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ABSTRACT 

Thermal c o n d u c t i v i t y  and d i f f u s i v i t y  o f  the 
subsurface are evaluated as c r i t i c a l  parameters i n  
the appl i c a t i o n  o f  c e r t a i n  geothermal technologies. 
The v a r i a b i l i t y  o f  these parameters as a func t ion  
o f  other subsurface proper t ies  i s  invest igated.  A 
simple method o f  est imat ing thermal c o n d u c t i v i t y  
and d i f f u s i v i t y  from ava i lab le  in format ion a t  
spec i f i c  loca t ions  i s  explained, and an i n t e r a c t i v e  
computer program t h a t  has been developed t o  ass is t  
i n  t h i s  task i s  described. 

I NTRODU CT I 0 N 

Some geothermal technologies r e l y  on 
conductive t r a n s f e r  o f  thermal energy i n  the 
subsurface e i t h e r  i n  conjunct ion w i t h  o r  instead o f  
convective t rans fer .  The use o f  downhole heat 
exchangers l i k e  those i n  Klamath F a l l s  (Lund, e t  
a l . ,  1976) invo lves both conduction and the  
convection associated w i t h  groundwater f low.  
lower the hydrau l i c  gradient  is ,  t h e  more important 
conduction becomes. Increas ing a t t e n t i o n  i s  being 
given t o  the  use o f  heat pumps w i t h  downhole heat 
exchangers where geothermal gradients  are normal 
(Faltermayer, 1982). I n  these app l ica t ions  
conduction i s  t y p i c a l l y  the p r i n c i p a l  means o f  heat 
t rans fer .  
conduction i n  a geothermal technology i s  the 
t ransfer  o f  heat from hot  d r y  rock t o  a r t i f i c i a l l y  
c i r c u l a t i n g  f l u i d s .  

The 

A t h i r d  example o f  the  s i g n i f i c a n c e  o f  

When thermal conduction i n  the subsurface i s  a 
s i g n i f i c a n t  means o f  heat t r a n s f e r  i n  a geothermal 
system, the  thermal c o n d u c t i v i t y  and d i f f u s i v i t y  
are parameters c r i t i c a l  t o  the development o f  an 
e f f i c i e n t  design. Because o f  the  wide v a r i a b i l i t y  
o f  these thermal p roper t ies  i n  the subsurface, a 
design t h a t  i s  based on a " t y p i c a l "  value i s  l i k e l y  
t o  be less  e f f i c i e n t  than one based on values 
c h a r a c t e r i s t i c  o f  a c e r t a i n  loca t ion .  Extensive 
research has l e d  t o  the  c o r r e l a t i o n  o f  thermal 
conduct iv i t y  w i t h  other  proper t ies,  the most 
important o f  which are poros i ty ,  mois ture content, 
temperature, and mineralogy. From these values, 
c o n d u c t i v i t y  and d i f f u s i v i t y  can be estimated. An 
i n t e r a c t i v e  computer program has been developed t o  
s i m p l i f y  t h e  task o f  est imat ing parameters based on 
general in format ion about t h e  subsurface a t  a 

s p e c i f i c  loca t ion .  By using t h i s  approach f o r  
improving the  prec is ion  o f  these parameters, the 
e f f i c i e n c y  o f  geothermal appl i c a t i o n s  dependent on 
thermal conduction should be improved. 

THERMAL CONDUCTIVITY AND DIFFUSIVITY 

Recognit ion o f  the wide v a r i a t i o n  i n  the 
thermal c o n d u c t i v i t y  o f  d i f f e r e n t  rocks has always 
been important t o  understanding the geothermal 
regime o f  c e r t a i n  areas. A f a m i l i a r  example i s  the 
accumulation o f  thermal energy below i n s u l a t i n g  
c l a y  o r  shale s t r a t a  t h a t  are c lose  t o  the  surface. 
Thermal c o n d u c t i v i t y  i n  the subsurface has been 
ex tens ive ly  s tud ied and thousands o f  measurements 
have been taken. 
comprehensive review o f  t h e  l i t e r a t u r e  up t o  1975. 
Based on an analys is  o f  nineteen s o i l  types, 
Kersten 's  work (1949) i s  noteworthy f o r  the 
development o f  d i f f e r e n t  empir ica l  equations t o  
c a l c u l a t e  the  bulk  thermal c o n d u c t i v i t i e s  o f  s o i l s  
w i th  d i f f e r e n t  tex tu res  using b u l k  dens i ty  and 
mois ture content as the independent var iab les .  One 
o f  the  most thorough and recent  inves t iga t ions  i n t o  
t h e  thermal c o n d u c t i v i t i e s  o f  rocks has been 
undertaken by Robertson (1979). His research 
ind ica tes  that ,  f o r  a standard rock cornposi t ion,  
bulk thermal c o n d u c t i v i t y  a t  a constant temperature 
i s  d i r e c t l y  p ropor t iona l  t o  t h e  square o f  t h e  
s o l i d i t y ,  S o l i d i t y  i s  equal t o  one minus t h e  
poros i ty. 

Diment (1975) provides a 

Robertson i l l u s t r a t e s  t h i s  r e l a t i o n s h i p  f o r  
d i f f e r e n t  types o f  rocks w i t h  e i t h e r  a i r  o r  water 
i n  the  vo id  spaces. F igure 1 i s  a graph f o r  
saturated non-carbonate sediments t h a t  demonstrates 
the v a r i a b i l i t y  i n  thermal c o n d u c t i v i t y .  I t  a lso 
demonstrates the s i g n i f i c a n c e  o f  quar tz  content. 
Although most common rock and s o i l  forming minera ls  
have a c o n d u c t i v i t y  between 1 and 4 W/mK, quar tz  
has a p a r t i c u l a r l y  h igh c o n d u c t i v i t y  ranging from 7 
t o  12 W/mK depending on o r i e n t a t i o n  t o  heat f low.  
Empir ical s tud ies a lso ind ica tes  the s i g n i f i c a n t  
e f f e c t  o f  moisture content and temperature. 
moisture content increases, so does conduct iv i t y .  
I n  contrast ,  as temperature increases, c o n d u c t i v i t y  
t y p i c a l l y  decreases, although some exceptions have 
been noted (Robertson, 1979). 

As 

D i r e c t  measurements of thermal d i f f u s i v i t y  are 
less  common than they are f o r  conduct iv i t y .  
Thermal d i f f u s i v i t y  ( a )  i s  the r a t i o  o f  thermal 
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FIGURE 1 

THERMAL CONDUCTIVITY OF SATURATED NONCARBONATE SEDIMENTS (from Robertson, 1979) 
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c o n d u c t i v i t y  (k) t o  the product o f  dens i ty  (p)  
times heat capaci ty  ( c )  as shown i n  Equation 1. 

Therefore, d i f f u s i v i t y  can be ca lcu la ted  from the 
values o f  these and o ther  p roper t ies .  
values o f  dens i ty  and heat capac i ty  f o r  each phase 
i n  the  subsurface f a l l  w i t h i n  a narrow range, use 
of an average value f o r  these proper t ies  should not 
s i g n i f i c a n t l y  reduce prec is ion .  I f  average values 
f o r  these proper t ies  are assumed, bu lk  thermal 
d i f f u s i v i t y  depends on bu lk  thermal conduct iv i t y ,  
e i t h e r  d r y  bu lk  dens i ty  o r  poros i ty ,  e i t h e r  
volumetric o r  g rav imet r ic  mois ture content, and 
temperature. F igure 2 shows the  t h e o r e t i c a l  
r e l a t i o n  between c o n d u c t i v i t y  and d i f f u s i v i t y  under 
saturated cond i t ions  a t  37'C w i t h  vary ing 
p o r o s i t i e s  and vary ing amounts o f  quartz. 
3 through'6 show the range o f  c o n d u c t i v i t y  and 
d i f f u s i v i t y  c h a r a c t e r i s t i c  o f  d i f f e r e n t  types o f  
rock under saturated cond i t ions  a t  37OC. The 
v a r i a b i l i t y  o f  these proper t ies  i s  c l e a r l y  
demonstrated. 

Because 

Figures 

COMPUTER ASSISTANCE 

Earth-coupled heat pumps are one way o f  using 
thermal energy i n  the  subsurface t h a t  r e l i e s  
predominantly on thermal conduction. Un l ike  
groundwater heat pumps, earth-coupled heat pumps 
ex t rac t  o r  r e j e c t  heat t o  t h e  subsurface through 
closed loop heat exchangers. 
a p p l i c a b i l i t y  o f  these systems i n  d i f f e r e n t  regions 
of the country, the  U.S. Department of Energy has 
sponsored research on t h e i r  performance under 
d i f f e r e n t  condi t ions.  To judge t h e  performance o f  
a design f o r  earth-coupled heat  pumps i n  a c e r t a i n  
area, values f o r  thermal c o n d u c t i v i t y  and 
d i f f u s i v i t y  i n  t h a t  area are necessary. 
l i k e l i h o o d  t h a t  use o f  " t y p i c a l "  values w i l l  g ive 
misleading r e s u l t s  i s  too  great, y e t  the  cost  o f  
d i r e c t  measurement a t  numerous loca t ions  would be 
p r o h i b i t i v e .  Based on the  r e l a t i o n s h i p s  described 
i n  the previous sec t ion  i t  i s  poss ib le  t o  estimate 
reasonab 1 y prec i se v a1 ues f o r  conduct i v i t y  and 
d i f f u s i v i t y  from general in fo rmat ion  about the 
geology o f  a c e r t a i n  area. 

To determine the 

The 
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I n  tema nn 
FIGURE 2 

THEORETICAL RELATION BETWEEN THERMAL CONDUCTIVITY AND THERMAL DIFFUSIVITY BELOW THE WATER TABLE 
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ASSUMPTIONS 

3 1. Saturated condi t ions 
2. Densi ty o f  so l  i d  phase = 2.7g/cm 
3. Heat capaci ty  o f  a o l i d  phase = 0.8J/gK 
4. Temperature = 310 K 81 pressure = 5MPa 

Conduct iv i ty  values from Robertson, 1979 

P = Poros i ty  
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FIGURE 3 FIGURE 4 

THERMAL DlFFUSlVlTY AND CONDUCTIVITY OF 
SANDS AND SANDSTONES 
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THERMAL DlFFUSlVlTY AND CONDUCTIVITY OF 
CLAYS AND SHALES 
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I n tema n n 
FIGURE 5 FIGURE 6 

THERMAL DlFFUSlVlTY AND CONDUCTIVITY OF 
LIMESTONES AND DOLOMITES 
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A simple i n t e r a c t i v e  computer program named 
CREATE.THERM has been developed t o  a s s i s t  i n  t h i s  
task. 
analyst provides as shown i n  F igure 7. From 
ava i lab le  in format ion about the  subsurface a t  some 
loca t ion ,  bu lk  density, mois ture content, rock 
type, quar tz  content, and heat capac i ty  o f  the  
s o l i d  phase are estimated f o r  d i f f e r e n t  depth 
i n t e r v a l s  t o  account f o r  v a r i a b i l i t y  w i t h  depth. 
From t h i s  information, a value f o r  bu lk  thermal 
conduct iv i t y  i s  taken from the graphs i n  Robertson 
(1979). However, the program can r e a d i l y  be 
modif ied t o  c a l c u l a t e  conduct iv i t y .  F i n a l l y ,  
d i f f u s i v i t y  i s  ca lcu lated from the above 
proper t ies.  The r e s u l t s  are d isp layed i n  a tabu la r  
form and the weighted averages o f  the  proper t ies  
over the  e n t i r e  depth are provided. F igure 8 i s  an 
example o f  the  r e s u l t s  f o r  a we l l  i n  the  Phoenix 
area. I n  add i t ion  t o  the  aforementioned 
parameters, in format ion about subsurface 
temperatures and depth t o  water t a b l e  can be 
input  . 

The computer requests c e r t a i n  data which the  

THERMAL DlFFUSlVlTY AND CONDUCTIVITY OF 
BASALTS AND GRANITES 
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THERMAL CONDUCTIVITY (W/mK) 

FIGURE 7 

INPUT FOR CREATE.THERM: AN INTERACTIVE PROGRAM 

ENTER THE RASE AND THICKNESS FOR INTERVAL. I 8 
305 1 2 9  

I S  THE ENTRY CnRRECT ( ' I  OR E l ) ?  
THE €NTERED RASE AND THICKNESS= 3O5,O 1 2 9 ' 0  

ENTER THE BULK D E N S I T Y  (G /CC)  
2 .25  
THE ENTEREn R K R  = 2 . 2 5  
IS THE ENTRY CORRECT ( '1  OR N)? 

ENTER THE IIDJSTLIRE CONTENT (PERCENT) 
15 

I S  THE ENTRY CORRECT ( Y  OR N ) ?  
THE ENTERED MC = 1.5.000 

ENTER THE EULK THERMAL. COND. (bl/H DER K )  
4.7 
THE ENTERED TCH 4.70 
IS THE ENTRY CORRECT ( '1 OR N ) ' ?  

I S  THE S O L I D  CAPACITY 0 . 8  (aJ/CC lIEG K ) ?  
CONCLUSION 

The program CREATE.THERM has been developed t o  
prov ide in format ion about t h e  subsurface i n  order 
t o  estimate t h e  performance o f  designs f o r  ear th-  
coupled heat pumps a t  a p a r t i c u l a r  loca t ion .  For 
t h i s  appl icat ion,  which invo lves moderate temper- 
atures, the e f f e c t  o f  temperature on c o n d u c t i v i t y  
and d i f f u s i v i t y  i s  considered i n s i g n i f i c a n t  and i s  
disregarded. With some simple m o d i f i c a t i o n  t o  
account f o r  the  e f fec ts  o f  h igh temperatures, the 
program should also be usefu l  t o  the  design o f  
other app l i ca t ions  using geothermal technologies 
t h a t  are a t  l e a s t  p a r t i a l l y  dependent on thermal 
conduction. 

THE CALCULATED TDB P 19.34 
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FIGURE 8 

SUBSURFACE PROPERTIES FOR A WELL I N  ARIZONA 
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