig. 11. Waste s l a b  of t h i c k n e s s  L producing h e a t  a t  a  r a t e  p(W/m ) which i s  
conducted t o  two h e a t  s i n k s  e a c h  l o c a t e d  a  d i s t a n c e  6 from t h e  s l a b  
edges  and main ta ined  a t  a tempera tu re  of 0 C. The problem i s  symmetr ical  
wi th  r e s p e c t  t o  t h e  c e n t e r l i n e ,  z = 0. 

WASTE SLAB 1- /, HEAT FLUX - F,(W/~*)  

SACT (A,, a,) 

Fig.  12. Uniform p l a n a r  f l u x  s o u r c e  l o c a t e d  a t  r = O d i s s i p a t i n g  power ZFO (w/m2j 
i n t o  two uniform i n f i n i t e  h a l f  spaces .  



I n  t h i s  c a s e ,  w i t h  Fo independen t  of t ime ,  Tm,(,) = T ( 0 , t )  depends on As a s  

A, - ' /~ ,  since us = AS/pCp. 

I n  t h e  c a s e  of a t i m e  dependent  s o u r c e  of f l u x  F ( t )  which i s  t u r n e d  on a t  

t = 0 ,  t h e  t i m e  dependent  t e m p e r a t u r e  i s  g i v e n  by t h e  c o n v o l u t i o n  i n t e g r a l ,  34 

Eq.  ( 2 3 )  e x h i b i t s  t h e  same dependence on as  and As t h a t  t h e  s o l u t i o n  f o r  con- 

s t a n t  h e a t  flux, Eq. (21)  shows. It  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  a n a l y t i c a l  

s o l u t i o n  i n  Eq. (23)  c a n  be e a s i l y  used t o  d e r i v e  i n f o r m a t i o n  about  t h e  t ime 

dependen t  v a r i a t i o n  of Tma,(s) f o r  a n  e x p o n e n t i a l l y  decay ing  h e a t  f l u x  s o u r c e  

o f  t h e  t y p e  used by ~ u l m e r ~ ~  and s i s son2 '  i n  numerical  the rmal  response  c a l c u l a -  

t i o n s .  Bulmer ana lyzed  t h e  one d imens iona i  conduc t ion  problem u s i n g  a  s o u r c e  

uf t h e  t y p e ,  

where  T = 38.95 y  c o r r e s p o n d i n g  t o  a  27y h a l f  l i f e  ( t l I 2  = 0 . 6 9 3 ~ ) .  S i s s o n  

a n a l y z e d  two and t h r e e  d imens iona l  problems w i t h  t h e  a i d  of t h e  CINDA h e a t  

t r a n s f e r  code,  u s i n g  a s o u r c e  g i v e n  approx imate ly  by Eq. (24) .  The b i g g e s t  

v a r i a t i o n  between S i s s o n ' s  s o u r c e  and Eq. ( 2 4 )  o c c u r s  f o r  t = 8y where S i s ~ o n ' s  

s o u r c e  i s  about  5% h i g h e r  t h a n  t h a t  c a l c u l a t e d  from Eq. (24) .  For t - > 28y b o t h  

s o u r c e s  a r e  e s s e n t i a l l y  i d e n t i c a l .  

Eq. ( 2 3 )  f o r  T ( z , t )  w i t h  F ( t )  g i v e n  by Eq. ( 2 4 )  i s ,  



By making a  s e r i e s  expansion of t h e  exponent ia l ,  t h e  i n t e g r a l  i n  Eq. (26)  may be 

eva lua ted  t o  y i e l d ,  

where M i s  Kummer's f u n c t i o n  of i t s  arguments,35 def ined  i n  our  s p e c i f i c  ca se ,  a s ,  

I n  t h e  l i m i t i n g  c a s e  t << r ,  M = 1 and T ( 0 , t )  a t1l2 exp( - t / r )  while  f i r  

t >> r ,  M = ( 1 / 2 ) ( r / t ) { l  + 1 / [ 2 ( ~ / t ) l  + 1 1 [ 4 ( r / t ) ~ ]  + * * * } e x p  (t/r), and 

thus  Y(0 , r )  a f -'I2 a t  long times. The f u n c t i o n  t1I2 exp( - t / r )  ha s  a  maximum a t  

t = ~ / 2 .  The presence of t h e  'M f u n c t i o n  f a c t o r  i n  Eq. (27) tends  t o  s h i f t  t h e  

maximum t o  somewhat longer  times. T ( 0 , t )  from Eq..(27) i s  shown. g r a p h i c a i ' l y . i n  

Fig. 13,  p l o t t e d  a s  T ( O , ~ ) / [ ~ F ~ ( ~ ~ ~ ) ~ / ~ I A  V112~ VS. t / r .  The maximum occurs  a t  S 

t = 0.85 T where Tmax(s) s a t i s f i e s  t h e  r e l a t i o n .  



Fig.  13. Temperature  vs t ime  a t  t h e  p l a n e  z = 0 produced by a h e a t  s o u r c e  decaying 

e x p o n e n t i a l l y  w i t h  a h a l f - l i f e  t l  = 0 . 6 q j l ~ .  T i  i s  measured i n  u n i t s  175 
of r and t e m p e r a t u r e  i n  u n i t s  of $Fo(osr)  / A s =  . 



To compare t h e  e s t i m a t e d  maximum s a l t  t e m p e r a t u r e  found from Eq. ( 2 9 )  w i t h  

S i s s o n ' s  numerical  c a l c u l a t i o n s ,  a r e a l i s t i c  v a l u e  of  Fo needs  t o  be 'de te rmined .  

The geometry c o n s i d e r e d  by S i s s o n  i s  shown i n  Fig .  14. Three  rows of 300 W 

c a n i s t e r s ,  each  1 0  f t  long  and 2  f t  i n  d i a m e t e r  a r e  l o c a t e d  i n  a  d r i f t  r e g i o n ,  

w i t h  a  100 f t  s p a c i n g  between d r i f t  r e g i o n  c e n t e r l i n e s .  The c a n i s t e r s  a r e  l o c a t k d  

on a  s q u a r e  l a t t i c e  i n  a  h o r i z o n t a l  p l a n e  w i t h  a  l a t t i c e  s p a c i n g  of 5  f t .  The . 

t h e r m a l  p r o p e r t i e s  assumed f o r  t h i s  c a l c u l a t i o n  a r e  shown i n  Tab le  V I I I .  

T a b l e  V I I I  

S a l t  Thermal P r o p e r t i e s  Used f o r  Model C a l c u l a t i o n s  

P r o p e r t y  Value 

Dens i ty  - 2160 kg/m3 

S p e c i f i c  Heat - 
C~ 887.6 Jlkg-OK ^ 

Th,ermal C o n d u c t i v i t y  - As 4.5 W/m-K 

Thermal D i f f u s i v i t y  - as 2.35 x  m 2 / s  

The d e n s i t y  and s p e c i f i c  h e a t  a r e  t h o s e  used by S i s s o n ,  w h i l e  t h e  c o n d u c t i v i t y  i s  

a n  e s t i m a t e d  a v e r a g e  v a l u e ,  c o r r e s p o n d i n g  t o  t h a t  c a l c u l a t e d  from Eq. ( 5 ) ,  f o r  As  = 

5.5 W/m-K, and T = 350 K. The t h e r m a l  wave o r i g i n a t i n g  from t h e  w a s t e . c a n i s t e r s  

2  w i l l  r e a c h  a  p o i n t  y  h a l f  way between d r i f t  s p a c e s  i n  a  t ime  t - z /4a i .  For  

z  = 50 f t ,  t h a t  t ime  i s  t - 0 . 8 ~ .  Thus,  a t  a  t ime  t - . 8 5 ~  = 33y i t  i s  r e a s o n a b l e  

t o  assume t h a t  t h e  r e g i o n  n e a r  z = 0  between d r i f t  s p a c e s  i s  e s s e n t i a l l y  a t  the rmal  

e q u i l i b r i u m  and i n  a n  i s o t h e r m a l  s t a t e .  t h e  s o u r c e s  c a n  t h e n  be smeared o u t  a s  

shown i n  Fig.  1 3 ( b )  t o  form a  p l a n e  s o u r c e  i n  t h e  x-y o r  h o r i z o n t a l  p lane .  The 

s o u r c e  d e n s i t y  2F0 i s  t h e n  (300 W / c a n i s t e r ) ( l  c a n i s t e r s ) / ( 5 0 0  f t 2 )  = 1 .8  w / f t 2  

(78.4 kW/acre) o r  19.38 w/m2 ,  a s  g i v e n  by S i s s o n  ( F i g .  2  of Ref. 29).  The v a l u e  

of Tmax( s )  found from Eq. ( 2 9 )  w i t h  t h i s  s o u r c e  i s ,  TmaX(,) = 70.4 C. S i s s o n ' s  

c a l c u l a t i o n  p r e d i c t s  T,,lax(s) = 85 C ar: a r ime 23y (F ig .  9  of Ref. 2 9 ) ,  wit11 



UNIFORM FLUX 
Fo(t) LOCATED 
IN X-Y P U N E  

SOURCE 

(b) 
Fig .  14.  ( a )  B u r i a l  scheme f o r  was te  i n  a  h i g h - l e v e l  was te  r e p o s i t o r y .  Rows o f  

c a n i s t e r s  a r e  b u r i e d  i n  d r i f t  r e g i o n s  s e p a r a t e d  by s a l t  p i l l a r s .  The 
p i l l a r  s p a c i n g  i s  de te rmined  by t h e  maximum a r e a l  power d e n s i t y  per-  
m i t t e d .  ( b )  Smeared o u t  h e a t  s o u r c e  i n  t h e  x-y p l a n e  a t  z = 0 producing 
a  uniform h e a t  f l u x  F o ( t )  i n t o  e a c h  h a l f  space .  



t h e  tempersture h a l f  way between t h e  d r i f t  s p a c e s  be ing  = 55 C a t  t h i s  t ime.  Thus,  

o u r  assumpt ion of a n  i s o t h e r m a l  s o u r c e  i n  t h e  x-y p l a n e  i s  o n l y  approximat ,e ly  t r u e .  . 

N e v e r t h e l e s s ,  Eq. ( 2 9 )  d o e s  y i e l d  'a r e s u l t  on t h e  same o r d e r  a s  t h e  numer ica l  re-  

s u l t  and a l s o  demons t ra tes  e x p l i c i t l y  t h e  dependence on Tmax(s) on as and As. 

S i s s o n ' s  numer ica l  t e m p e r a t u r e  vs. t ime  r e s u l t s  (Fig .  9 o f  Ref. 24)  have a shape  

which i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  shown i n  Fig.  13. The t e m p e r a t u r e  a t  nodes  

c l o s e  t o  a f u e l  e lcmcnt  t e n d s  t o  r i s e  somewhat f a s t e r  a t  s h o r t  t i m e s  and t h e  maximum 

t e m p e r a t u r e  o c c u r s  a t  - 0.6 to i n  t h e  numer ica l  c a l c u l a t i o n .  However, t h e  maximum 

i s  v e r y  broad i n  t h e  numer ica l  r e s u l t  a s  i t  i s  i n  Fig .  10. 

The major  r e s u l t  of t h i s  a n a l y s i s  i s  t h a t  dependence of maximum t e m p e r a t u r e  

on t h e r m a l  c o n d u c t i v i t y  goes  a s ,  

where 0.5 < - x 1, depending on t h e  e x a c t  boundary c o n d i t i o n s  and t h e  v a r i a t i o n s  

i n  p and C which accompany v a r i a t i o n s  i n  As. The v a r i a t i o n  i n  maximum 
P 

t e m p e r a t u r e  ATma,(,) produced by a v a r i a t i o n  A X s  i n  the rmal  c o n d u c t i v i t y  i s  

t h e n  e s t i m a t e d  by, 

Cons ide r ing  a 50% v a r i a t i o n  i n  A s ,  w i t h  T,x(s) = 100 C and x = 0.75, Eq. ( 3 1 )  

y i e l d s  ATmax(,) = 38 C ,  i n  good agreement wi th  t h e  r e s u l t s  of Bulmer 's  numer ica l  

a n a l y s i s .  The d a t a  on s a l t  the rmal  c o n d u c t i v i t y  shown i n  F i g . , 5  i n d i c a t e  t h a t  a l l  

specimens  which were cdmposed p r i n c i p a l l y  of r o c k s a l t  a n d / o r  a n h y d r i t e  o r  poly- 

h a l i t e  had c o n d u c t i v i t i e s  i n  t h e  range 3-6 W/m-K, and t h u s ,  f o r  t h e  assumed:waste '  

power d e n s i t y  ( 7 8  kW/acre) ,  t h e  u n c e r t a i n t y  i n  maximum s a l t . t e m p e r a t u r e  shou ld  b e  

< 40 C. 



V I .  Discuss iol l  arid Conc lus ions  

D i s c u s s i o n s  of t h e  major  c o n c l u s i o n s  of t h i s  s t u d y  a r e  c o n t a i n e d  i n  t h e  

f i n a l  p a r t s  of Secs. 11, I11 and I V  f o r  s p e c i f i c  h e a t ,  the rmal  expans ion ,  and 

t h e r m a l  c o n d u c t i v i t y ,  r e s p e c t i v e l y .  Thus, t h i s  s e c t i o n  w i l l  be devoted t o  more 

g e n e r a l  o b s e r v a t i o n s  and s u g g e s t i o n s  f o r  f u t u r e  work. Due t o  t h e  v e r y  h e t e r o -  

geneous  n a t u r e  of t h e  r o c k s a l t  a t  o r  n e a r  t h e  WIPP s i t e ,  i t  i s  i m p o s s i b l e  i n  any 

f i n i t e  e x p e r i m e n t a l  program t o  comple te ly  c h a r a c t e r i z e  t h i s  m a t e r i a l .  Neverthe- 

l e s s ,  meaurements of t h e  s o r t  r e p o r t e d  t n  t h i s  s t u d y  do i n d i c a t e  t r e n d s  which 

c a n  be  used a s  a n  a i d  i n  choos ing  paramete rs  f o r  the rmal  o r  thermal-mechanical  

model ing of a  r e p o s i t o r y .  

I n  t h e  c a s e  of s p e c i f i c  h e a t ,  we f e e l  t h a t  t h i s  pa ramete r  can be c a l c u l a t e d  

t o  s u f f i c i e n t  a c c u r a c y  i f  t h e  i d e n t i t y  and volume f r a c t i o n s  c o n s t i t l l e n t s  i n  t h e  

r e g i o n  under  c o n s i d e r a t i o n  a r e  known. For r e g i o n s  i n  which t h e  m a t e r i a l  i s  > 90% - 
h a l i t e ,  t h e  p u r e  N a C l  s p e c i f i c  h e a t  (Tab le  1 1 )  i s  v e r y  c l o s e  t o  t h a t  of t h e  a c t u a l  

material. I n  any f u t u r e  e x p e r i m e n t a l  program, i t  i s  recommended t h a t  t h e  s p e c i f i c  

h e a t s  o f  p o l y h a l i t e  and a n h y d r i t e  be measured,  s i n c e  t h e s e  a r e  t h e  p r inc ipa l .  non- 

h a l i t e  m i n e r a l s  p r e s e n t  i n  t h e  r o c k s a l t .  

I n  t h e  c a s e  of t h e r m a l  expans ion ,  t h e  r e s u l t s  shown i n  Fig. 1 i n d i c o t c  t h a t ,  

f o r  s m a l l  samples ,  t h e  measured l i n e a r  expansion i s  c h a r a c t e r i s t i c  o f  t h a t  of t h e  

m a j o r  c o n s t i t u e n t  of t h e  sample. I n  t h e s e  exper iments ,  samples composed predomi- 

n a n t l y  of h a l i t e ,  p o l y h a l i t e ,  a n h y d r i t e ,  and gypsum were measured. The pxpansinn, 

c o e f f i c i e n t s  of t h e  samples w i t h  h a l i t e  as t h e  major  c o n s t i t u e n t  were c l n s ~  t o  

t h a t  r e p o r t e d  f o r  p u r e  NaC1, w h i l e  t h e  expans ion  c o e f f i c i e n t s  f o r  a n h y d r i t e  o r  

p o l y h a l i t e  samples were a b o u t  h a l f  t h a t  of NaC1. On t h e  b a s i s  of t h i s  l i m i t e d  

K - ~ )  of 4 5 ,  set o f  measurements,  we recommend u s i n g  a v a l u e s  ( i n  u n i t s  of 1 0  

27 and  20 f o r  h a l i t e ,  p o l y h a l i t e  and a n h y d r i t e ,  r e s p e c t i v e l y .  I f  any f u t u r e  

t h e r m a l  expans ion  measurements a r e  performed, i t  i s  recommended t h a t  more h a l i t e  



and p o l y h a l i t e  samples be measured,  and p o s s i b l y  t h a t  t e c h n i q u e s  be  d e v i s e d  f o r  

measuring t h e  expansion o f  l a r g e r  and more he te rogeneous  samples.  

The major  r e s u l t  of t h e  thermal  c o n d u c t i v i t y  s t u d i e s  i s  t h a t  t h e  conduc- 

t i v i t y  of samples composed l a r g e l y  of h a l i t e  and /or  a n h y d r i t e  i s  governed by 

Eq. ( 5 )  w i t h  Xo i n  t h e  range 4.5-5.5 W/m-K and y = 1.14. s i g n i f i c a n t  concen- 

t r a t i o n s  of p o l y h a l i t e  w i l l  r e s u l t  i n  a  lowering of Xo and p o s s i b l y  a  s h i f t  i n  

y. The s e n s i t i v i t y  o f  maximum sa l t  t empera tu re  t o  v a r i a t i o n s  i n  X i s  e s t i m a t e d  

t o  be such t h a t  a  50% X v a r i a t i o n  w i l l  produce a  r e s u l t a n t  t empera tu re  v a r i a t i o n  

< 40 C f o r  nominal waste  b u r i a l  d e n s i t i e s .  On t h e  b a s i s  of our  exper iments ,  we 

conc lude  t h a t  X i s  known t o  w i t h i n  about  50% f o r  r e g i o n s  composed predominate ly  

of h a l i t e ,  p o l y h a l i t e  and a n h y d r i t e .  The d a t a  i n  Fig. 5  s u p p o r t  t h e  c o n c l u s i o n  

t h a t  Xo f a l l s  i n  t h e  range 1.5-6 W/m-K f o r  a l l  samples measured which were com- 

posed l a r g e l y  of t h e s e  t h r e e  m i n e r a l s .  As i n  t h e  s p e c i f i c  h e a t  and expansion 

measurements, i t  would be d e s i r a b l e  t o  do more measurements of p o l y h a l i t e  and 

a n h y d r i t e  samples i f  any f u t u r e  exper imenta l  program i s  under taken.  
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DYNATECH 

Report On 

THE LINEAR THERMAL EXPANSION 

OF SALT AND ROCK CORE 

SPECIMENS 

Fifteen salt core specimens were submitted for analysis of the 

linear thermal expansion. The core specimens were cored from salt caverns 

in New Mexico in order to study the thennal properties necessary to 

model the caverns for storage of nuclear waste materials. 

The fifteen core samples were submitted as cylinders, thirteen of 

the cylinders were 108 nun diameter and two were 64 mm diameter. The 

specimens AEC and ERDA were 108 mm diameter and the specimens designated 

WIPP were 64 mm diameter. All specimens were approximately 250 mm long. 

From the submitted materials, specimens approximately 50 mm x 1 2  mrn 

x 12 mm were saw cut for' use as test samples. The samples were sealed 

in a desiccator with activated desiccant prior to test. 

Wperfitierital Procedure 

The initial length of the sample was accurately measured with a 

micrometer. The specimen was then instrumented in the quartz measuring 

head of a Netzsch Electronic Automatic Recording Dilatometer. The 

system was placed at the center zone of an environmental chamber and pro- 

grammed for temperature rise and equilibration points. During the entire 

experiment, the length and temperature of the specimens were recorded 

continuously, autographically. 
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The data was evaluated as follows: 

Where Te = thermal expansion 

AL = the total  change i n  length from 293k to each temperature 
point, T 

Lo = i n i t i a l  length a t  293k 

The results  for the samples tested are given i n  the following 

table. .. 
> 



TABLE 

THE LINEAR THERMAL EXPANSION OF 

SALT AND ROCK CORE SPECIMENS 

. . 
L i n e a r  Thermal Expansion h r e r a l l  C o e f f i c i e n t  

Of L i n e a r  
104 ALILO .-. - . Thermal Expansion 

Sample' R e f e r e n c e  293K 300K 400K 500K 600K 700K l ~ - ~ d e e K - ~  

1 2703.5-8 t o  2704.7-8. '. . . . . 0 2.6 44.3 85.9 127.6  ( 2 )  4 1 . 6  
- .  . . -.--*- -.,..- ,--".*," *,-*-,-.--.--- 

2 2055.3-8 t o  2056-8 
. . 

(1) 

3 ERDA 912840.7 t o  2841.45 ( 1  
. .- * .,... ". 

4 ERDA 911908 t o  1908.75 0 2 .5  46 .3  90.2 1 3 4 . 1  ( 2 )  43.7 

5 , '  ERDA 9/19.20.3:t0.1910.9 0 1 . 3  29.7 58.2 86.6  115 .1  28 .3  
c 

6 ERDA 911631.4 t o  1632 0 0 .4  20.9 41.5 62.0 82.6 20.3  

7 ERDA 9/1086.8  t o  1087.55 0 1 . 3  44.0 86.8 129.5  ( 2 )  42.2 

8 ERDA 911969.4 t o  1970.1  0 2 . 3  49.6 96 .8  144.1  (2) 46.9 

9 AEC 18MB13312001.9 t o  2002.7 0 1 . 5  27.2 52.8 78.5 104.2 25.6 

1 0  AEC 11811995.6 t o  1996.1  0 1.8 27.8 ( 2 )  (2)  (2)  26.0 

11 AEC 118/698 t o  698.5 0 2.0 30.8 (2) (21  (2) 28.8 
-- - _..- ... 

1 2  AEC 11811212.25 t o  1213.1  0 1 . 3  44.4 87.6 1 3 0 . 1  (2)  42.4 

1 3  AEC 11812062.6 t o  2063.2 0 2 .1  47.2 92.2 1 3 7 . 3  ( 2 )  44.7 
- ..-- - 

1 4  WIPP191616 t o  617 0 1.9 27.6 (2)  (2) ( 2 )  75.8 

1 5  ~ I P P 1 9 1 2 6 7 . 3 5  t o  268.35 0 0 . 1  12.7  25.6 38.4 51.2 1 2 . 6  
P -. --- 

(1) Samples s u i t a b l e  f o r  measurement c o u l d  n o t  b e  o b t a i n e d  from 
t h e  c o r e  material. 

(2) Sample decomposed. 
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THE THERMAL CONDUCTIVITY 

OF FIFTEEN SALT CORE SPECIMENS 

1. I n t r o d u c t i o n  

F i f t e e n  sa l t  c o r e  specimens were submit ted f o r  a n a l y s i s  of t h e  

thermal  conduc t iv i ty .  The core  specimens were cored from s a l t  caverns 

i n  New Mexico i n  o r d e r  t o  s tudy  t h e  thermal  p r o p e r t i e s  necessary  t o  

model t h e  caverns subsequent  t o  s t o r a g e  of nuc lea r  waste  m a t e r i a l s .  

2.  Sample Desc r ip t ion  and P r e p a r a t i o n  

The f i f t e e n  core  samples were submit ted a s  c y l i n d e r s ,  t h i r t e e n  

of t h e  c y l i n d e r s  were 108  mm diameter and two were 64 mm diameter .  

The specimens AEC and ERDA were 108 diameter  and the  specimens desig- 

n a t e d  WIPP were 64 mm d iameter .  A l l  specimens were approximately 

250 mm long.  

From the  108 mm diameter  m a t e r i a l ,  specimens 64 x 64 x 12 mu 

were prepared,  and from t h e  64 rnm diameter  m a t e r i a l ,  specimens 51  mm 

d iameter  were prepared.  F igures  1 and 2 show t h e  specimen 

conf igu ra t ions .  

Reference: SAD-15 January, 19 79 



NOTES : l 1  

1) Grooves across both faces I. 1 12*7 . , , ' 

." , ,. .''I 

0.51 x 0.51 mm 1. ? . .> 

Fig ,.l Specimen Configuration Cut From 108 m Diamaeter Cores '; 

. . , 

2) Specimens Flat and Parallel 
to 0.025 rnm 

Fig. 2 Specimen Configuration Cut From 64 mm Diameter Core. 

Reference: SAD-15 January, 1979 



The speciinens were prepared by f i r s t  c u t t i n g  s l i c e s  of t h e  core  

about  19 mm t h i c k  us ing  a meta l  bonded segmented diamond wheel. Then one 

s u r f a c e  w a s  made f l a t  w i t h  a f r e e  a b r a s i v e  l a p ,  dry. Both s u r f a c e s  were 

made f l a t  and p a r a l l e l  t o  t o l e r a n c e  us ing  a smal l  v i t r i f i e d  s tone  wheel , 

s u r f a c e  g r i n d e r .  The edges of t h e  specimen were then prepared by s l i c i n g  

us ing  a r e s i n  bonded c a r b i d e  wheel and then  a s t o n e  wheel. The p repa ra t ion  

e f f i c i e n c y  w a s  approximately 80% which was considered e x c e l l e n t  cons ider ing  

t h e  n a t u r e  of t h e  samples. 

The prepared  samples were s t o r e d  wti l  t e s t  i n  a d e s i c c a t o r  con- 

t a i n i n g  a c t i v a t e d  CaC12 a s  a des i ccan t .  

3 .  Measurement Theory 

The method of measurement chosen was the  f l a t . s l a b  comparative 

technique.  From,Four ie r t s  hea t  conduction equat ion  t h e  fo l lowing  equat ion  

i s  ob ta ined .  

where A r thermai  conduc t iv i ty  

q = h c a t  f low o r  encrgy t r a n s f e r  PCP t i m e  

A = c r o s s  s e c t i o n a l  a r e a  through which t h e  energy flows 

x = t h i ckness  across which energy flows 

AT = temperature d i f f e r e n c e  c r e a t e d  by energy flow a c r o s s  

d i s t a n c e  x t 

I f  two m a t e r i a l s  having t h e  Sam& c r o s s  s e c t i o n a l  a r e a  a r e  s tacked  

t o g e t h e r  have a temperature g r a d i e n t  e s t a b l i s h e d  through them a t  equ i l i b r ium 

and have r a d i a l  h e a t  l o s s  prevented by a system of guarding, then t h e  h e a t  

f l u x ,  t h e  q / ~ ,  through each of them must be  the  same. This  arrangement i s  

shown i n  t h e s t a c k  diagram of  F igure  3 . '  

Reference: SAW15 January,  19 79 



Fig. 3 Stack Diagram 
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Reference: SAW15 . . January, 1979 
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and 

I n  p r a c t i c e  t h e  comparative technique sandwiches t h e  unknown speci-  

men between two r e f e r e n c e  m a t e r i a l s  of known thermal conduc t iv i ty  then  one 

r e f e r e n c e  measures t h e  h e a t  f l u x  i n t o  t h e  specimen and t h e  o t h e r  measures 

t h e  h e a t  f l u x  o u t  of t h e  specimen - t h e  h e a t  f l u x  from t h e  two r e fe rences  

are averaged t o  o b t a i n  t h e  average  h e a t  f l u x  through t h e  specimen. 

The equa t ion  used t o  c a l c u l a t e  t h e  thermal  c o n d u c t i v i t i e s  i s  

where h = thermal  conduc t iv i ty  

x = d i s t a n c e  o r  ' th ickness  a c r o s s  which temperature i s  measured 

AT = t empera ture  dif fer,'ence a c r o s s  d i s  tatlce' x 

s = sample parameters  

R = r e f e r e n c e  pa rame te r s ' ,  

r = r e f e r ~ n c e  parameters 

The t h r e e  f a c t o r s  which c o n t r o l  the  accuracy of t h e  comparative 

method t o  t h e  g r e a t e s t  degree  a r e  t h e  temperature guarding,  t h e  con tac t  

r e s i s t a n c e  between t h e  sample and r e fe rences  and t h e  match of t h e  thermal 

c o n d u c t i v i t y  of t h e  r e f e r e n c e s  and sample. 

The temperature guarding i s  c r e a t e d  by a three-mode furnace  which 

uses  t h r e e  s e p a r a t e  h e a t e r  windings and t h r e e  s e p a r a t e  sensors ,which  c o n t r o l  

t h e  o p e r a t i o n  of e l e c t r o n i c  temperature c o n t r o l s .  Using t h i s  guarding 

technique ,  a c l o s e  match is  p d s s i b l e  between t h e  s t a c k  temperature g r a d i e n t  

and t h e  guard temperature gradient , .  I n  a d d i t i o n ,  t h e  i n t e r s p a c e  between t h e  

s t a c k  and guard i s  f i l l e d  w i t h  a low thermal conduc t iv i ty  i n s u l a t i n g  powder. 



The contact res is tance between the sample and references i s  controlled 

i n  two ways. F i r s t ,  a close machine tolerance is  required of the  sample and 

reference surfaces. A surface paral le lness  of 0.025 mm and a surface f i n i s h  

05 3 x lov4 m is  required i f  possible. Second, the s tack is loaded hydraulic- 

a l l y  to  fur ther  reduce the  contact resistances.  

The two references which were used were Pyrex 7740 and Pyroceram 

9606. These referepces closely matched the sample thermal conductivit ies.  

The thermal coaductivit ies versus temperature f o r  these materials is shown i n  

Figures 4 and 5. 





4. Experimental Procedure 

The sample was removed from the dry  d e s i c c a t o r  j u s t  p r i o r  t o  test. 

The dimension of t h e  samples were measured t o  t h e  n e a r e s t  0.01 mm and t h e  

sample weighed t o  t h e  n e a r e s t  0.01 g. Temperature s e n s o r s ,  Type K chrome11 

Alumel therniocouples, were then  cemented"int0 t h e  grooves us ing  a ceramic 

cement. The sample was then p laced  i n t o  t h e  test appa ra tu s  between t h e  

a p p r o p r i a t e  r e f e r ences ,  Py rex .7740 'o r  Pyroceram 9606. The h e a t e r s  were 

ad jus t ed  t o  e s t a b l i s h  a 20K temperature  d i f f e r e n c e  a c r o s s  t h e  specimen and a 

mean temperature  of 300K +5K. Equi l ib r ium cond i t i ons  were e s t a b l i s h e d  u s u a l l y  - .. . 
w i t h i n  one hour and d a t a  taken u n t i l  c a l c u l a t i o n s  of t h e  thermal conduc t iv i t y  

over  a pe r iod  of one hour d i d  n o t  vary  by more . than  1%. Prom i n s e r t i o ~  i n  

t h e  s t a c k  t o  f i n a l  equ i l i b r ium requ i r ed  approximately 3 hours.  Once equi- 

l i b r i u m  was e s t a b l i s h e d ,  t h e  h e a t e r s  were r a i s e d  t o  400K i n d ' t h e  procedure 
. . 

r epea t ed  u n t i l  t h e  last temperature ,  700K was reached. 

5. Data Reduction 

The d a t a  was reduced by computer and Data was t hen  taken  a t  

300, 400, 500, 600 and 700K from t h e  smooth p l o t  and t a b u l a t e d  a s  g iven  i n  

t he  fol lowing t a b l e .  
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Table  

THE THERMAL CONDUCTIVITY OF 

FIFTEEN SALT CORE SAMPLES 

* 
Data e x t r a p o l a t e d  because samples d i s i n t e g r a t e d  b e f o r e  t empera ture  was reached. 

I 
I b 
I I ens;" 
! Sample Reference !kgm 

Thermal Conduc t iv i ty  

w m-lK-l  

i 
j 1 A  2703.5-8 t o  2704.7-8 
I 1 1B 2703.5-8 t o  2704.7-8 

1 2 2055.3-0 tu 2056-0 

I 3 ERDA 912840.7 t o  2841.45 

300K 

5 .1  

5 .3  

5.2 

4.7 .- 

4.8 

1 .45  

4 .8  

5 . 3  

5 .0  

3 .0 

4.7 

1 .95  

4 .1  

4.9 

0.50 

2.6 

2170 

2190 

2070 

2910 

4 ERDA 914908 t o  1908.75 .2210 

400K 

3.6 

3 . 8  

3.8 

3.6 

3 .5  

1 .15 

3.9 

3.8 

3.6 

1 .9.5 

3 .3  

.90 

2.8 

3 . 6  

0.49 

2.2 

1 5 ERDA 9/1910.3 t o  1910.9 

i 
6 ERDA 911631.4 t o  1632 

500K 

2.8 

3.0 

3 . 1  

3.0 

2.6 

0.95 

3.2 

2.8 

2.9 

1 .4  

2.7 

.50 

2.2 

2'. 9 

0.48 

1 .9  

600K 

2.2 

2.6 

2.5 

2.7* 

1 .95  

0.85 

2.6 

2.2 

2.8 

1 .15  

2.5 

.43  

1 .8  

2 . 5  

' 0.48 

1 .7  

2580 

2870 

700K 
I 

1 .6  

2.2 

2.0 , 
I 

2;4* 1 
1.65 1 
0.75 1 

! 2.3 i * 
1.6 

2.7 * 1 

0.95 
A 

2.5 

.40 1 
1 . 5  

1.1 i 
0.47 

1 .6  I 
I 

7 ERDA 911086.8 t o  1087.55 !2120 

8 E R ~ A  911969.4 t o  1970.1 

9 AEC i / 8 ~ ~ 1 3 3 / 2 0 0 1 . 9  t o  2002.7 

1 0  AEC il811995.6 t o  1996.1 

11 AEC /I81698 t o  698.5 

12 AEC ib l1212 .25  t o  1213 .1  

1 3  AEC i / 8 / f o b ~ . ~  KU 2063.2 

1 4  WIPP191616 t o  617 

1 5  WIPP191267.35 t o  268.35 

2100 

2770 

2150 

2300 

2040 

2080 

2 300 

2550 
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Mr. Jim McCreight 
Sandia Laboratories 
Albuquerque, NM 87115 

Your Reference: Contract No. 13-0164 .. ... 
Our Reference: SAD-15 ..,%. ...-. _. .I . . . . . . . . - . 

' I' : '. 
,.. . 

Dear Jim: 

.<,, ., 
The following table serves as the instrument calibration and 

verification for the salt core thermal conductivity measurement program. . " . ~. 

. .. , . .  
Most of the samples were similar in thermal conductivity to Pyroceram . .  .-a 

. ,  ,. 
5' : 5 .  

9606, thus, Pyroceram 9606 was measured against Pyrex 7740. The follow- . -%. . . ..-. 
'. ii-. 
". . 2:,, -... .. ". 

ing table indicates the actual measured thermal conductivity and the'thermal , ,  . . . >.> 

'conductivity as traceable to "Thermal Conductivity of Selected Materials", 

Powell et al,, National standard Reference Data Seires - National Burea.u 
of ~ t a n . d ~ . r d . s  - 8, 25 November 1966. 



Table 

Lf you have any questions, please do not hesitate to.cal1. 

Sincerely, 

Stewart C. Spinney, Manager 
Thermophysical Properties Testing 



DYNATECH R/D COMPANY TEL. 617-868-8050 
99 ERIE STREET CAMBRIDGE, MA 02139 USA 

August 6 ,  1979 

M r .  J i m  McCreight ' 

Sandia Labora tor ies  
Albuquerque, New Mexico 87115 

Your Reference: Contract  No. 13-0164 
Our Reference: SAD-15 

Dear J i m :  

Enclosed you w i l l  f i n d  two cop ie s  of our  r e p o r t  on the  l i n e a r  
thermal expansion of t h e  s a l t  and rock co re  specimens. .The  fo l lowing  
t a b l e  g ives  t h e  thermal conduc t iv i ty  d a t a  on t h e  l a s t  s a l t  sample which 
you submitted, des igna ted  NaC1. 

This  completes t h e  program. I look forward t o  d i scuss ing  t h e s e  
r e s u l t s  w i th  you t h i s  fa l1 ,when I v i s i t  t o  d i s c u s s  t h e  Comparative 
Instrument.  

4 

Since re ly ,  

Stewart C .  Spinney 
Manager 
Thennophysical P r o p e r t i e s  Tes t ing  

Sample Reference 

16 S a l t  NaCl 

SCS: t a b  
Enclosures 

- 
Densi ty 

kgm'3 

1,990 

Thermal Conduct ivi ty  

wm-I K'-' 
3C0K 

4.6 .- 

400K 

3.1 
-. I 

500K 

2.4 

600K 

1 . 9  

TOOK 

1.5 
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