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SHALE: MEASUREMENT OF THERMAL PROPERTIES 

T. M. Gilliam 
1. L. Morgan 

ABSTRACT 

Thermal conductivity and heat capacity measurements 
were made on samples of Devonian shale, Pierre shale, 
and oil shale from the Green River Formation. In 
addition, thermal expansion measurements were made on 
selected samples of Devonian shale. Measurements were 
obtained over the temperature range of ambient to 473  K. 
Average values f o r  thermal conductivity and heat 
capacity for the samples  studied were within two standard 
deviations of all data over this temperature range. 

1. INTRODUCTION 

The Sedimentary Rock Program (SERP) at Oak Ridge National Laboratory 

(ORNL) is characterizing a series of argillaceous rocks to assess the 

potential for using such rocks as a geologic repository for radioactive 

waste disposal. One of the parameters being studied involves thermal 

properties, and this report represents an initial review of the methods 

used in making thermal measurements and the data that have been obtained 

on a series of representative samples of  shale-rich strata. 

In an effort t o  obtain data that represent the broad spectrum of 

rocks that can be termed *'shale," the SERP has selected a variety of 

shale-rich rocks that are representative of the different compositional. 

extremes found f o r  shales. These include Devonian shale, Pierre shale, 

oil shale from the Green River Formation, and TJower Paleozoic shale 

(Conasauga Group shale). Samples used in this study were from Devonian 

shale, Pierre shale, and o i l  shale from the Green River Formation. 

1 
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i n  a s s e s s i n g  t h e  s u i t a b i l i t y  o f  a s i t e  f o r  long-term d i s p o s a l  of 

was te ,  such  as i n  a r e p o s i t o r y ,  s t a b i l i t y  i s  a major i s s u e .  For 

h l g h - l e v e l  W R S ~ ~ ,  one 01 the  c h a r a c t e r i s t i c s  t h a t  may a f f e c t  s t a b i l i t y  i s  

h e a t  g e n e r a t i o n  s i n c e  t h e  r e s u l t i n g  thermal  s tyesses  have t h e  p o t e n t i a l  of 

opening m i g r a t i o n  pathways o r  a l t e r i n g  e x i s t i n g  pathways. For  an 

a s ses smen t  of t h i s  p o t e n t i a l ,  d a t a  on t h r e e  the rma l  c h a r a c t e r i s t i c s  are 

needed: thermal  c o n d u c t i v i t y ,  h e a t  c a p a c i t y  ( o r  thcrmdl  d i f f u s i v i t y ) ,  and 

the rma l  expansion.  Th i s  r e p o r t  a d d r e s s e s  t h e s e  c'naracterisr i c s  over t h e  

t e m p e r a t u r e  raiige of ambient t o  4 7 3  K. 

2. KEPOR'rRI) THERMAL CHAl7ACTERIZATION S'TUIIIES OF SHALF: 

Pub l i shed  d a t a  on t h e  the rma l  p r o p e r t i e s  of shale are l i m i t e d  i n  

number. Most of the i d e n t i f i e d  s t u d i e s l - l 4  have been focused on thermal  

c o n d u c t i v i t y .  The r e p o r t e d  i n d i c a t e  that. t h e  thermal  

c o n d u c t i v i t y  of most s h a l e s  a t  ambient c o n d i t i o n s  i s  w i t h i n  t h e  range of 

0.5 t o  2.2 W/m.K. I n d i v i d u a l  r e s e a r c h e r s  have concl.uded t h a t  v a r i a b l e s  

t ha t  a f f e c t  t he rma l  c o n d u c c i v i t y  a re  dependent on t h e  p a r t i c u l a r  s h a l e  

samples s t u d i e d .  No s y s t e m a t i c  s t u d y  has been found which a d d r e s s e s  

v a r i a b l e s  a f f e c t i n g  the thermal  c h a r a c t e r i s t i c s  of s e v e r a l  s h a l e  types.  

However: a review o f  a l l  s t u d i e ~ ~ ' - ~ ~  g i v e s  gu idance  f o r  t h i s  s t u d y  by 

p r o v i d i n g  a l i s t  o f  v a r i a b l e s  of p o t e n t i a l  i n t e r e s t .  These i n c l u d e  

compos i t ion ,  t e m p e r a t u r e ,  p o r o s i t y ,  p r e s s u r e ,  and a n i s o t r o p y .  

2.1 EFFECTS OF COMFOSLTION 

Thermal c o n d u c t i v i t y  d a t a  on a v a r i e t y  o f  g e o l o g i c  media i n d i c a t e  a 

dependence C I ~  composi t ion.  l 3 - I 5  

dependeace of t he rma l  c o n d u c t i v i t y  on water c o n t e n t ,  l 4  c l a y  conten t ,  l2 

F i s h e r  assay of t h e  s h a l e  ( i n  g a l l o n s  p e r  t o n )  , 2 7  

c o n t e n t .  * 
o f  t he rma l  co r iduc t iv i ty  d i f f i c u l t .  

arid summarized as follows by Dell'Amico, C a p t a i n ,  and Chansky: 

Research on s h a l e  has  demonstrated a 

and i n o r g a n i c  m i n e r a l  

However , t h e  h e t e r o g e n e i t y  of n a t u r a l  material  makes p r e d i c t i o n  

4 s  r e p o r t e d  by B i rch  and Clark16 

1. The c o n d u c t j v i t i e s  of many of t h e  c o n s t i t u e n t  m i n e r a l s  
are  not  a c c u r a t e l y  known, 
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2. In geologic media, these constituents usually do not 
occur as discrete, utlflawed crystals. 

3.  The resistances are not always exclusively in series 
or in parallel but very often are in some combination 
of these or in a completely random pattern. 

The impact of this heterogeneity Is tllustrated by Birch and Clark,16 who 

have reported differences in thermal conductivities as high as 50% between 

adjacent samples of coarse-ground rock cut 1 cm apart. It should be ncted 

that, although the authors presumed that the differences were due to 

variations in composition, supporting evidence was n o t  given. 

Correlations between thermal conductivity and composition have 

historically been empirical and need to be based on a large number of 

data. 

Diment and Robertson8 reported a relationship between thermal 

conductivity and composition of shale from the Conasauga Group as 

where X is thermal conductivity (in watts per meter kelvin) and R lis the 

weight percent of shale that is insoluble in dilute hydrochloric acid. 

Tihen, Carpenter, and Sohn3 have reported the relationship between 

thermal conductivity and composition of oil shales from the Green River 

Formation which assay between 0.04 and 0.24 E/kg as 

where 

A =, thermal conductivity, W/m*K; 

Cl<, = constants; 

F = Fisher assay of the shale, L/kg; 

T = temperature, K. 

Significantly, this equation indicates that the effects of composition and 

temperature are interrelated for some shales. 
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2.2 EFFECTS OF TEXPEMTUKE 

T h e r m a l  c o n d u c t i v i t y  ineasurernents on geologic .  media have i n d i c a t e d  a 

dependence OR t empera tu re . l*  9 l 6  9 l 7  

c o n d u c r l v i t y  of o i l  s h a l e s  from t h e  Green River  Formation i s  r e p o r t e d  t o  

he a f u u c t i o n  of T2. I n  some cases, t h i s  dependence r e s u l t e d  i n  n 50% 

d e c r e a s e  i n  t he rma l  c o n d u c t i v i t y  r a t  653 K compared wi th  t h a t  a t  353 K. 

On t h e  o t h e r  hand, Dell'Arnico, Capta in ,  and Chanskyl have r e p o r t e d  t h a t ,  

f o r  shales from the  Conasauga Group a t  te rnpcra tures  below 373 K, thermal 

c o n d u c t i v i t y  is independent  of t empera tu re ,  as shown i n  Table 1. 

A s  i n d i c a t e d  p r e v t o u s l y ,  t he rma l  

The d i f f e r e n c e s  i n  t h e  s t r e n g t h  of t h e  r e l a t i o n s h i p  between thermal 

c o n d u c t i v i t y  and t empera tu re  for the  t w o  s h a l e  t y p e s  nay be due T O  

compos i t iona l  d i f f e r e n c e s ,  as i i i d i ca t ed  by the empirical equatlon 

p r e s e n t e d  by Tihen ,  Ca rpen te r ,  and Sohn. However, d i f f e r e n c e s  i n  the 

poros - i r i e s  of the samples  may a l s o  have c o n t r i b u t e d  t o  t h e  d i f f e r e n c e s .  

Tab le  1. Thermal c o n d u c t i v i t y  of s h a l e  f cc)m t h e  Conasauga 
Group as a fr lnct ion of t empera tu re  below 373 Ka 

Temperature  Thermal c o n d u c t i v i t y  

( K )  (W/m *K)  
-.. - l*_l___ 

301.3 1.33 

302.7 1.32 

339.9 1.39 

360.7 1.31 

r p p o r t e d  by Del l 'hmico ,  Cap ta in ,  and Chansky.l 

2.3 EFFECTS OF POROSITY 

F a r  porous media, thermal  c o n d u c t i v i t y  is a s t r o n g  f u n c t t o n  of 

p o r o s i t y  and t h e  f l u i d  con ta ined  i n  the vo ids .  Numerous e m p i r i c a l  models 

have been developed wh-ich re la te  thermal c o n d u c t l v i t y  and p s r o s t t y .  

P o r o s i t y  may be a significant v a r i a b l e  a f f e c t i n g  thermal  c o n d u c t i v i t y ,  

w i t h  some shales having  p o r o s i t i e s  as high as 50%.lg 
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Dell'Amico, Captain, and Chanskyl and Robertson14 have shown, 

respectively, that thermal conductivities of water-saturated shale samples 

(at ambient temperature) were 3% and 50% higher than vacuum-dried samples. 

Shale samples from the Conasauga Group which were studied by Dell'hico, 

Captain, and Chanskyl had an average porosity of 1.45% (as determined by 

water uptake of vacuum-dried samples). Presumably, this low porosity, and 

hence the small amount of fluid conteined in the samples, accounted for 

the negligible change in thermal conductivity for water-saturated vs 

vaeuum-dried samples and may have contributed to the lack of sensitivity 

to temperature (Sect. 2.2). 

2.4 EFFECTS OF PRESSURE 

The thermal conductivity of geologic media may vary as a function Bf 

confining pressuree20 The effects of pressure may range from relatively 

insignificant changes in thermal conductivity of ( 3 %  to 25% at pressures 

of 100 MPa, depending on the type of material befng studied.20,21 

change in thermal conductivity is attributed to closbr intragranular 

contact due to compression of the sample. However, the nagndtude of this 

effect should depend somewhat on the composition and compressibility of 

the fluid contained in the voids. 

The 

Evidence that pressure has little effect QLI thermal conductivity of 

shales with low porosity is given by Dell'hico, Captain, and Chansky.l 

For a shale from the Conasauga Group with im average porosity of 1.45%, 

thermal conductivity at ambient temperature increased 2.1% at 10 MPa over 

that obtained a t  2.5 MPa. 

2.5 EFFECTS OF ANISOTROPY 

A l l  researchers have reported significant differences between thermal 

conductivity corresponding to heat flow in a direction perpendicular t o  

the shale bedding plane and that corresponding t o  heat flow in a direction 

parallel. t o  the stratigraphic planes. I n  general, thermal 

conductivities parallel t o  the bedding planes are higher than those 

obtained perpendicular to the beddlng planes. For shale from the 

Conasauga Group, Dell' Amico, Captain, and Chansky reported that thermal 



conductivity values parallel to the bedding plane were 30% higher than 

those obtained perpendicular to the bedding plane; while Nottenburg 

et reported that  the increase exhibited by oil shales from the Green 

River Formation was -50%. 

2.6 HEAT CAPACITY 

The literature search did not reveal an independent determination Of 

shale heat capacity. 

thermal diffusivity values  for oil shales from the Green River Formation 

However, Tihen, Carpenter, and Sohn3 reported 

and found t 

where 

a =  
0 -  

A =  

Q =  

Y = =  
R =  

t =  

hat the data can be represented by 

R* 
4t ’ + y -+ I n  - In(a) = - 

Q 

thermal diffusivity, 

temperature rise, 

thermal conductivity, 

heat 1 nput , 
Euler’s constant, 

distance from line heat source, 

time. 

Note that thermal diffusivity is equal to 

( 3 )  

where p is density and Cp is specific heat. Although not explicitly 

stated, presumably the presence of thermal conductivity on the right-hand 

side of Eq .  ( 3 )  indicates a relationship with Fisher assay as well [as in 

Eq.(2) 1. 
Conductivity may affect heat capacity as well. 

Furthermore, it provides evidence that variables that affect 

2.7 (33IDANCE FOR PRESENT STUDY 

Previously reported data have indicated that composition, 

temperature,  porosity, pressure, and anisotropy should he considered in a 
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shale therma? characterization study (Sects. 2.1 t o  2.6). No study has 

been found which addresses all of these varEables f o r  several shale types. 

Consequently, comparisons and explanations of differences in thermal 

characteristics are somewhat speculative. For this reason, little 

comparison will be made between data generated I-n the study presented 

here and the previously reported valves, except in a general sense (e.g., 

order-of-magnitude comparison), 

A systematic study that addressed all of these identified var-lab1e.s 

would require an extensive effort. Significantly, the data discussed in 

Sects. 2.1 to 2.6 give some indication that if porosity, water content, 

and pressure are major varjlables of concern, then this will be reflected 

in a pronounced relationship between thermal conductivity and temperature, 

Consequently, the study presented here was concentrated on obtaining 

thermal conductivity data as a function of temperature. 

3. DESCRIPTION OF SHATAES TESTED 

Experiments were performed on samples of Devonian s h a h  from 

Kentucky, Pierre shale from Nebraska, and oil shale from the Green River 

Formation in Colorado. Measurements of thermal conductlvity and heat 

capacity were made over the temperature range o f  ambient t o  473 K €or all 

samples. In addition, thermal expansion measurements were made on 

selected Devonian shale samples over the same temperature range. 

3,l DEVONIAN SHALE SAMPLES 

Samples were obtained under the Eastern Gas Shale Program (EGSP) and 

supplied by the Morgantown Energy Technology Center, Morgantmm, West 

Virginia, The samples originated from a drill site in Kowan County, 

Kentucky, referred to as the EGSP Kentucky No. 5 Well (hereafter the 

samples will be referred to in the same manner). The shale is Devonian in 

age and consist8 o f  the following formations: Cleveland, Chagrin, Upper 

Huron, Middle Huron, and Lower Huron. The samples came from six depth 

intervals and are described by C l i f f  Minerals, Inc.,2P as follows: 
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I n t e r v a l  D e s c r i p t l o n  

Mudstone and s i l t y  mudstone, g ray  g r a d i n g  
downward t o  g r a y i s h  b l ack  and then  back t o  
g r a y  a g a i n  ( N 3 ,  N 2 ,  N3), t h i n l y  lamina ted  t o  
t h i c k l y  bedded. A band of p y r i t e  about  0.1 
f e e t  t h t ck  o c c u r s  a t  450.0'. J u s t  below 
t h a t  a t  450.1', 2 smal l  brown l e n s e s  (5YR 
4/1) are p r e s e n t .  P y r i t e  nodules  occur  
throughout  t h e  i n t e r v a l .  A t  451.4' a nodule  
of b rom sands tone  w t t h  a c e n t e r  of p y r l t e  
i s  p r e s e n t .  A 1 /2  i n c h  t h i c k  lamina of 
p y r i t e  occur s  at 453.3 ' ,  a 1 crn t h i c k  l e n s  
o f  p y r i t e  a t  455.2' .  The i n t e r v a l  is 
noncalcareous .  The i n t e r v a l  was sampled a t  
453'7 1 /3"  and 456'11". 

450.0'-460.0' 
(10 .0 ' )  

507.0'-515.0' 
(8.0 ')  

515.0'-533.0' 
(18.0') 

534.0'-543.0' 
(9.0') 

Mudstone and s i l t y  mudstone, d a r k  g r a y  ( N 3 ) ,  
t h i n l y  lamina ted  t o  t h t c k l y  bedded. Tlny 
laminae (<1 m t h i c k )  of c a l c a r e o u s  material 
occur  around 508 ' .  P y r f t e  b l e b s  are p r e s e n t  
a t  509' and 509.3'. Carbonaceous f o s s i l s  
occur  a t  509.2'. Carbonaceous f o s s i l s  and 
p y r i t e  nodules  occur  a t  512 '  w i t h  more 
p y r € t e  nodules  a t  513.6'. A t h i n  lamina,  
about  5 mm t h i c k ,  of l i g h t  g ray  (N7) 
c a l c a r e o u s  sands tone  i s  p r e s e n t  a t  513.9'. 
The i n t e r v a l  w a s  sampled a t  512'5"". 

Mudstone and s i l t y  mudstone, d a r k  g r a y  (N3) 
t o  g r a y i s h  b l ack  (N2),  t h i c k l y  l a r d n a t e d .  
The e n t i r e  i n t e r v a l  of core has  t h e  s c r i b e  
marks shaved o f f .  It i s  also contaminated 
wFtk fore$.gn o i l  p roducts .  Much of t h e  
1 f t h Q l Q g y  i s  obscured by t h e  o i l i n e s s .  The 
i n t e r v a l  w a s  sampled a t  5 1 7 '  1 1/2'",  521' 
3 l 4 " ,  5 2 7 q  4 3 / 4 "  and 532 '  4 1/2 ' * .  A 0.1 
feet t h i c k  lamina of c a l c a r e o u s  sands tone  i s  
p r e s e n t  a t  418.6' and a 0.15 f o o t  t h i c k  bed 
af i t  a t  525.5'. Three small laminae of 
p y r i t e  5 mrn, 3 mm and 1 m, r e s p e c t i v e l y ,  
occu r  a t  523.9' .  The l i g h t e r  g r a y  (N3) 
becomes nare predominant toward t h e  Lower 
p a r t  of the  . i n t e rva l .  P y r i t e  nodules  are 
present  throughout .  

Mudstone arid s i l t y  mudstone, o l i v e  g r a y  (5Y 
3 / 2 ) ,  dark g r e e n i s h  gray  (5GY 3 / 2 )  and o l ive  
b lack  (5Y 2 / 1 ) ,  t h i n l y  lamina ted  t o  t h i n  
bedded. Yyri te  nodules  are p r e s e n t  
throughout  t h e  i n t e r v a l .  One t h i n  lamina of 
ca l c i t e  cemented c a l c a r e o u s  sand is  p r e s e n t  
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574.0'-581.0' 
(7.0') 

610~0'-620.0' 
(10.0') 

at 532.7'. A carbonaceous fragment occurs 
at 537'. Resinous spore bodies at 538.6'. 
The interval was sampled at 535'4". 

Mudstone and silty mudstone, dark gray (N3), 
olive black (5Y 2/1) and greenish gray (5GY 
6/1), thinly laminated to thick bedded. The 
greenish gray mudstone is present as 2 thick 
beds at 580' and 581.1'. The gamma ray log 
shows a drop in gamma ray count from 570' to 
590'" Pyrite is present as disseminated 
grains  and as nodules throughout the 
interval. The interval was sampled at 
575'4" and 580'6 1 / 4 " .  

Mudstone and silty mudstolie, gray-ish black 
(N2), dark gray (N3), dark greenish gray 
(5GY 4/1), and alive black (5Y 2/1), thinly 
laminated to thick bedded. A +foot long 
vertical fracture occurs at 611'. The solid 
gray black of the preceeding intervals 
changes to greenish gray with dark bands at 
613.1'. The interval is strongly 
bioturbated and the color banding varies 
from (1 m a  t o  6".  Pyrite occurs as 
disseminations, nodules and lenses. The 
interval is noncalcareous and contains few 
fossils. 

3 . 2  PIERRE SHALE SAMPLES 

The samples supplied by the U.S. Army Corps of Engineers were taken 

from the Mobridge Formation, drill hole 84-20 (sample U-6) at a depth of 

45.1 to 49.1 m (148 to 161 ft),23 

"claystone, thick-bedded to medium-bedded, nonfissile, slightly to 

moderately calcareous, moist, medium gray with slight olive tinge, soft to 

medium hard, dense, solid, slakes very slowly on exposure, nonweathered, 

with many fine white calcareous particles RQD: 

The samples are described as 

90%."23  

3 . 3  GREEN RIVER FORMATION SHALE SAMPLES 

The samples taken from t h e  Colony Mine near Parachute, Colorado, were 

suitable f o r  two thermal conductivity determinations and one heat capacity 

measurement. The samples are described as "highly indurated, brittle , and 
contafn less than 1% water by weight. Contain -50% carbonate (calcite, 
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dolomite, and siderfte), -31% quartz, plagioclase feldspar and -d+X illitic 

c I.ay. **  2 4 

4 I, EXPERIMENTAJ.., PROCEDURE 

The equipment used for this study included a differential scanning 

calorimeter, a push-rod dilatometer, and comparative thermal 

conductivity equipment. This equipment represents well.-established, 

accepted thermal measurement techniques, with accuracy comparable- to that 

oE more expensive "high-precision" techniques (Appendix A). 

4 1 THERMAL CONDUCTIVITY 

The thermal conductivity of a shale sample was determined using a 

13ynatech Corporatton Model TCPM-N20 comparative thermal conductivity 

analyzer in conjunction with a Mewlett-Packard Model 3052A automatic 

data acquisition and control system (Pig. 1) t o  facilitate consecutive 

measurements over an extended time period (>8 h). 

The shale samples were cut and machined from a 0.05-m-diam cocc 

(Fig. 2). After cutting to rough dimensions, the samples were ground 

until the top and bottom surfaces were flat and parallel to wfthin 

0.005 cm. A small groove was then cut in both sides of the sample t o  

allow the installation of a 38-gage9 type-K thermocouple, which was 

cemented in place just below the surface of the sample us ing  Saureisen 

Insa-lute Hi-Temp Cement paste, After placement of thc thermocouple, the 

surface was again machilied to remove any excess cement paste. 

The shale sample was then sandwiched between two materials of known 

thermal conductivity (in this case, Pyrex 7 7 4 0 ) ,  as illustrated in Fig. 3 .  

This stack was placed bet  een a top (main) and bottom (auxiliary) heating 

element. Contact between the components of the resulting stack was 

maintained u s i n g  a screw-tightened pressure pad l.ocated at the top of the 

stack. The entire stack was then enclosed i n  an annular guard heater, 

with t h e  free space remaining in the annulus S i l l e d  with loose vermieul . i t e  

to rnlnimlze thermal shunting from radial heat flow. 

The main and auxiliary heaters provided a temperature gradient across 

the  stack, while the guard heatera maintained temperatures similar to 
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, ORNL-PHOTO 6554-79 

Fig. 1. Thermal c o n d u c t i u f t y  analyzer .  
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ORNL DWG 86-198R2 

SAMPLE THICKNESS 
MIN. 0.30 cm 
M A X .  3.50 crn 

A ANQ 8 
AWE FOR READOUT 

L 0.05 m -" 

NOTE: TOP AND BQTTBM SURFAGES 
FLAT AND PARALLEL 
TO WITHIN 0.805 crn 

Fig .  2. Thermal conductivity sample configuration. 
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ORNL DWG 85-1235R 

A. 
0. 
C. 
D. 
E. 
F. 
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lNSIlL ATION H. SURFACE PLATE 
MAIN HEATER J. AUXILIARY HEATER 
SURFACE PLATE K. SPACER 

c). BOTTOM REFERENCE STANDARD 

.- - 
TOP REFERENCE STANDARD 
TEST SAMPLE 

Fig. 3. 

L. HEAT SINK 
NOS. 1, 2, 3, 4.5, 8 ,  a: 

Schematic of thermal conductivity 

THERMOCOUPLES 

analyzer.  
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t h o s e  of t h e  s t a c k .  This  arrangement minimized radial  h e a t  losses t o  

e n s u r e  u n i a x i a l  h e a t  f l o w  through t h e  s t a c k .  

During o p e r a t i o n ,  temperature r e a d i n g s  a t  thermocouple l o c a t i o n s  1 

through 6 (F ig .  3 )  were t aken  approximately every 3 min. Each t empera tu re  

r e a d i n g  was compared w i t h  tl-IE p r e v i o u s  two measurements. 

s u c c e s s i v e  r e a d i n g s  were w i t h i n  t h r e e - t c n t h s  of a degree a t  each o f  t h e  

s i x  thermocouples ,  t h e  s y s t e m  was assumed t o  be i n  e q u i l i b r i u m ,  and t h e  

When t h r e e  

thermal  c o n d u c t i v i t y  of t h e  s h a l e  samp1.e was c a l c u l a t e d  by 

bottom r e f e r e n c e  , 1 ( 5 )  

where 

X = therma? c o n d u c t i v i t y ,  W/ iu*K;  

AX = thickness of material, m; 

AT = t e m p e r a t u r e  drop,  K,  through a x t a l  l e n g t h  AX. 

A l s o  i n  E q .  ( 5 ) ,  

AT 7 'TI - T2 (Fig. 31, 
t o p  r e f e r e n c e  

AT = T5 -. T6 (F ig .  31, 
bottom rcferenc-e 

x = thermal  condiictl v i t y  of r e f e r e n c e  material a t  
t o p  reference ( T I  + T 2 ) / 2 ,  

x = thermal conduce Lvi ty  of r e f e r e n c e  material a t  
bottom r e f e r e n c e  ('r5 $- T~)/z, 

Ashale = thermal  c o n d u c t i v i t y  of t h e  s h a l e  a t  ( T 3  + Tq>/2. 

T h i s  t e c h n i q u e ,  i n  e f f e c t ,  u s e s  t h e  knowri t h e r m 1  conducLivi ty  of t h e  

reference material t o  ca l cu la t e  h e a t  f l u x .  From t h e  h e a t  f l u x ,  t h e  

the rma l  c o n d u c t i v i t y  of t h e  s h a l e  w a s  t h e n  calccnl a t e d .  
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Equipment calibration was performed monthly by running the equipment 

with Pyrex 7740 instead of the shale sample. 

compared with true values as determined by the National Bureau of 

Standards. A typical calibration curve is shown in Fig. 4. 

Measured values were then 

4.2 HEAT CAFACITY 

Heat capacity values of shale were determined with a DuPont Model 

1090 differential scanning calorimeter (DSC). 

O F  energy required t o  raise the temperature of a known weight of a 

standard reference material (in this case, sapphire) at a predetermined 

heatup ra te  to a predetermined temperaEure with the amount of energy 

required t o  raise the temperature of the shale under identical conditions. 

The procedure used involved establishing a baseline correction factor f o r  

the DSC by wing a standard reference material (sapphire). 

was placed in a sample pan of known mass anC heat capacity, which was then 

placed in the DSC. The DSC then heated the sample at a constant rate to 

the temperature of interest. The heat capacity of the reference was then 

calculated by using the equation 

,4 DSC compares the amount 

The sapphire 

dT dH 
at dt 

MCp - 3 - = :  

whe re 

dH/dt = rate of energy input to the system,, J /h ;  

M = mass of the sapphire, kg; 

Cp = calculated heat capacity of the sapphire, J/kg*K; 

dT/dt = rate of temperature rise of the sapphire, K/h. 

A correc t ion  factor, the heat capacity of the sample pan, must be 

considered and was determ€ned by the same procedure. 

The shale sample was then placed i n  the sample pan, which was crimp- 

sealed to prevent l o s s  of water. 

From these three procedures, a plot of dH/dt vs dT/dt was obtained 

(Fig. 5 ) ,  and the shale heat capacity at various temperatures was 

calculated by using the equation 
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Q 

1.06 d. 
243 323 

... 

0 
0 

URED Y 

s VALUES 

P i g .  4. T y p i c a l  calibration v e r i f i c a t i o n  curve  using Pyrex 7740 sample. 



17  

O R N L  D W G  8 5 - 1 2 3 2 1  
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- 2  

-4  

-6 

-8  SAPPHIRE - 
-10 

-12  
273 293 313 333 353 373 393 413 433 453 473 493 

TEMPERATURE (K) 

Fig .  5. Typical plot of dH/dt versus dT/dt  obtained froin the 
differential scanning calorimeter. 
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where 

Cy  = h e a t  capacirg of the s h a l e ,  J/kgeK; 

Cp' = measured h e a t  c a p a c i t y  of t h e  s h a l e ,  J/kg*K; 

Cpz  -- measured h e a t  capac i ty  of t h e  s a p p h i r e ,  J/kg*K; 

Cps = h e a t  c a p a c i t y  of t h e  s a p p h i r e ,  J /kgeK; 

M, = nass of s a p p h i r e ,  kg; 

M = mass of s1:31e, kg. 

4 3 LINEAR 'L'I-IEKMAL EXPANSION 

Thermal expansion measurements were made u s i n g  a NE'CZSCH Model 402E 

d i l a t . ome te r  i n t e r f a c e d  w i t h  a Hewkztt-Packard (H-P) Model 9816 d a t a  

a c q u i s i t i o n  system (I)AS). The r e f e r e n c e  inaterial used  f o r  calibration 

purposes  w.as Vacromium (a Deutsche I n d u s t r i a l  Noms s t a n d a r d  metal al.I.oy 

commonly used Ear the rma l  expansion measurement c a l i b r a t i o n s )  . The 

saillples were f a b r i c a t e d  ia t h e  shape of r i .ght-ci . rcular  c y l i n d e r s  1 . 3  cm 

i n  d i ame te r  and of v a r y i n g  l e n g t h s .  The specimen was placed i i l  an  alumina 

sample-holderlpush-rud dev ice .  The sample--kolder assembly was covered by 

a q u a r t z  g l a s s  tube t o  isol.ate thn  h e a t i n g  zone from a i r  c u r r e n t s .  A t u b e  

f u r n a c e  w a s  p l a c e d  over  the e n i i r e  sampl.e/push-rod assembly. As t h e  

sample o r  s t a n d a r d  expanded upon a p p l i c a t i o n  of h e a t ,  Che change of l e n g t h  

was determined by r e c o r d i n g  the  o u t p u t  volt:age of the l i n e a r  v a r i a b l e  

d i f f e r e n t i a l  t r a n s f o r m e r  (LVDT) u s i n g  tire W-P DAS. 

The DAS a l s o  determined t h e  cori-ectec! expansion numbers based on t h e  

raw d a t a  and measurements o b t a i n e d  from t h e  Vacronium r e f e r e n c e  material.. 

The c o r r e c t e d  expans ion  d a t a  were t h e n  exp.ressed as a pe rcen tage  of 

o r i g i n a l  l e n g t h  ( a t  298 K ) ,  as shown i n  Fig.  6. 

5. EXPF:RIMENTAL RESULTS 

The s i z e  of t h e  s a m p l e s  r e c e i v e d  d i d  n o t  permit cores t o  be o b t a i n e d  

p a r a l l e l  t o  the bedding p l anes .  Thus, a17 measurements were o b t a i n e d  on 
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Fig. 6 .  Typical  p l o t  of thermal expansion versus temperature 
obtained from push-rod dilatometer, 
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samples  perper :dicular  t o  tile s h a l e  bedding p l anes .  

p r e v i o u s l y  ( S e c t .  ? . 5 ) ,  thermal c o n d a c t i v i t i e s  of samples p e r p e n d i c u l a r  t o  

t h e  bedding p l a n e s  have been repor tcd  t o  be 30% t o  50% lower t h a n  v a l u e s  

o b t a i n e d  from samplcs  p a r a l l e l  t o  t h e  bedding p l anes .  

A s  d i s c u s s e d  

5.1 TI-IERMAL CONDUCTIVITY 

Data o b t a i n e d  f o r  thermal  c o n d u c t i v i t y  as a f u n c t i o n  o f  t empera tu re  

o v e r  t h e  range of ambient. t o  473 K f o r  a l l  saiiiples are shown i n  Appendix 

B. The magrritude o f  values o b t a i n e d  v a r i e d  from sample to sample,  but  t h e  

t r e n d s  e x h i b i t e d  by thermal  c o n d u c t i v i t y  as a f u n c t i o n  of t empera tu re  were 

c o n s i s t e n t :  among a l l  samples.  These t r e n d s  are t y p i c a l  of t h a t  shown i n  

F ig .  7 f o r  a sarnple.taken from a well d e p t h  of 176.8 m (580 f t )  i n  the 

EGSP Kentucky No. 5 Well. 

A s  shown i n  t h e  figt.ire, t h e  r e l a t i o n s h i p  between the rma l  c o n d u c t i v i t y  

and tenyeratare (below 473  K) exhibits three d i - s t i n c t  r e g i o n s .  F i r s t ,  

therriial c o n d u c t i v i t y  he reases  w i t h  i n c r e a s i n g  temperattire bel.ow 363 K. 

However, t h i s  t e m p e r a t u r e  dependence i s  weak, and, i n  g e n e r a l  a l l  samples 

e x h i b i t e d  less than  a 10% i n c r e a s e  i n  c o n d u c t i v i t y  over t h e  range of  

ambient to 363 K. The  second r e g i o n  o c c u r s  between 363 and 4 2 3  K. Over 

th-is t e m p e r a t u r e  r a n g e ,  there i s  a d e c r e a s e  in c o n d u c t i v i t y  which may be 

due t o  the l o s s  of Tree, adsorbed, or absorbed T h i s  d e c r e a s e  i n  

thermal c o n d i i c t i v i t y  ws not  as pronounced i n  t h e  t w o  samples of o i l  s h a l e  

from the Green R ive r  Formation. The absence of t h i s  magnitude of d e c r e a s e  

may be a t t r i b u t a b l e  t o  the rep0~1;ed low w a t e r  c o n t e n t  o f  t h e  o i l  s h a l e  

( S c c t .  3 . 3 ) .  The t h i r d  region is over t h e  t empera tu re  range of 423-473  K, 

where c o n d u c t i v i t y  i n c r e a s e s  w P t h  t empera tu re .  The r e l a t i o n s h i p  between 

c o n d u c t i v i t y  and t empera tu re  appea r s  t o  be more pronounced than  i n  t h e  

f i r s t  reg io i i ,  w i t h  c o n d u c t i v i t y  g e n e r a l l y  i n c r e a s i n g  20%. A f t e r  one 

experiment, a s i n g l e  EGSP Kentucky N o .  5 Well sample w a s  al lowed t o  c o o l  

t o  ambient t empera tu re ,  and t h e  procedure w a s  r e p e a t e d .  Because of water 

sorbed from t h e  surrournding environment d u r i n g  c o o l i n g ,  t h e  shape of t h e  

r e s u l t i n g  conduc t iv i ty -vs - t smpgra tv re  cu rve  w a s  s i m i l a r  to t h a t  shown i n  

P ig .  7 .  S i g n i f i c a n t l y ,  the c o n d u c t i v i t y  v a l u e s  o b t a i n e d  i n  t h e  second 



2 1  

ORNL D W G  8 5 - 1 2 2 4  

7 5  325 3 7 5  425  415 Si25 
YEMPERAPURE (K) 

1.20 

h 

Y 
1.10 z 

v 

L3 
2 g 0.90 
-4 
4 
I a 

0.80 
c 

0.70 
2 

Fig. 7. Thermal c o n d u c t i v i t y  as a f u n c t i o n  of t empera tu re  f o r  shale 
from 176.8 m (EGSP Kentucky No. 5 Well). 
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experiment  were 10% t o  1 5 %  lower than  those  i n  t h e  f i r s t  experiment  a t  

t e m p e r a t u r e s  below 393 K and withCn 3% t o  5% of t h o s e  i n  t h e  f i r s t  

experlment a t  t empera tu res  above 429 K. 

Average the rma l  c o n d u c t i v i t i e s  ( f rom d a t a  i n  Appendix B) are shown i n  

Table  2 .  Also shown are t h e  number of d a t a  p o i n t s  and t h e  s t a n d a r d  

devi .a t€on a s s o c i a t e d  w i t h  the ave rage  the rma l  c o n d u c t i v i t y .  I n  a d d i t i o n ,  

t h e  minimum and maxiinurn c o n d u c t i v i t i e s ,  as  well as the t empera tu res  a t  

whlch they  o c c u r r e d ,  are p resen ted .  

The inininurn and maximum v a l u e s  and t h e  t e m p e r a t u r e s  a t  which they  

occur  i n d i c a t e  s i g n i f i c a n t  d a t a  scatter.  That i s ,  some s a m p l e s  e x h i b i t e d  

t h e  maximum c o n d u c t i v i t y  a t  a h i g h e r  t empera tu re  than  t h e  minimum 

conduc t iv i . t y  ( e - g . ,  Ohio Cleveland s h a l e )  w h i l e  some samples e x h i b i t e d  

t h e  o p p o s i t e  t r e n d  (e.g., Middle Huron s h a l e ) .  Indeed ,  t h e  minimum and 

maximum c o n d u c t i v i t i e s  are w i t h i n  two s t a n d a r d  d e v i a t i o n s  from t h e  ave rage  

f o r  a l l  but  t h r e e  samples.  Thus t h e  t r e n d s  w i t h  t empera tu re  e x h i b i t e d  by 

Fig.  7 may be due s o l e l y  t o  t h e  effects  of wa te r  movement and e v a p o r a t i o n .  

Based on t h e s e  d a t a ,  i t  a p p e a r s  t h a t  t h e  ave rage  the rma l  c o n d u c t i v i t y  is 

r e p r e s e n t a t i v e  of the t empera tu re  range s t u d i e d  f o r  t h e s e  samples. 

The ave rage  the rma l  c o n d u c t i v i t y  of 1.07 W/m*K f o r  o i l  sha1.e s a m p l e s  

froiu t h e  Green Rive r  Formation a g r e e s  f a v o r a b l y  w i t h  t h e  range of t he rma l  

conduc t l -v i ty  v a l u e s  r e p o r t e d  by Tihen,  C a r p e n t e r ,  and Sohn3---6).69 t o  

1.56 W / m a K .  S i g n i f i c a n t l y ,  t h e  range of ave rage  the rma l  c o n d u c t i v i t i e s  

shorn i n  Tab le  2 o v e r l a p s  f o r  the s h a l e  t y p e s  s t u d i e d  (0.73-1.09 W/m*K f o r  

t h e  Devon im samples ,  0.68-1.01 f o r  t h e  Pierre samples ,  and 1.07 f o r  t h e  

o i l  s h a l e  samples ) .  Thus t h e  d a t a  p r e s e n t e d  are no t  s u f f i c i e n t  t o  

d i s t i n g u i s h  between the s h a l e  types .  Exp lo r ing  a b roade r  t empera tu re  

range may a l l o w  s i g n f f i c a n t  d i f f e r e n c e s  i n  t he rma l  c h a r a c t e r i s t i c s  t o  be 

obse rved ,  p a r t i c u l a r l y  a t  t empera tu res  above the regime where water 

evaporat ion i s  a p p a r e n t l y  o c c u r r i n g .  

5 . 2  HEAT CAPACITY 

Heat capacity da ta  f a r  a l l  shale samples are shown .Ln Appendix C. 

Average h e a t  c a p a c i t y  values (obtained From data at 323,  3 7 3 ,  4 2 3 ,  and 

4 7 3  K) are shown in Table 3. Tn g e n e r a l ,  heat capacity obtained at these 
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T a b l e  2 .  Thermal c o n d u c t i v i t y  ( A )  averaged over the. temperature range 
of ambient t o  673 K 

_.l__l_______ -.-- 
Depth No. data Average A S t anda rd  N i n i m u m  Maximum 

Type  of shale (m) p o i n t s  (W!m*K) deviation Aa A" 
- .-_ 

Ohio C leve landb  137.2 

Chagrin T h r e e  149.7 
L i c k  Bedb 

Upper Huronb 157.3 
157.6 
158.4 
158.5 
158.8 
160.9 
164 

Middle Huronb 175.6 
176.2 
176.3 
176-3  
176.5 
176.8 

P i e r r e  45.1 
45.3 
45.4 
45.7 
49.1 

a 

7 

1 7  
6 

10 
9 
9 
9 
5 

7 
6 
9 

10 
10 

8 

4 
9 
4 
9 
4 

8 

0.73 

0.83 

0.86 
0.79 
0.78 
0.91 
0.91 
0.85 
0.94 

0.87 
1.09 
1.08 
1.05 
0.93 
0.94 

1.81 
0.48 
0.88 
0.84 
0.87 

1.07 

0.06 

0.05 

0.03 
0,04 
0.04 
0.05 
0.05 
0.03 
0.01 

0.04 
0.04 
0.06 
0.06 
0.03 
0.03 

0.21 
0.05 
0.08 
0.10 
0 -06 

0.09 

0 .67 (344)  0.811473) 

0 .78(369)  0 .90 (456)  

0 1 7 9 ( 4 2 9 )  0 .89(404)  
0 .75 (405)  0.86(373) 
0 . 7 3 ( 4 2 6 )  0 .84(373)  
0 .84 (426)  1.02(372 
0.83(430)  1,00(374) 
0 . 8 1 ( 4 2 7 )  0 . 9 3 ( 3 7 5 )  
0 .93 (413)  0 .95(389)  

0.81(442> 0.93(341)  
1 .02 (445)  1 .14(393)  
1 .05(461)  1 . 2 0 ( 3 7 4 )  
0 .93 (439)  1 .17(374)  
0 .91 (431)  1 .02 (374)  
0 - 9 0 ( 4 3 4 )  0 .98(345)  

0 .75(441)  1 .22(348)  
0 * 6 3 ( 3 1 3 )  0 .76 (372)  
0 .78 (417)  0 .98(370)  
0 . 7 6 ( 4 3 1 )  0,95(316) 
0.81(406) 0 .96(375)  

0 . 9 8 ( 3 1 1 )  1 .23 (451)  

aThe va lue  i n  p a r e n t h e s e s  is the  temperature (K) a t  which the thermal 

bFroin EGSP Kentucky No. 5 Well. 
CFrom Green River Formation, 

conductivity was measured 

four t empera tu res  followed the  trend shown In Fig. 8 f o r  a l l  samples. As 

seen in the figure, heat c a p a c i t y  increases wfth temperature to 4 2 3  R and 

then exhibits a minor decrease from 423 t o  473 K. The minimum and maximum 

valiles show in Table 3 are within one standard dev ia t ion  of the average5 

The absence of the data scatter observed wlth  the thermal conductivity 

measurements may be due t o  p rocedura l  differences, Unlike the  
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Tab le  3 .  Heat c a p a c i t y  (Cp) averaged o v e r  the temperature range of 
awbient t o  433 Ka 

.--.. --- Y .  

Depth Average Cp Standa rd  M i  n iuium Max j.miim 

Type o f  s h a l e  (d (J /kg*K) deviatton CPb CPh 

Ohio ClevelandC 137.2 1234.2 209.3 953 ( 3 2 3 )  1423.5(423)  
137.2 1256 167.5 1045.7(323)  1445.4(423)  
137.3 1046.7 125.6 879 .2 (323)  1214.2(473)  
137.4 1214.2 167.5 1046.7(323)  1381.5(473)  

Chagrin Three 149.4 1130.4 167.5 363 ( 3 2 3 )  1297.9(473)  
Lick BedC 

Upper  BuronC 155.4 1256 209.3 1004.8(323)  1465.4(423)  
157 1088.6 157.5 879.2(323)  1297.9(423)  
157.4 1130.4 16'7.5 953 ( 3 2 3 )  1297.9(423)  
151.5 1172.3 167.5 963 ( 3 2 3 )  1297.9(423)  

Plerre 44.8 1381.5 293.1 1088.6(323)  1674.7(473)  
45.1 1256 209.3 1004.8(323)  1507.2(433)  
45.7 1256 293.1 953 ( 3 2 3 )  1591 (473) 

O i l C  1256 125.6 943 ( 3 2 3 )  1591 ( 4 7 3 )  

"Averages are  taken from heat c a p a c i t y  v a l u e s  o b t a i n e d  at 323,  373,  

hThe v a l u e s  i n  parentheses are the  t e m p e r a t u r e s  a t  which the  h e a t  

CProw EGSP Kentucky No. 5 Well samples,  

423,  and 473 K. 

c a p a c i t y  w a s  determined.  

c o n d u c t i v i t y  measurements, t he  heat  capactty measurements were performed 

in an a i r t i g h t  conta iner ,  which prevents loss of v o l a t l l e  components, such 

as water. A$ w i t h  thermal conductivity, t h e  ave rage  heat capacities 

over l apped  f o r  the shale types  s t u d i e d  (1046.7-1256 J/kg*K f o r  the 

Devonian sainples, 1256-1381.6 f a r  the Plerre sampl.es, and 1256 f a r  the 

Green Rives Farmatien ssmples), 
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Fig. 8. Heat capacity as a function of temperature for shale from 
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273 323 373 423 473 523 573 

Fig. 9. 
No. 5 Well). 

Thermal expansion data f o r  shals from 157 m (EGSP Kentucky 
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Fig. 11. Thermal expansion d a t a  f o r  shale from 157.4 m (EGSP 
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were taken from depths of 157, 157.1, 157.4, and 191.4 m. Additional data 

are shown in Appendix D. 

RelatPve expansion increases with temperature up t o  - 4 7 3  K for a l l  

samples except the one obtained at 191.4 ix, which showed an increase up to 

- 4 1 3  K. 

recorded a t  488 K f o r  the 157- and 157.1-111 samples, respectively. 

Maximum relative expansion values for the 157.4- and 191.6-m samples were 

0.00712 (at 502 K) and 0.0009% (at 413 and 501 K), respectively. 

Max-lmum relative expansion values of 0.0075% and 0.0094% were 

Above 473 K, the samples underwent deformation, as indicated by the 

decrease in relative expansion (Figs. 9-12), The collapse of contained 

clay may have contributed to this deformation. For example, illitic clays 

exhibit a reduction of the spacing between platelets (from 13 to 10 A) at 

a temperature of -473 K.26 

elevated The magnitude of the effect on relative 

expansion of the shale sample will be dependent on the type and quantity 

of the contained clays. 

Other clay types exhibit similar behavior at 

Thermal expansion coefficients may be obtained by differentiating 

data in Pigs. 9-12 with respect t o  temperature. The values so obtained 

at various temperatures are reported i n  Appendix D (as alpha). Average 

expansion coefficients over the temperature range of ambient to 473 K (18 

data points at each depth) are as follows: 

Shale depth 
(m> 

157 
157.1 
157.4 
191 e 6  

Average expansion 
(%/K) 

23  x 
48 x loe6 
34 x 10-6 
9 x 10-6 

Thermal conductivity, heat capacity, and thermal expansion were 

measured f o r  selected shale samples using comparative thermal 

conductivity, differential scanning calorimetery, and push-rod dilatometry 

techniques. Based on a literature survey, this equipment represents w e l l -  

established, accepted thermal measurement techniques with accuracy and 



31 

precision comparable to those of alternative methods. These three 

techniques have been applied .In the measurement of thermal properties of 

other geologic media. The literature survey indicated that the thermal 

properties of geologic media may be dependent on temperature, pressure, 

porosity, density, and composition. 

On the basis of this survey, the study presented here was focused on 

Data are presented thermal characteristics as a function of temperature. 

on Devonian shale, Pierre shale, and oil shale from the Green River 

Formation. The majority of data were obtained on the Devonian shale 

samples. However, in general, data from the other samples were in 

agreement wIth trends established by the Devonian samples. 

Experiments were performed over the temperature range of ambient to 

473 K. In general, thermal conductivity, heat capaclty, and thermal 

expansion increased with temperature. However, in the case o f  thermal 

conductivity and heat capacity, this temperature dependence was weak, with 

all values within two and one standard deviatlons from the average, 

respectively. The ranges of average thermal. characteristics are shown in 

Table 4 .  

Relative thermal expansion increased with temperature over the range 

o f  ambient to 473 K with the exception of one sample (where the increase 

stopped at -413 K). Above 473 K, all samples underwent deformation, as 

indicated by a significant decrease in relative expansion. 

Data on samples from the Green River Formation are consistent with 

results reported by Tihen, Carpenter, and S ~ h n . ~  

presented in Table 4 agree reasonably well with generic averages reported 

by Croff et al.27--heat capacity of 837.4 J/kg*K and thermal conductivity 

of 1.4 IJ/m*K. 

of 1.4 W/m*K is an average from two samples--one with an average 

conductivity of 0.8 W/m*K and the other with an average conductivity of 

2.0 W/m*K.** 

I n  addition, data 

It should be noted that the reported thermal conduct€vity 

The li.terature search revealed no systematic comparison of thermal 

characteristics of different shale types which addressed variables that 

may potenttally affect these thermal characteristics. Such a study is 

necessary for a quantitative comparison of thermal characteristics of 

different shale types in order to understand, and ultimately to predict, 
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Table .4, Ranges i n  average thermal characteristics over the 
temperature range of ambient t o  473 K 

_I 

Thermal p r o p e r t y  - 
Thermal 

The m a l  Heat expansion 
conductivity capacity coefficient 

Shale (W/m4K> (J/kg;K) .... ("/,jK) 

Bevorni an 0.73-1.09 879.2-1046.4 9-48 ( x  lom6)  

Pierre 0.68-1.01 1046.7-1088.6 

Green River Formation 1.07 1046.7 

_g 

thermal behavior. Vartables of p o t e n t i a l  interest which have been 

identified include temperature, c o ~ n p o s i t o n ,  pressure, and anisotropy. 

Future s t u d i e s  need t o  include these variables in order  t o  explain 

differences in thermal behavior i n  a manner suicabls for predictive 

modeling. 
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APPENDIX A:  

TECHNIQUES FOR THE MEASUREMENT OF THERMAL PROPERTIES 
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In evaluating the suitability of geologic media for a repository, the 

thermal properties of interest are thermal conductivity, thermal 

expansion, and heat capacity. 

is available to measure these three parameters. A discussion of these 

techniques is presented in this appendix. 

A wide varIeey of experimental technique6 

THERMAI, CONDUCTIVITY 

Thermal conductivity is measured by two general methods: absolute 

and comparative. In absolute methods, the sample of interest I s  placed in 

a configuration such that the heat flow through the sample can be modeled 

by an explicit mathematical equation. "lie equation is then used to 

calculate thermal conductivity directly. Conversely, in comparative 

methods, the sample of interest and a reference sample of known thermal 

conductivity are placed in such a way that heat flaw through the sampl-e 

and reference can be modeled by an implicit mathematical equation. The 

equation is used to calculate the sample's thermal Conductivity selatlve 

to that of the reference. 

Absolute Methods 

Although many different procedures may be used t o  obtain thermal 

conductivity data by absolute methods, most methods of this type measure 

heat flow in the radlal direction, For radial flow procedures, the sample 

is normally fabricated in the shape of a right-circular cylinder with 

provision for placing a heating element at the vertical axis  of the 

cylinder. 

distances from the heater (Fig. A.1). When heat is applied, the 

temperature is allowed to stabilize, and measurements are made t o  

determine the power output of the heater. 

the thermocouple readings, is used to calculate the thermal conductivity 

( A )  o f  the sample by using t he  equation 

Thermocouples 'are then placed in the sample at varying radial 

This infomiation, along with 
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Pig. A . 1 .  Schematic o f  rad ia l  heat flow method for the measurement 
of thermal. conductivity. 
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where 

P = power output of heater, 

ri = radial distance from the heat seurce, 

T i  = temperature at point rf, 

L = sample length. 

This procedure and the associated mathematical model are accurate 

only if the sample approxiniates a cylinder of Infinite length. 

investigations by Kingery,l an L/2r ratio of 12 was used to minimize end 

effects at higher temperatures. 

ratio of 5 when measuring the thermal eondwtivity of germanium. 

In 

Slack and Glassbrenner2 employed an L / 2 r  

A modified version of this procedure has been developed to overcome 

infinite length constraintsP In this method, known as the guarded 

end-place procedure, plate-type heaters are used at each end of the 

sample to duplicate the core heater temperature at the top and bottom of 

the cylinder, thereby minimizing heat losses in the axial direction 

(Fig.  A . 2 ) .  The accuracy and precfsion of t h i s  technique have been 

reported to be from 3% to 12%.394 

Comparative Methods 

In comparative methods, Pryex 7740 o r  Pyroceram 9606 is typically 

used as a standard reference material (SRM). Axial heat Elow methods are 

more widely used than radial methods for comparative measurements because 

of the  relative ease of sample and reference material fabrtcation. Thi-s 

procedure is currently used for thermal conductfvity measurements of 

geologic specimens by the Engineered Waste Disposal Technology (EWDT) 

Group at ORNL. The EWDT Group uses the Dynatech Model TCFCM-N20 thermal 

conductivity instrument, whose general configuration is shown in Fig. A . 3 .  

The sample and reference materials are normally fabricated in the 

shape of a 0.005- x 0.005-m square or a cylinder of" 0.005 m diam and of 

varying lengths. The sarr;pl.e and re ference  materials are f i t t e d  with 

thermocouples, as depic ted  in Fig. A.4 ,  The sample is placed In a t e s t  

stack consisting of a heat source, two identical re ference  matertals, and 

a heat sink, as shown in Fig. A.3 .  "lie anmulus between the t e s t  stack and 

guard heaters is filled with i n s u l a t i n g  rnsnte~rial, The heater and heat 
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Fig. A.2.  Schematic of radtal. h e a t  flow rnetfaod w Z t h  guard heaters. 
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Fig.. A. 3.  Schematic of thern1a.l. conduc t iv i ty  analyzer. 
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F i g .  A. 4 ,  Thermal c o n d u c t i v i t y  sample c o n f i g u r a t i o n .  



43 

s i n k  c o n t r o l  t h e  magnitude of t h e  the rma l  g r a d i e n t ,  and t h e  guard h e a t e r s ,  

t o g e t h e r  w i t h  the i n s u l a t l n g  material, minimize h e a t  losses i n  t h e  r a d i a l  

d i r e c t i o n .  A t he rma l  g r a d i e n t  i s  a p p l i e d  t o  t h e  s t a c k ,  and s u f f i c i e n t  

t i m e  i s  al lowed f o r  t h e  t empera tu re  r e a d i n g s  from t h e  thermocouples  t o  

s t a b i l i z e .  The the rma l  c o n d u c t i v t t y  of the sample may t h e n  be c a l c u l a t e d  

by u s i n g  the e q u a t i o n  

s amp 1 e 1%) t o p  r e f e r e n c e  

+(”.”) bottom r e f e r e n c e  1 
where 

X = t he rma l  c o n d u c t i v t t y ,  

AX = t h i c k n e s s  of material ,  

AT = t emperacure  drop a c r o s s  AX. 

The a c c u r a c y  and p r e c i s i o n  of t h i s  method have been r e p o r t e d  t o  be 3%.5 

THERMAL EXPANSION 

The most w ide ly  used method of measuring the rma l  expans ion  is 

push-rod d i l a t o r n e t r y e 6  

r e f e r e n c e  material f o r  c a l i b r a t i o n  pu rposes )  i s  p l a c e d  i n  a sample h o l d e r  

f a b r i c a t e d  from a material  of low thermal expansion.  Heat i s  s u p p l i e d  by 

a t ube  f u r n a c e  t h a t  s l i d e s  i n t o  p o s i t i o n  around t h e  s a n p l e / h o l d e r .  A s  

heat i s  a p p l i e d ,  t h e  change i n  sample l e n g t h  is r e p r e s e n t e d  by the o u t p u t  

o f  a probe r o d  and l inear v a r i a b l e  d i f f e r e n t i a l  t r a n s f o r m e r  (LVDT) 

assembly,  as shown i n  Pig. A . 5 .  The osltputs of t h e  t r a n s f o r m e r  and a 

thermocouple  p l aced  i n  c l o s e  p rox imi ty  t o  t h e  s a m p l e  are recorded on a 

s t a n d a r d  x-y p l o t t e r .  The thermal expans ton  c o e f f i c i e n t  of t h e  sample is 

d e r i v e d  by comparing the p l o t  of t h e  sample’s  behav io r  w l t h  a p l o t  o f  t h a t  

from a known r e f e r e n c e .  T y p i c a l  maximum s e n s i t i v i t y  of  tkls method is  1 x 

loeb m of sample l e n g t h  change p e r  mneter of r e c o r d e r  chart d e f l e c t i o n .  

Fo r  measurements of t h i s  t y p e ,  t h e  sample (or 
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I n  19.67, the structure and materials panel of the Advisory Group for 

Aerospace Research and Development initiated a cooperative measurement 

program to determine the accuracy of data and experimental techniques for 

thermophysical properties of solid material at high temperatures. 

Sixteen laboratories participated in this program.$ 

program, thermal expansion measurements up to 1000°C using push-rod 

techniques were evaluated. 

A s  part of this 

The results of this evaluation have been reported by Fitzer and 

Wisenburger. As a basis for comparison, "absolute" expansion data using 

optical and x-ray techniques were obtained for gold and platinum and 

compared with data reported in the literature.l0-l3 

absolute deviations from the means were <+0.005%. 

participants using push-rod techniques showed deviations from the means of 

0.015% expansion at 30OoC and a maximum of 0.030% expansion at 900'C. The 

report indicated that the Increase in deviations was due t o  individual 

laboratory systematic calibration errors. Similar measurements on alumina 

and AXM-SQ graphite resulted in maximum devlations of +0.005 and O.OlO%, 

respectively. This report concluded that the accuracy of push-rod 

techniques was dependent on the accuracy of the calibration but was 

approximately equal to a relative devfation of 0.3% from the mean thermal 

expansion value. 

For all data, the 

Data obtained by the - 

- 

An ultraprecise method of measuring thermal expansion has been 

developed at the Optical Sciences Center of The University of Arizona.I4 

This method is based on the principle of laser interferometry. In this 

method, the sample is fashioned in the shape of a hollow right-circular 

cylinder. In this form, the sample serves as the spacer for a Fabry-Perot 

etalon (Figs. A . 6  and A.7). The etalon serves as a resonator for an He-Ne 

red laser. 

temperature alters the resonance frequency of the etalon. 

resonance frequency is related to the thermal expansion coefficient by the 

equation 

The change in sample length arising from a change in sample 

The change in 

1 AL 1 Av 
L AT v AT ' a m -  --re- - 
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where 

a = c o e f f i c i e n t  of thermal  expans ion ,  

v -I r e sonance  frequency of e t a l o n ,  

L = l ength  of sample,  

T = t e m p e r a t u r e  of sample. 

Both t h e  r e p r o d u c i b i l t t y  and p r e c i s i o n  of t h i s  method have been r e p o r t e d  

to be 1 p a r t  i n  1,000,000,000. 

HEAT CAPACITY 

Drop c a l o r i m e t r y  and d i f f e r e n t i a l  s cann ing  c a l o r i m e t r y  are t h e  

commonly used methods € o r  de t e rmin ing  t h e  s p e c l f i c  h e a t  of s o l i d s .  These 

two methods w i l l  be d e s c r i b e d ,  

Drop Ca lo r ime t ry  

F o r  d rop  c a l o r i m e t r y  measurements, t h e  sample  -is hea ted  t o  t h e  

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

of s o l i d  ( s u c h  as fee) OK l i q u i d  of known the rma l  p r o p e r t i e s .  I f  a s o l i d  

i s  u s e d p  then  t h e  t empera tu re  of t h e  c a l o r i m e t e r  well must be r n a h t a i n c d  

a t  t h e  m e l t i n g  p o i n t  of t h e  s o l i d  (O'C f o r  i ce  o r  26.9'C f o r  d ipheny l  

e t h e r ) .  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  are made, based on the ainount of 

h e a t  evolved from t h e  sainple d u r i n g  coo l ing .  The q u a n t i t y  of h e a t  evolved 

is determined by t h e  amount of s o l i d  which m e l t s  o r  by t h e  t empera tu re  

i n c r e a s e  of t h e  l i q u i d .  The s p e c i f i c  heac of t h e  sample can be 

c a l c u l a t e d  on t h e  b a s e s  o f  t h e  mass o f  t h e  sample and the  q u a n t i t y  of  

h e a t  transferred t o  t h e  c a l o r i m e t e r .  JE 

D i f f e r e n t i a l  Scanning Ca lo r ime t ry  

The d i f f e r e n t i a l  s cann ing  calorimeter (DSC) compares t h e  aiuilunt of 

ene rgy  r e q u i r e d  t o  raise the  t empera tu re  of  a known weight  of a s t a n d a r d  

r e f e r e n c e  material at a predetermined hea tup  ra te  t o  a predetermined 

t empera tu re  w i t h  t h e  amount of energy r e q u i r e d  t o  raise the t empera tu re  o f  

'For a more detaPl.ed t r e a t m e n t  o f  t h i s  method, t h e  r e a d e r  is  r e f e r r e d  
t o  Treatise on A n a l y t i c a l  Chemistry,  P a r t  Is Vol. 8, I. M. Kolthoff and 
P. X -  Elving , Wiley I n t e r s c i e n c e ,  1.968. 
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the sample under identical conditions* 

by the thermal properties of che reference material, as in the case of 

drop calorimetry. 

A s  such, the DSG is not restricted 

The sample (SI and reference material ( R )  are placed in the DSC as 

shown in Fig. A.8. A s  heat is applied, the temperatures of the sample and 

reference material vs power input are plotted on an x-y chart plotter (see 

Fig. A.9).  

ratio of the temperature increase of the saqle to the corresponding 

temperature increase of the reference material. 

factor  that is multiplied by the specific heat of the reference material 

t o  obtain the specific heat of the sample (see Fig. A.9). 

The specific heat: of the sample may be calculated from t h e  

This cornpartson yields a 

Differential scanning calorimetry has been used successfully to 

determine specific heats of geologic materials by N. D. 'Topor and L. V. 

Mel'chakova of Moscow University. 

method is 2% to 3%, with a general accuracy of 2% to 3%. 

Reported reproducibility of thjis 
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APENDIX 3: 

THERMAL CONDUCTIVITY DATA FOR SHALE SAMPLES 

This appendix presents the thermal conductivity data on a l l  shale 

samples. Average values and conclusions presented In the text were taken 

from these data .  
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A P P E N D I X  B . l .  THERMAL CONDUCTIVITY DATA FOR DEVONIAN SHALE SAMPLES 
FROM EGSP KENTUCKY NO. 5 WELL 
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Fig. B.7. Thermal conductivity as a function of temperature f o r  
shale from 158.8 m (521 ft>. 
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APPENDIX B.2. T H E M L  CONDUCTIVITY DATA FOR PIERRE SHALE SAMPLES 
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APPEND CX R. 3 .  THERMAL CONDUCTIVITY DATA FOR GREEN R I V E R  FORMATION SHALE 
SAMPLES 
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APPENDIX C: 

HEAT CAPACITY DATA FOR SHALE SAMPLES 

This appendix presents the heat capacity data f o r  all shale samples, 

Average values and conclusions presented i n  the text W K Q  taken from these 

data. 
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APPENDIX C.1. HEAT CAPACITY DATA FOR DEVONIAN SHALE SAMPLES 
FROM EGSP mNTUCKY NO. 5 WELL 
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Fig. C.23. DSC curve f o r  shale from 161.5 m (530  ft). 
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Fig. C.27. DSC curve for shale from 187.7 rn (615.8 f t > .  
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APPENDIX c.2. mAr CAPACITY DATA FOR PIERRE SHALE SAMPL~ES 
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Fig. (2.30. Selected heat capacity as a function of temperature f o r  
s h n l e  from 45.1 m ( 1 4 8  ft). 
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APPENDIX C . 3 .  HEAT CAPACITY DATA FOR GREEN R I V E R  FORMATION SHALE SAMPLES 
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APPENDCX D: 

THEIUMTA EXPANSION DATA FOR SAMPLES OF DEVONIAN SHALE 

This  apppend ix  p r e s e n t s  t h e  therrnal e x p a n s i o n  da t a  f o r  EGSP Kentucky 

N o .  5 W e l l  Devonlan shale samples .  Curves and c o n c l u s i o n s  p r e s e n t e d  I n  

t h e  t e x t  w e r e  t a k e n  from these d a t a .  
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Table D.1. Thermal expansion data for shale from 157-m (515-ft) EGSP 
Kentucky No. 5 Well 

(Corrected values are x 

NETZSCH D I L A T O M E T t R  

OPERAT OH : 
RUN No. : 

1.. R .  O l d h a m  
1 

L O T  Nu. : 1 
SAMPLE LLENGT t i  I mrli : 6 .  18 
S T O  LENGTH. mm: 2 4 . 9 6  
RTMOSPH€RE AI r 
HEhT R A T E  C / m i n . :  5 

Da1.c: 
SI'\MFL.E: No.  : 
MA TER I AL. : Upper  t lu rnr?  
S T A N D A R D  : 
TUBE MA f ER 1 AL. : Puar t T 
FLOW f i4 ' iE  ( m L / m i n  ) :  0 
F 11. E I?IAME : I 0 AN 1 

V a  c r oil1 1 11 VI 

U.P _- C UR UE 
TEMPERATURE I I ME RAW EXP. C O R R .  EXP.  REI- .  EXP. ALPHA R L- P t+ /\ / T 
deg. c irrin. micron. micron .  r: 10"E x 1 El '. ii x 1 0 ' 6 

- -- _. C O R R E C T E D -  - 

2 5  
35 
4 5  
55 
65 
7 5  
85 
9 s  
t05 
115 
1 2 5  
135 
145 
155 
1 E5 
175 
185 
195 
2 85 
2 1 5  
2 2 5  
235 
2 45 
2 5 5  
265 
z 75 
2 85 

-.01 
4 . 3 1  
G .87 
9 . u 7  
1 1 . 1  
13.01 
1 4 . 9  

18.72 
2 0  57 
27, . 3 4  
2 4 . 1 3  
2 5 . 8 8  
2 7 . 6  
;19,38 
31 . ? 4  
33.07 
3 4 . 9  
3 6 . 7 3  
3 8 , 5 8  
4 0 . 4 2  
4 2 . 2 9  
4 4 "  17 
46 

4 9 . 6 8  
5 1 . 7 9  

16.83 

4 7 .  a3 

0 
1 . 7 8  
3.75 
5 .93  
8 .  I7 
1 0 . 9 9  
1 2 . 5 4  
1 4 . 4 9  
15.95 
1 6 . 5  
16 .81  
1 7 . 1 9  
17.71 
18.37 
1 9 . 1 9  
20 .21  
2 1 . 3 9  
2 2 . 7 7  
2 4 . 7 1  
4 4 . 8 1  
35 " 6 4  
4 1 . 1 8  
38.91 
3 7 . 4 7  
42.08 
3 9 . 8 4  
39.61 

. 2 9  
2 . 3 9  
4 . 5 4  
6 . 8 2  
9 . 1 4  
1 1 . 4 2  
13.h;l 
15.61 
17.1 
1'7.79 
18.id3 
1 5 . 4 4  
1 8 . 9 9  
19.69 
2 0 . 5 4  
2 1 . 5 9  
22 - 7 9  
2 4 . 1 9  
2 6 "  16 
4.6.2.E 
37.11 
42 .s7 
48.42 
3 9 . 0 1  
4 3 . 6 7  
i l l  . 4 4  
4 1 . 1 9  

1 2 2 . 9  
1 6 2  I 7 
8 8 9 . 9  
1180 
1554 
1924  
22'78 
260 1 
2842 
2 1354 

2 993 
3059 
31 49  
326 1 
3399 
3570 
3764 
39912) 
4308 
756  I 
6080 
6 9 7 9  
6616 
6398 
7141 
678 1 
674 1 

- 

41 . 53  
35.56 
3 0 . 9  
3 2 . 3 4  
3 3 . 0 2  

34.9:: 
31 .22 
3 )-! . [j '7 

15.22  
2.871 
5 . 6 4 2  
6 ~ 2 0 5  
5 . 0 2 7  
1 1 .  t 6  
1 5 . 9 3  
2 3 . 4 9  
23.  YZ 
2 7 . 3 2  
35. € 4  

-245.1 
-7:. 5[3 
-.. 46 . 57 
- 3 2 . 4 4  
-- 24 . 52 

- 1  7 0  
-13.'7 
- 2 4 . 1 9  

- - .  
-.- 

35" 04 
1 3 vi ~ 7 
1 4 1 . 8  
168 .4  
180 
1 95 " 4 
165.1  
1 6 5 "  1 
76 " 6 3  
1 6 . 4 6  

32.03  

31.23 
6Q.69 
9 5 . 9 5  
1 1 9 . 7  
1 1  9.5 
148.9 
2 1 5 . 7  

-- 1342  
- 3 5 6 . 4  
-250 8 
-189.1 
- 1 2 9 . 6  
- 9 2 9 . 5  
- 7 2 . 7 4  

- 3 2 . 9  

7 '7 . J J  .( 0 1 
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Table D.2. Thermal expansion data for shale from 157.1-in (515.5-ft) EGSP 
Kentucky No. 5 Well1 

(Corrected values  are x. lo-%.) 

NE1 i 5 C h  O l L H l  O M t T E i l  

[IF' -- C 1JP WE 
T E M!; E F! A -r 1, IF! E 
d e g .  c 

PI 
d . 3 7 
1 I .;1s 
1 7 . 7 9  
2 4 . 4 9  
3 i  .0G 
j ; i " 6 8  
45.49 
53.57 
61 .59 
68.25 
'I d ~ :1 E 
8 0 . 1 Z  
86. 17 
92.6'3 
99.76 
1B6 .42  
119.4, '  
1 -71: A,. 7 1 
1 4 6 . 5 4  
1 4 3 . 5 4  
1 4 4 . 8 E  
1 3 8 . 6 9  
1 3 6 . 9 8  
1 3 4 . 4 4  
130.36 
1 l8.1?9 

- 5.729 
45.45 
311.51 
46 ~ 8G 
44 .65 
43.07 
j C] . r '7 

62.97 
4 3 . 5 5 
50.75 
4f l .5  
4i3.4 
4 1 . 6 7  
29.:i 
4 9 . 6 3  
4 6 .  YS 
4s. 3 
174.7 
4 2 .  I 
9 e .  7 3  

- 2 9 . 4 7  
-76.25 
- 1 5 . 9 1  
- 1 9 . 1  
-5 .737 
-43 .16  
.- 1 3 9 . 6  

13 L 

- 1  I .51  
1 1 7 . 4  
1 5 4 . 5  
1190.4 
1'34.6 
1143.8 
2 1 8 . 3  
2 6 9 . 2  
268.2 
228 
258.2 
2 8 2 . 3  
2 4 2 . 8  
1 8 4 . 7  
229.2 
22'7.8 
285. S 
953.3 
1 9 5 . 4  
5 6 9 . 1  

- 1 6 0 . 2  
- 4 6 6 . 5  
-- rj 3 . 7'7 
' - 1  1 1 . 4  
-30.1 9 
- 1 5 7 . 1  
-208.8 
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Table D . 3 .  Thermal expansion data for shale from 157.4-m (516.3-ft) EGSP 
Kentucky No. 5 Well 

(Corrected values are x 

NEl'ZSCH D I L A T O M E T F R  

2 'r; 
35 
45 
5 5 
65 
'7 5 
8 5 
99 
105 
115 
125 
135 

145 
155 
165 
175 
185 
1'35 
185 
2 1 5  

235 
z 45 
255 
265 
2 7 s  

*I 7 c 
i L -J  

" . @ 1  
4.@5 
G . 6 8  
8 . E3 
10.96 
12.91  
14 .84  
1 6 . S  
1 r3 . -7 i i  
2 0 . 6 3  
L L  . 4.2 
14.2'7 
'2 6 

2 7 . '7 6 
29.53 
:, 1 . 4 2  
-, 3 3 . 2 3  - 
35.11 
36.92 
38.74, 
48 .61  
41.47 
4 4 . 3 2  
4E.19  

5Q).L?JI 

7 '7 

I. 

$8 I) 03 

5 3 .  ;35 

1 5 4 I, 3 
1 ' 7 2 .  7 
7 4 ' a 4 
2 8 3 "  9 
292. I 
280" 2 
1 5 6 . 1  
228 
112.7  
13 .94  
1 1 . 4 4  
30 .51  
l k 3 1  . 9  
58.59 
111.6  
111 .5  
1 5 5 . 4  
176 .6  
G94.S  

-313 .5  

-138 .7  
-19 .48  
-4.975 
- 1 ' 7 7  

2 5 . 9 2  
C L  
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Table D . 4 .  'ihermal expansion data f o r  shale from 1191.6-m (628 .7- f t )  EGSP 
Kentucky No. 5 I d e l l  

(Corrected values are x: lomb%.)  

NE T Z ~ ) C H  r j i i n  rw+iETEtt 

d e y .  L' m i r i .  

0 
5.65 
6 . 1 9  
6.4 
1 0 . 4 4  
1 2 . 3 9  
1 4 . 3 2  
1 6 . 2 9  
1 \3 .18  
2 0 . 0 3  
21 . R f i  
2 3 . 7  
? 5 . 5 i  
z7.25 
23 
3 0 . 9 1  
3i. i i  

34.58 
36.48 
3 8 .  '5 
4 0 . B 9  
41 .98 
4 3 . 8 4  
45.79 
4'7.64 
49.48 

. --, - 

18 6 

49.46 
1 3 9 . 5  
1 1 z . 2  
1 1 5 . 5  
4 . 1  I 9  
5; " 3x11 

1 9 . '7 7 
3 1 . 4 5 
1 'I . 5 6 
31 .@5 
3 8 " U l  
3 1 . 5 2  
5.494 

-. I a . 2 9  
- y . j LJ1  

.02301 
-9 I $345 

1 4 , s 7 
29.74 
3 0 . 2 6 
1 .454 

- 1 2 . 1 1  
1 .Y9 
2 . ' 7 5 2  
3 . 2 0 2  

-13 .91  

._ 

- 
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