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THERMAL CONDUCTIVITY OF ROCKS ASSOCIATED WITH ENERGY EXTRACTION 

FROM HOT DRY ROCK GEOTHERISAL SYSTE14S* 

W .  L. S i b b i t t ,  J .  G. Dodson, and J .  W .  Tester 

Los Alamos Sc ien t i f i c  Laboratory, Univ. of California 

Los Alamos, New Mexico 87545 

Abstract 

Because the l i fe t ime of and heat extraction r a t e  from a hot 
dry rock ( H D R )  geothermal reservoir  can be substant ia l ly  controlled 
by the -- i n  situ rock thermal conductivity,  information concerning 
the dependence of  thermal conductivity on moisture content and tem- 
perature is  important f o r  proper design and management of the reser- 
voir .  Results of thermal conductivity measurements a re  given for  
14 d r i l l  core rock samples taken from two exploratory H D R  geo- 
thermal wellbores (maximum depth of 2929 m (9608 f t )  d r i l l e d  i n t o  
Precambrian g ran i t i c  rock i n  the Jemez Nountains of northern New 
Flexico. These samples have been petrographically characterized 
and i n  general represent fresh competent Precambrian material o f  
deep  o r i g i n .  Thermal conduct ivi t ies ,  modal analyses and dens i t ies  
a r e  given fo r  a l l  core samples studied under dry and water-saturated 
conditions. Additional measurements a re  reported fo r  several sedi- 
mentary rocks encountered i n  the upper 760 m (2500 f t )  of t h a t  same 
region. A cut-bar thermal conductivity comparator and a t ransient  
needle probe were used f o r  the determinations w i t h  fused qua r t z  
and Pyroceram 9606 as the standards. The maximum temperature range 
of the measurements was from the ice point t o  250°C. The measure- 
ments on wet, water-saturated rock were limited to  the temperature 
range below room temperature. Conductivity values of the dense 
core rock samples were generally w i t h i n  the range from 2 t o  2.9 W/mK 
a t  200°C. 
tory measurements of thermal conductivity and those obtained by 
-- i n  s i tu measurements used i n  the HDR wellbores. 

*Work done under the auspices of the U.S. Department of Energy. 

Excellent agreement was achieved between these labora- 

By using samples 



of su f f i c i en t  thickness t o  provide a s t a t i s t i c a l l y  representative 
heat flow p a t h ,  no difference between conductivity values and t h e i r  
temperature coef f ic ien ts  for  orthogonal direct ions (heat  flow par- 
a l l e l  o r  perpendicular t o  core ax i s )  was observed. This isotropic  
behavior was even found f o r  highly fo l ia ted  gneissic specimens. 
Estimates of thermal conductivity based on a composite dispersion 
analysis  u t i l i z i n g  pure minerall ic phase conductivit ies and detailed 
modal analyses usually agreed t o  w i t h i n  9% of the experimental 
values. 

INTRODUCTION AND SIGNIFICANCE 

The objective of this work was measurement of the thermal con- 

This material i s  unique i n  the sense t h a t  i t  is  
duc t iv i ty  of deep crustal  c rys t a l l i ne  rock obtained from cores taken 
a t  depths t o  3 km. 
f r e e  of surface weathering, reasonably competent w i t h  well-sealed 
microfractures (permeability <1 pdarcy) and i s  p a r t  of a h o t  dry 
rock ( H D R )  geothermal reservoir  system i n  Precambrian grani te  a t  
200°C. Detailed information on the dependence of thermal conduc- 
t i v i t y  on temperature and moisture content a s  well as  on mineralogy 
was required fo r  predictive performance modeling of an HDR reservoir 
f o r  the following reasons-[Smith, 19751. 

' 

The operational f e a s i b i l i t y  of h o t  dry rock ( H D R )  geothermal 
systems requires t h a t  heat be transferred e f f i c i e n t l y  from hot 
reservoir  rock t o  a c i rcu la t ing  f lu id  (water).  
cepts being pursued t h a t  involve fractured rock reservoirs ,  the 
thermal conductivity of the formation c r i t i c a l l y  a f f e c t s  the l i f e -  
time and thermal capacity of the reservoir .  [Tester and S m i t h ,  
19771. Of equal importance a re  the amount of surface area accessi- 
ble  t o  f lu id  c i rcu la t ing  across the f rac ture  faces and  the r a t e  of 
f l u i d  flow. 
coverable power, P ( t ) ,  i n  wa t t s ,  f o r  a s ing le  ideal disc  shaped 
f r ac tu re  system i n  grani te  can be estimated f o r  uniform water flow 
conditions a s :  

In most of the con- 

As given by Murphy [Tester and Smith, 19771, the re- 

where 
R = f rac ture  radius ,  m 
Cr = heat capacity of gran i te ,  ~ 1 0 0 0  J/kgK [Clark, 19661 
Cw = heat capacity of water, %4200 J/kgK 
mw = water flow r a t e  through f rac ture ,  kg/sec 
t = time, sec 
T i  = mean i n i t i a l  rock temperature, O C  



= f lu id  temperature as  i t  en ters  the reservoir ,  O C  'mi n 
A, = thermal conductivity of gran i te ,  W/m K 
P r  = rock density,  kg/m3 

The e r ro r  function term i n  eq ( 1 )  describes the f i n i t e  thermal re- 
s i s tance  fo r  heat t ransport  by t rans ien t  conduction t h r o u g h  the 
rock t o  the c i rcu la t ing  f lu id .  
flows and non-ideal f rac ture  geometries, recoverable power levels  
will  depend on the parametric form of eq ( 1 ) .  
1976; Harlow and Pracht, 1972.) 
performance, one must have reasonable values for the thermal con- 
duc t iv i ty  of the rock formation. 

Even i n  s i tua t ions  w i t h  non-uniform 

[Murphy and McFarland, 
Thus i n  order to  predict  reservoir  

In addition t o  influencing reservoir  performance, and there- 
fore  reservoir-related cos ts ,  thermal conductivity a l so  a f f ec t s  
the economics of H D R  systems i n  another way. 
heat flow, the thermal conductivity of the overlying rocks will  
control the mean geothermal temperature gradient observed. Thus 
the d r i l l i n g  depth required t o  reach rock of  a given temperature 
will  vary inversely w i t h  the mean gradient. Because d r i l l i n g  costs  
increase exponentially w i t h  depth [Tester and Smith, 19771 thermal 
conductivity-heat flow cha rac t e r i s t i c s  a re  i m p o r t a n t  i n  determining 
cos ts  associated w i t h  developing the reservoir .  

For a given regional 

The conventional def in i t ion  of thermal conductivity X u s i n g  the 
Biot/Fourier formulation of unidirectional conductive heat flow has 
been applied t o  mineral rock systems [Birch and Clark, 19401. 
Because rocks a r e  a l l  diathermanous mater ia ls ,  the thermal con- 
duc t iv i ty  h of laboratory-sized samples can depend upon specimen 
thickness as well as  upon specimen composition and i t s  i n t r i n s i c  
physical condition. All rocks transmit infrared radiat ion;  therefore,  

an "apparent conductivity" since i t  is  n o t  a t rue physical property 
of  the material .  The apparent conductivity i s  the sum of the t rue 
conductivity (a physical property) and the "radiation conductivity. I' 
The contribution due t o  radiat ion however i s  usually negligible for  
temperatures below 800 K and does not influence the data presented 
i n  this paper. 

_ t h e r e  a r e  always two paral le l  paths f o r  heat. Thus X has been called 

Heat flow i n  rock composites is  ra ther  complex: i t  i s  always 
three-dimensional on a macroscopic scale  although i n  many cases i t  
can be t reated as  unidirectional flow. In a typical g ran i t ic  rock 
of i n t e r e s t  t o  our geothermal pro jec t ,  microcapillaries occur along 
mineral contacts and along cleavage planes of feldspars and i ron-  
magnesium si1 ica tes  ( b i o t i t e s ) .  Quartz tends to form microcracks 
around and across quartz grains.  
is  usually small ( l e s s  than 0.001) b u t  the in te r fac ia l  surface is  
very large and subs tan t ia l ly  reduces the apparent radiation con- 
duc t iv i ty  b u t  only moderately reduces the apparent l a t t i c e  

The volume fract ion of these v o i d s  



C o n d u c t i v i t y .  
f i c i e n t l y  h igh,  microcracks c l o s u r e  can be complete and r e s u l t  i n  
a lmost  no change i n  phonon t r a n s p o r t .  I n  almost any case t h e  i n t e r -  
c r y s t a l l i n e  r e s i s t a n c e  t o  heat f l o w  i n  r e l a t i v e l y  f r e s h ,  wet igneous 
rocks  i s  low a t  moderate temperatures. [Walsh and Decker, 19661. 

For s i t u a t i o n s  where c o n f i n i n g  pressures a r e  suf- 

I f  apparent c o n d u c t i v i t y  values a r e  t o  be used t o  est imate the  
geothermal heat  f l u x ,  then exper imental  r o c k  specimens should be of 
such a s i z e  t h a t  average c o n d u c t i v i t y  values w i l l  be c h a r a c t e r i s t i c  
o f  l a r g e  masses o f  rock  e l i m i n a t i n g  the  e f f e c t s  o f  microscopic  
h e t e r o g e n e i t i e s .  
an o r d e r  o f  magnitude g r e a t e r  than the  g r a i n  s i ze .  

The th ickness o f  t he  specimen should be of a t  l e a s t  

P r a c t i c a l  problems, however, i n f l u e n c e  t h e  choice o f  a method 
f o r  measuring t h e  thermal c o n d u c t i v i t y  o f  rocks.  Larger  s i z e d  
specimens u s u a l l y  r e s u l t  i n  l onger  measurement t imes. 
igneous rocks  a r e  d i f f i c u l t  t o  machine: compl icated shapes and 
e s p e c i a l l y  l o n g  holes o f  smal l  d iameter p resen t  problems. F l a t  
c i r c u l a r  d i s c s  can be obta ined by co r ing ,  sawing, g r i nd ing ,  and then 
l a p p i n g  t h e  sur faces t o  some degree o f  f l a t n e s s .  
temperature g r a d i e n t  i s  imposed on an aggregate o f  non-cubic c r y s t a l s ,  
su r face  warping may l i m i t  sample f l a t n e s s  [ B i r c h  and Clark ,  19401. 

I n  a d d i t i o n ,  

However, when the  

I n  measuring t h e  su r face  temperature o f  a f l a t  rock,  good 
thermal c o n t a c t  between t h e  temperature sensor and the  non-meta l l i c  
s u r f a c e  o f  t h e  rock  must be maintained. 
duced by l o c a l  c o o l i n g  i n  the  area o f  temperature sensor c o n t a c t  
because o f  i t s  g e n e r a l l y  h ighe r  c o n d u c t i v i t y  than the  rock.  Fu r the r -  
more, temperature averaging e f f e c t s  r e s u l t  when a f i n i t e  s i z e d  sensor 
i s  p laced i n  a temperature g r a d i e n t .  

E r r o r s  a l s o  may be i n t r o -  

APPARATUS DESCRIPTION 

Most of t h e  problem areas c i t e d  above were e l i m i n a t e d  complete ly  
o r  reduced i n  magnitude so t h a t  t h e i r  e f f e c t s  were n e g l i g i b l e  by 
employing a p r o p e r l y  designed c u t - b a r  thermal c o n d u c t i v i t y  comparator 
f o r  s teady s t a t e  and a needle c o n d u c t i v i t y  probe f o r  t r a n s i e n t  
measurements w i t h  c a r e f u l l y  prepared samples and f u l l y  cha rac te r i zed  
standard m a t e r i a l s .  

Steady-State Measurements 

Measurements o f  c o n d u c t i v i t i e s  p a r a l l e l  t o  t h e  a x i s  o f  t he  cores 
were made on a guarded, s teady-state,  d i v ided -ba r  apparatus (cut -bar  
t h e r m a l - c o n d u c t i v i t y  comparator) [ B i r c h  and Clark ,  19401. A sche- 
ma t i c  assembly i s  shown i n  F i g u r e  1. T h i s  comparator prov ides a 
secondary method f o r  de te rm in ing  A :  a d i s c  r o c k  specimen o f  unknown 
c o n d u c t i v i t y  i s  placed i n  s e r i e s  between two standard d i s c s  of known 
c o n d u c t i v i t y  and then t h e  temperature drops a r e  measured w i t h  a 



constant,  steady-state heat f lux imposed. 
used to  ver i fy  t h a t  the heat flow i s  unidirectional.  The comparator 
cons is t s  of a sandwich s t ruc ture  w i t h  a rock sample fixed i n  place 
between two heat meter integral  uni ts  composed of a comparison 
standard glued between two copper temperature sensor d iscs .  For dry 
rock measurements, a h i g h  conductivity acryloid-s i lver  composite 
cement was used t o  provide m i n i m u m  contact resistance a t  a l l  in te r -  
faces,  as  shown i n  Figure 1 .  
water-glycerol-silver paste was used. All gluing operations and 
conductivity measurements were carr ied o u t  w i t h  an axial  load main- 
tained on the [heat source-heat meter-rock sample-heat sink] stack 
assembly. A pressure control led,  to ta l  reflux condenser employing 
d i f f e ren t  pure organic f lu ids  (ethylene glycol , acetone, ethanol , 
methanol, methylene chlor ide)  o r  water was used as the heat source 
operating a t  fixed temperatures over a range from 0" t o  250°C. A n  
ethylene glycol,  controlled temperature b a t h  was used a s  the heat 
s i n k .  The space between the guard heaters and the stack of discs  
is  f i l l e d  w i t h  a s i l i c a  Aerogel insulat ing powder. The practical  
work ing  range fo r  this comparator i s  from 0.1 t o  10 W/m K .  

Two known standards were 

For wet rock measurements, a loaded 

There i s  a f i n i t e  heat f lux t h r o u g h  the insulation from the t o p  
(adjacent t o  the heat source) t o  the bottom (adjacent t o  the s i n k )  
because of the imposed temperature gradient. T h i s  energy might be 
supplied,  i n  par t ,  by e i t h e r  the stack of discs  o r  optimally by the 
guard heaters.  Consequently, the guard heaters a re  maintained a t  a 
somewhat higher temperature than the disc  stack a t  the same axial  
posit ion.  
mismatch can be established by a numerical analysis fo r  the appro- 
p r i a t e  useful ranges of thermal and  geometrical parameters and/or  
by a s e r i e s  of experiments w i t h  d i f f e ren t  degrees of mismatch. 

The approximate magnitude of the required temperature 

F la t  d i sc  samples were selected because they were convenient t o  
produce i n  uniform s izes .  
nearly para l le l  and f l a t  as possible. 
t i o n s  i n  hardness o f  t he  minera ls  compr is ing the composite, s l i g h t  
differences i n  surface perfection resul ted.  A su i tab le  sample thick- 
ness of approximately -1 t o  3 cm was used. 

The faces of a l l  rock discs  were made as 
However, because of varia- 

A constant l inear  temperature gradient i n  bo th  the stack of 
d i scs  and i n  the guard heaters i s  the ideal s i t ua t ion ;  thus,  known 
conductivity standards should be selected t o  match the sample. 
is a major problem since the choice of standard materials i s  very 
l imited.  Probably the only materials w i t h  any j u s t i f i a b l e  claim t o  
being standards i n  the range of conduct ivi t ies  from 1 t o  4 W/m K ( a t  
temperatures of i n t e r e s t )  a r e  Pyroceram 9606 and fused s i l i c a .  The 
four t h i n  d i scs  containing the temperature sensors a re  made of oxygen- 
f r ee ,  high-conductivity copper; consequently, they present a negli- 
g ib le  res is tance t o  heat flow and because of t h e i r  thinness do not 
cause an important deviation from the desired l inear  temperature 

T h i s  
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F i g u r e  1. Schematic o f  c u t - b a r  thermal c o n d u c t i v i t y  comparator. 

g rad ien t .  Therefore,  by v a r y i n g  t h e  c ross -sec t i ona l  areas o f  t h e  
standards, t he  temperature g r a d i e n t  through them can be matched t o  
t h e  g r a d i e n t  through a g iven r o c k  sample. 

I n  t h i s  m o d i f i e d  d i v ided -ba r  apparatus, two adjacent  tempera- 
t u r e  sensors measure t h e  temperature drop across one sample d i s c  
p l u s  two i n t e r f a c e s  (copper and r o c k )  p l u s  two copper d i s c s  o f  one- 
ha1 f th i ckness  (see F igu re  1 ). The t o t a l  temperature d i f f e r e n c e  
across t h e  sample and re fe rence  standard composite was u s u a l l y  
between 10 t o  20OC. I n  each case t h e  measured temperature drop was 
c o r r e c t e d  t o  o b t a i n  t h e  a c t u a l  temperature drop across the  r o c k  
d i s c .  

The measured f i l m  t h i ckness  between two ?mal 1 (~40-mm-diam) 
fused u a r t z  i i s c  standards was about 2 x 10' mm b u t  increased t o  
about 2 x 10- mm f o r  t h e  l a r g e  d i s c s  ( ~ 6 0  mm diam). The conductance 
across such an i n t e r f a c e  i n  an a i r  environment, w h i l e  reasonably h igh  
i s  n o t  rep roduc ib le .  Consequently, a h e a t - t r a n s f e r  media was used 
t o  decrease t h e  c o n t a c t  r e s i s t a n c e  and thus  o b t a i n  a h igh,  rep ro -  
d u c i b l e  conductance a t  a l l  i n t e r f a c e s  i n  t h e  s tack of d iscs .  A 
number o f  s e m i - l i q u i d  and l i q u i d  c o n t a c t  m a t e r i a l s  were t r i e d .  
E x c e l l e n t  r e s u l t s  were ob ta ined  w i t h  a m i x t u r e  o f  A c r y l o i d  A-10 
(Rohn and Hass) and s i l v e r  pigment ( S i l f l a k e  131, Handy and Harmon). 
This  p a r t i c u l a r  cement composite prov ides a s t rong  bond w i t h  un i fo rm 
h i g h  conductance, which can be used i n  u l t r a h i g h  vacuum, i s  bakeable 
t o  45OoC, and y e t  can e a s i l y  be removed f rom the  sample when neces- 
sary.  Cement f i l m  th icknesses (4 - x mrn) were measured f o r  each 



experimental set-up and then the corresponding temperature d r o p  
correction was applied t o  the data.  
order of 0.2 of one percent. 

The corrections were of the 

Tran s i en t Mea s u reme n t s 

A t rans ien t  needle conductivity probe was used t o  measure con- 
duc t iv i t i e s  perpendicular t o  the core axis .  
about 0.91 mm i n  diam by 36.5 mm i n  length and required t h a t  1-mm- 
diam holes be d r i l l ed  into samples u s i n g  an expensive sonic technique. 

I f  a l i n e  source of heat i s  placed i n  an i n f i n i t e  homogeneous 
i so t ropic  medium i n i t i a l l y  a t  a uniform temperature and the heat 
i s  generated by t h i s  source a t  a constant r a t e  q per u n i t  source 
length then the temperature r i s e  ( A T )  (above the i n i t i a l  tempera- 
t u re )  a t  a distance r from the l i n e  source o f  heat i s  given as a 
function of  time t by the following equation: [van der Held, 1949) 

The needle probe is  

where 
E i  = exponential integral  
a = thermal d i f fus iv i ty  

For large values of time, this may be approximated by: 

4a AT = - 4:A [ant + Rn i;2 - Any] (4) 

where 
Rny = Rn (Euler ' s  constant)  = 0.5772 

Therefore, f o r  f i x e d  values o f  r and a, the temperature in -  
creases logarithmically w i t h  time. 
versus the logarithm of time should give a s t r a i g h t  l i n e  whose slope 
is  equal t o  q/4nh. T h i s  technique i s  customarily used w i t h  the l i ne  
heat source method t o  evaluate the thermal conductivity. For probes 
where the heater and temperature sensor a r e  located w i t h i n  the same 
sheath, the value of r is  indeterminate; however i f  the probe ap- 
proximates a l i n e  heat source then the value of r is  immaterial as 
long a s  i t  i s  constant f o r  a given se r i e s  of measurements. T h i s  
method of calculat ion gives cor rec t  values of conductivity under 
most conditions achieved i n  pract ice .  However the probe diameter, 
length and construction materials must be selected so as  t o  minimize 
a common d e v i a t i o n  from ideal l i n e  source behavior  - namely, the 
" i n i t i a l  lag e f f ec t "  a t  short experimental times which i s  caused by 
the thermal properties of the probe ( b o t h  intensive and extensive).  

A plo t  of temperature r i s e  
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To a f i r s t  approximat ion,  i f  t >> rp2/a ( r p  = ho le  r a d i u s )  then t h e  
l o g a r i t h m i c  dependence o f  eq (4 )  should be fo l lowed.  The c o n t a c t  
r e s i s t a n c e  between the  probe and sample c o n t r i b u t e  t o  t h i s  l a g  e f f e c t .  
An a x i a l  heat  f l o w  e r r o r  o c c u r r i n g  a t  l o n g  exper imental  t imes caused 
by non- rad ia l  heat  f l o w  f rom t h e  probe t o  t h e  sample a l s o  i n t roduces  
e r r o r s  [klechsler, 19661. 
of measurements on fused q u a r t z  and Pyroceram 9606 standard samples 
u s i n g  t h e  X values recommended by the  Thermophysical P r o p e r t i e s  
Research Center (T.P.R.C.) [1964]. 

These probes were c a l i b r a t e d  by a s e r i e s  

\ >  EX P E R I ME N TA L RES U L TS 

The exper imental  e f f o r t  c i t e d  below concentrates on thermal con- 
d u c t i v i t y  measurements f o r  f r e s h ,  competent Precambrian c r y s t a l l i n e  
r o c k  co re  m a t e r i a l  obta ined from two d i f f e r e n t  deep we l l bo res ,  GT-1 
and GT-2, which a r e  p a r t  o f  t h e  LASL h o t  d r y  rock  geothermal f i e l d  
demonstrat ion p r o j e c t  [Tester and Smith, 19771. The impor tan t  fea- 
t u r e  we emphasize i n  t h i s  paper i s  t h a t  accurate thermal c o n d u c t i v i t y  
measurements a r e  r e p o r t e d  on samples t h a t  have been p e t r o g r a p h i c a l l y  
c h a r a c t e r i z e d  i n  d e t a i l  w i t h  corresponding modal analyses presented 
f o r  a1 1 c r y s t a l  1 i n e  r o c k  measurements. [See a1 so S i  b b i  tt , 19761. 

I n  1972, an e x p l o r a t o r y  h o l e  l o c a t e d  i n  the  Jemez Flountains o f  
n o r t h  c e n t r a l  New Mexico was completed t o  a depth o f  785 m (2572 ft) 
(Geothermal Test  Hole No. 1, GT-1). The bottom 50 m (165 f t )  o f  t h e  
h o l e  penetrated Precambrian basement rock  and was cored con t inuous ly .  
The Precambrian s e c t i o n  was c h a r a c t e r i z e d  by a wide range o f  c r y s t a l -  
l i n e  r o c k  composi t ions w i t h  q u a r t z  (SiOz) m i c r o c l i n e  o r  potassium 
f e l d s p a r  ( K A l S i  308), p l a g i o c l a s e  [ a l b i t e  (NaA1Si30s): a n o r t h i t e  
(CaA1 2 S i 2 0 3 ) ]  and b i o t i t e  [ ~ l < ~ ( F e , M g ) , ( 0 H ) ~ A l S i  3010 ( w i t h  numerous 
s u b s t i t u t i o n s ) ]  as major c o n s t i t u e n t  m ine ra l s  [Perkins,  19731. The 
lower  40% o f  t h i s  co re  s e c t i o n  was e s s e n t i a l l y  b i o t i t e - a m p h i b o l i t e  
ve ined by t o n a l i t e - a p l i t e .  The upper 60% was e s s e n t i a l l y  g r a n i t e  and 
g r a n o d i o r i t e ,  p a r t l y  g n e i s s i c  i n  t e x t u r e .  A number o f  thermal con- 
d u c t i v i t y  measurements f rom 0" t o  250°C were made on samples f rom 
t h i s  co re  s e c t i o n  (see Table 1 and F igu re  3) .  These a r e  averaged 
va lues based on approx imate ly  20 de te rm ina t ions  on each sample. 
samples a r e  designated by t h e  i n d i c a t e d  dep th  below t h e  su r face  as 
measured f rom t h e  d r i l l i n g  p l a t f o r m .  The pet rography o f  t h e  rock  
types i n  t h i s  d r i l l  co re  was s t u d i e d  i n  some d e t a i l  [Perkins,  19731 
and modal analyses a r e  g i ven  i n  Table 2. 

The 

A second hole,  GT-2 l o c a t e d  a t  Fenton H i l l  about 2.5 km (1.5 

F igu re  2 i s  a l i t h o -  

F i r s t  a 

m i l e s )  south o f  GT-1, was d r i l l e d  t o  a depth o f  2930 m ( ~ 9 6 0 0  f t )  
i n t o  Precambrian-age basement g r a n i t i c  rocks.  
l o g i c  l o g  d e p i c t i n g  t h e  fo rma t ions  pene t ra ted  and temperature p r o f i l e  
i n  GT-2. The l i t h o l o g y  o f  GT-2 i s  approx imate ly  as f o l l o w s  ( s t a r t i n g  
f rom a su r face  ground e l e v a t i o n  o f  2652 m (8702 f t) :  
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Figure 2 .  Lithologic log o f  GT-2 showing temperature versus depth. 

TEMPERATURE ('C) 

Figure 3 .  GT-1 core sample thermal conductivity. See Table 2 
fo r  modal compositions. 
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Table 1 
THERMAL CONDUCTIVITY O F  ROCKS FROM GT-1 

(1 i n  mR Id para l le l  t o  the ax is  of  the core)* 

Sample T e m p e r a t u r e  "C 
No. 0 25 50 75 100 125 150 175 200 250 

2444-3 3.435 3.287 3.165 3.052 2.945 2.842 2.763 2.686 2.615 2.484 
2488 2.978 2.865 2.777 2.697 2.627 2.564 2.503 2.447 2.397 2.313 
251 3 2.985 2.872 2.784 2.702 2.630 2.559 2.494 2.433 2.376 2.277 
2524 2.480 2.423 2.379 2.338 2.303 2.267 2.235 2.207 2.181 2.140 
2554 2.272 2.213 2.178 2.140 2.108 2.076 2.046 2.018 1.993 1.945 
2569 2.407 2.354 2.310 2.272 2.238 2.205 2.176 2.149 2.124 2.078 

*Measurements taken w i t h  needle probe ( I t 0  core ax is )  y ie ld  A values w i t h i n  the pre- 
c i s ion  o f  data  shown for  // measurements taken w i t h  cut-bar comparator. 



Table 2 

(vo’l ume percentages o f  mineral s )  
PROXIMATE ANALYSIS OF GT-1 ROCKS [PERKINS 19731 
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Sampl e 
No. Rock TvDe 

2444-3 
2488 

251 3 

2524 
2554 
2569 

35 
25 

11 

- 

21 25 
28 30 

36 29 

17 29 
33 36 
23 36 

Granite, adamel 1 i te 
(Gneissic granite 

(Gneissic biotite- 

Bioti te-amphi bo1 i te 
Biotite-amphibolite 
Bioti te-amphi bo1 i te 

adamel 1 i te) 

granodiorite) 

2.69 
2.70 

2.70 

2.96 
2.97 
2.97 



Ple i s tocene  l a y e r  o f  Bande l ie r  t u f f  f o l l owed  by t h i n  l a y e r s  o f  
P a l i z a  Canyon and Ab iqu iu  t u f f s  which te rmina te  a t  a depth o f  about 
140 m (460 ft); nex t  a Permian l a y e r ,  t h e  Abo Formation ( r e d  beds; 
shale,  sandstone w i t h  l imestone s t r i n g e r s )  which te rmina tes  a t  a 
depth o f  about 380 m (1250 f t ) ;  n e x t  t he  Magdalena group comprised 
o f  a Pennsylvanian l a y e r  o f  rladera Limestone ( l imestone w i t h  c l a y  
and sha le  l a y e r s )  which te rmina tes  a t  a depth o f  660 m (2165 f t )  
and a M i s s i s s i p p i a n  l a y e r  o f  Sandia Format ion ( l imestone w i t h  shale 
and sandstone l a y e r s )  which te rmina tes  a t  a depth o f  734 m (2404 ft); 
f i n a l l y ,  t he  Precambrian g r a n i t i c  rocks.  The Precambrian s e c t i o n  
a l though showing a wide range o f  l i t h o l o g i c  composi t ion can g e n e r a l l y  
be c h a r a c t e r i z e d  as a competent c r y s t a l l i n e  sec t i on  o f  low perme- 

' a b i l i t y  (0,Ol t o  1.0 p darcy)  c o n t a i n i n g  n a t u r a l  f r a c t u r e s  w i t h  a 
f requency 1-5 per  cm o f  core  which have been complete ly  sealed by 
c a l c i t e  and/or s i l i c a  [see Laugh l i n  and Eddy, 1977 f o r  d e t a i l s ] .  

Table 3 and F igu re  4 summarize t h e  c o n d u c t i v i t y  va lues f rom 0" 
t o  250°C as measured on se lec ted  GT-2 samples which a r e  descr ibed 
i n  Table 4. The sample des igna t ion  corresponds t o  t h e  i n d i c a t e d  
depth  ( i n  f e e t )  a long the  we l l bo re  below t h e  sur face  as measured 
f rom t h e  K e l l y  Bushing on t h e  d r i l l i n g  r i g  p la t fo rm.  

Sample 9608 was descr ibed as a f o l i a t e d  gneiss;  t h e r e f o r e  i t  
was se lec ted  f o r  c o n d u c t i v i t y  de te rm ina t ion  i n  two d i r e c t i o n s ;  
p a r a l l e l  t o  t h e  a x i s  o f  t h e  core  and perpend icu la r  t o  t h e  a x i s  o f  
c o r e  - t h e  f o l i a t i o n  was p a r a l l e l  t o  the  a x i s  o f  t h e  core.  
d u c t i v i t y  va lues and t h e i r  temperature c o e f f i c i e n t s  f o r  or thogonal  
d i r e c t i o n s  were n e a r l y  equal f o r  a sample th ickness  o f  3.75 cm. 
The c o n d u c t i v i t y  p a r a l l e l  t o  the  f o l i a t i o n s  increased as t h e  sample 
th i ckness  was decreased: f o r  example, f o r  a sample th ickness  o f  0.8 cm 
t h e  c o n d u c t i v i t y  i n  t h e  p a r a l l e l  d i r e c t i o n  was more than 20% g rea te r  
than t h e  c o n d u c t i v i t y  i n  t h e  perpend icu la r  d i r e c t i o n .  Thus as we 
i n d i c a t e d  e a r l i e r ,  measurements made on f o l i a t e d  rocks  can be ve ry  
m is lead ing  u n t i l  a s u f f i c i e n t l y  t h i c k  sample i s  used t o  p rov ide  a 
statistically representative path for heat flow. For this core, 
3.75 cm was adequate. For a l l  o t h e r  g r a n i t i c  samples tes ted ,  t he re  
was no observable d i f f e r e n c e  between p a r a l l e l  (s teady s t a t e  cu t -bar  
comparator)  and perpend icu la r  ( t r a n s i e n t  needle probe) measurements 
o f  X on t h e  same sample f o r  th icknesses o f  1 cm o r  more. 

The con- 

A number o f  de termina t ions  were made on sedimentary r o c k  samples 
f rom t h e  Abo Format ion. 
charac ter ized .  
which immediate ly  d i s i n t e g r a t e d  i n  water  (dry d e n s i t y  r a t i o  
2.475) had a d r y  c o n d u c t i v i t y  o f  2.056 W/m K a t  0°C and 2.109 W/m K 
a t  125°C. A weakly compacted r e d  sandstone ( d r y  d e n s i t y  r a t i o  2.355) 
had a d r y  c o n d u c t i v i t y  o f  2.160 W/m K a t  0°C and 1.810 H/m K a t  125°C. 
A s t r o n g l y  compacted r e d  sandstone ( d r y  d e n s i t y  r a t i o  o f  2.407) had a 
d r y  c o n d u c t i v i t y  of 3.11 W/m K a t  45°C. 

These rocks  have n o t  y e t  been complete ly  
One r e d  sha le  sample o f  compacted minute p a r t i c l e s  

o f  

Based on the  assumption o f  



Sample 
No . 

3-2580-43 

12-4918 
5964-2A 
61 53-3A 

61 53-3B 
17-61 56-1 

8579-1 
9608- 1 

0°C 

3.785 

3.800 
2.900 
3.475 
3,413 

2.908 

3.125 
3.115 

Table 3 

THERMAL CONDUCTIVITY OF ROCKS FROM GT-2 
W ( A  inm-Kparallel t o  the axis o f  the  core)* 

25 50 75 100 125 150 175 200 
T e m p e r a t u r e  "C 

3.615 3.475 3.330 3.206 3.098 2.998 2.903 2.820 
3.622 3.475 3.336 3.209 3.091 2.981 2.882 2.797 
2.796 2.714 2.635 2.565 2.498 2.440 2.387 2.341 

3.343 3.222 3.103 2.992 2.908 2.836 2.770 2.713 

3.264 3.143 3.026 2.921 2.882 2.735 2.653 2.584 

2.866 2.777 2.693 2.625 2.560 2.503 2.446 2.393 

W 
m K  (A i n  - perpendicular t o  the axis  o f  the core)* 

3.062 2.990 2.916 2.852 2.750 2.660 

3.005 2.906 2.813 2.728 2.587 2.473 

250 

2.680 
2.646 
2.260 
2.608 
2.466 
2.292 

2.595 
2.376 

* 
1. (needle probe) and // (cut-bar comparator) measurements yield r e su l t s  w i t h i n  the 

precision of  d a t a  shown. 
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Figure 4. GT-2 core specimen thermal conductivity. See Table 4 
f o r  modal compositions. 

uniform heat f lux between the Precambrian and sedimentary section of 
GT-2, the higher average temperature gradient i n  GT-2 from 0 t o  
0.8 km of %100"C/krn versus %50-6O0C/km fo r  the basement section from 
0.8 t o  3 km indicates  t h a t  the -- i n  situ conductivity o f  the sedi- 
mentary section should be lower than the measured experimental 
values of 1.8 t o  3.1 W/m K. The much higher gradient i n  the vol- 
canic tu f f  p o r t i o n  i s  consis tent  with normally lower ( ~ 1 . 0  PJ/m K )  
conduct ivi t ies  associated w i t h  these low density, highly porous 
rocks . 

DISCUSS ION 

The conductivity values a r e  given t o  four places t o  f a c i l i t a t e  
interpolat ion and numerical ana lys i s ;  they a re  - n o t  an indication 
o f  the accuracy of the measurements. The cut-bar thermal-conduc- 
t i v i t y  comparator and the t r ans i en t  needle conductivity probe a re  
secondary instruments. Therefore the accuracy i s  limited by the 
accuracy of the conductivity values assigned t o  the s t anda rd  com- 
parison materials.  The values recommended by T . P . R . C .  fo r  fused 
quartz and Pyroceram 9606 [TPRC, Purdue University, 19641 were used 
since they were mutually consis tent  i n  a s e r i e s  of comparison 
experiments i n  both instruments. 
i n  Table 5 .  
those made by the U.S. Geological Survey a t  Menlo Park, CA (see 
Table 6 ) .  

The recommended values a re  given 
A d i rec t  comparison was made of our measurements with 

Both LASL and USGS measurements were i n  agreement and 



. .  . 

were i n t e r n a l l y  p r e c i s e  (a d i s p e r s i o n  o f  t h e  order  o f  f 1%) b u t  
t h e i r  abso lu te  accuracy was l i m i t e d  t o  - + 4-5% by the  sTandards used. 

The use o f  the  term "wet"  r o c k  i n  Table 6 i s  a misnomer. Both 
USGS and LASL a l lowed the  rocks  t o  imbibe water  a t  atmospher ic 
p ressure  thus they  were never comple te ly  sa tura ted  w i t h  water.  
p l e t e  s a t u r a t i o n  o f  l ow-po ros i t y  rocks  such as g r a n i t e  i s  v e r y  
d i f f i c u l t .  H i rschwald [1912] recommended t h e  f o l l o w i n g  procedure 
t o  o b t a i n  optimum s a t u r a t i o n  o f  t h e  pores: c lean t h e  r o c k  sample; 
remove the  a i r  by warming i n  a hard vacuum environment; l e t  t he  
sample imbibe water  vapor f o r  a t  l e a s t  3 hours i n  a p a r t i a l  vacuum 
equal  t o  the  vapor pressure o f  water  a t  room temperature; cover  w i t h  
water  and then app ly  a pressure o f  50 t o  150 bars.  Th is  technique 
p robab ly  sa tu ra tes  most of  t he  open pore-volume; pores which i n t e r -  
communicate and a re  connected t o  the  sur face  i n c l u d i n g  the  "dead- 
ended" pores. However, we p r e s e n t l y  know o f  no method o f  p rov ing  
t h a t  t h e  r o c k  i s  ever  comple te ly  sa tura ted .  

Com- 

The c o n d u c t i v i t i e s  of these so-ca l led  "wet" rocks  were o f  t h e  
o rde r  o f  1-4% h ighe r  than t h e  c o n d u c t i v i t i e s  o f  these same d r y  rocks.  
The d r y  rocks  were prepared by warming a t  70°C i n  a hard vacuum f o r  
3 hours.  
a t  l e a s t  250°C. Th is  i s  c o n s i s t e n t  w i t h  r e s u l t s  c i t e d  by B i r c h  
and C l a r k  [1940]. Thermal c o n d u c t i v i t y  values f o r  GT-1 and GT-2 
rocks  up t o  250°C a r e  p l o t t e d  i n  F igures  3 and 4. A comparison 
between GT-2 X values i n  t h e  b i o t i t e  g r a n o d i o r i t e  s e c t i o n  and da ta  
presented by B i r c h  and C la rk  [1940] f o r  a number o f  g r a n i t i c  rocks  
i s  shown i n  F igu re  5. 
i n c r e a s i n g  temperatures r e f l e c t s  the  c l a s s i c a l  dependence expected 
f o r  dense c r y s t a l l i n e  m a t e r i a l s  i n  the  anharmonic phonon coup l i ng  
reg ion .  
r e s i s t i v i t y  ( I / x )  versus temperature a re  l i n e a r  f o r  m a t e r i a l s  o f  
t h i s  type.  The crosshatched r e g i o n  of F igu re  5 i n d i c a t e s  t h e  ex- 
pected v a r i a t i o n  of X i n  t h e  b i o t i t e  g r a n o d i o r i t e  sec t ion ,  where 
f l u i d  c i r c u l a t i o n  exper iments a r e  underway a t  LASL [Tester  and Smith 
(1977) l .  The temperature e f f e c t  on thermal c o n d u c t i v i t y  i s  s i m i l a r  
f o r  t h e  se lec ted  B i r c h  and C l a r k  [1940] da ta  f o r  t o n a l i t e ,  Rockport 
and Wester ly  g ran i te ,  and quar t z  monzonite i n  comparison t o  t h e  GT-2 
cores  a t  8580 and 9608 ft. The agreement between GT-2 9608 and i 

quar t z  monzonite i s  f o r t u i t o u s  i n  the  sense t h a t  t he  modal com- 
p o s i t i o n s  a r e  d i f f e r e n t  as shown i n  Table 4. The B i r c h  and C la rk  
[1940] thermal c o n d u c t i v i t y  da ta  rep resen t  t h e  most comprehensive 
s tudy  a v a i l a b l e  i n  t h e  h igh  temperature r e g i o n  where complete modal 
analyses a r e  prov ided.  Heat ing  above 400°C sometimes r e s u l t e d  i n  
permanent changes w i t h  a s l i g h t  decrease i n  t h e  c o n d u c t i v i t y .  

The temperature e f f e c t s  on d r y  rocks  were r e v e r s i b l e  t o  

The gradual  decrease o f  c o n d u c t i v i t y  w i t h  

As B i r c h  and C la rk  [1940] p o i n t  out ,  p l o t s  o f  thermal 

Murphy and Lawton [1977] were a b l e  t o  es t imate  -- i n  s i t u  thermal 
c o n d u c t i v i t i e s  of  r o c k  conta ined around GT-2 and a second deep w e l l -  
bore, EE-1, d r i l l e d  nearby. B a s i c a l l y ,  t hey  extended t h e  t r a n s i e n t  



Table 5 
TH E RMAL CON DUCT I V I T I ES 0 F STAN DA R D MATE RIALS 

F u s e d  Q u a r t z  
Birch & 

Temperature T P R C ~  Ra t c l  i f f e  Clark, 1940 
("C) ( w / m  K)  ( W m  K )  -- (N/m K )  
-23 1.25 

0 1.33 
27 1.38 
77 1.45 

127 1.51 
Error - +4% 

1.275 
1.323 
1.374 
1 .431a 

+2 % 
-- 
- 

-c 

1.36 
1.40 
1.46 
1.51 
%+1% - 

b Py r o c e r a m 
9606 

( W m  K )  
0 4.13 

27 
77 

127 
227 
327 

Error 

3.99 
3.79 
3.65 
3.45 
3.31 
- +5% 

aExtrapolated. 
bTPRC, Purdue Universi t y  , 1964. 
'Error given a s  average deviation from mean. 

Table 6 
COMPARISON OF CONDUCTIVITY VALUES FOR SAMPLE GT-1, 2425 FT 

(Density, wet, 2.66 g/cm3) 
USGS, wet a t  ~25'C 
LASL, wet, 1 s t  r u n  a t  25°C 
LASL, wet, 2nd run a t  25°C 

3.78 bJ/m K 
3.797 t 0.040 \J/m K 
3.789 - 0.035 W/m K 

NOTE: Between Runs  1 and 2,  the s tack  was disassembled; 
the sample was cleaned, d r i ed ,  and resa tura ted  w i t h  water; 
and then the s tack was reassembled. 
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Figure 5. Comparison of GT-2 biotite granodiorite thermal conduc- 
tivities with those for selected igneous rocks. See 
Table 4 for modal compositions. 

line source method described earlier to include effects caused by 
flowing fluid in the wellbores. By comparing the conductive heat 
flux from the rock to the convective heat transported by the well- 
bore fluid, Murphy and Lawton [1977] showed that temperature measure- 
ments made between l ~ 0 . 2 5  and 100 hours provide meaningful and su f -  
ficient data for independently estimating a mean conductivity A and 
diffusivity a of the formation. Numerical solutions in the form of 
dimensionless temperature-time type curves were used to analyze 
experimental flowing temperature l ogs  ;fathe wellbores. 
timated at 2 .9  ld/m K and a = 1 .O x 10' m /sec [Hurphy and Lawton, 
19771. 
a X of  2.8!J/mK was calculated from the estimate of a. 
consistency for in situ measurements coupled with the excellent 
agreement with the laboratory measurements of X supports the hypoth- 
esis that core material in terms of its thermal conduction properties 
is representative of the actual conditions that exist in the reser- 
voir. 

X was es- 

By using mean values for Pr = 2700 kg/m2 and C, = 1050 J/kgK, 
This internal 

A number of simplistic schemes can be used t o  estimate the 
thermal conductivity of massive dense igneous rocks which are 



macroscopically isotropic  and homogeneous and do  not contain large 
volume f r ac t ions  of either quartz o r  potassium feldspar .  
applied the estimating method developed or ig ina l ly  by Flaxwell for 
composite materials and l a t e r  modified by Birch and Clark [1940], 
Powers [1961] , and Mi to f f  [1968]. A1 t h o u g h  other techniques such 
as  the s t a t i s t i c a l  approach of Hashin and Shtrikman [1962] have 
been applied t o  igneous rock systems [Horai and Baldridge, 19721 
w i t h  reasonable success, we f e l t  t ha t  var ia t ions i n  modal analysis  
fo r  t h i n  sect ions taken from the same core sample (See Tables 2 
and 4)  were s u f f i c i e n t l y  large t o  l imi t  the accuracy of any pre- 
d i c t ion  method and consequently we adopted a dispersion analysis  
modification of the Maxwell approach using thermal conductivity 
values for  the pure mineral l ic  phases as  provided by Birch and 
Clark [1940] and others [Diment, 1967; Haskin and S h t r i k m a n ,  1962; 
Horai and Simmons, 1969; and Horai and Baldridge, 1972). 

We 

The discrepancies between the  measured and estimated X values 
u s i n g  a series combination of res is tances  were usually l e s s  than 
9%. T h i s  type of discrepancy i s  acceptable s ince a small degree 
of anisotropy and inhomogeneity i s  inherent i n  so l id  rock samples 
and the modal compositions vary appreciably a t  d i f f e r e n t  cross  
sec t ions  i n  the specimens although the density may appear t o  be 
invariant .  However a s ing le  value of thermal conductivity cannot 
be assigned t o  a modal mineral when i t  i s  defined t o  exis t  over a 
range of chemical compositions: f o r  example the conductivity o f  the 
plagioclase feldspar  s e r i e s  has a m i n i m u m  value a t  an intermediate 

Variations based on chemical impurities and s t ruc tura l  defects  may 
a l s o  be necessary t o  r e f ine  estimates of A. ' 

Since these s impl i s t ic  schemes a l l  ind ica te  t h a t  the conduc- 
t i v i t y  of the rock i s  e s sen t i a l ly  determined by the volume f rac t ions  
o f  cons t i tuent  rock-forming minerals; then the c rys ta l  boundaries 
apparently present a low, cons t an t  res is tance t o  the f l o w  of  hea t .  
This general izat ion apparently appl ies  t o  a l l  of the accessory 
minerals, and the major minerals, b io t i t e ,  the plagioclase feld-  
spars ,  and quartz ,  b u t  n o t  t o  the potassium feldspar  and quartz 
composite whose in te r face  must present a lower heat flow resis tance.  
The conductivity of the potassium feldspar  i s  about 25 percent 
grea te r  than t h a t  of the plagioclase fe ldspar  s e r i e s  b u t  this d i f -  
ference i s  n o t  s u f f i c i e n t  t o  explain the very h i g h  conductivity of 
rocks which contain la rge  volume f rac t ions  of b o t h  quartz.arid 
potassium feldspar .  Figure.6 shows a rough empirical cor re la t ion  
between X and the volume f r ac t ion  of potass7,un feldspar  and the 
temperature. The four d i f f e ren t  l i nes  co r re l a t e  d i f f e ren t  compo- 
s i t i o n a l  regions for  the GT-2, GT-1 and Birch and Clark [1940] data 
plot ted i n  Figures 3 ,  4,  and 5. 
composition, 1 / A ,  the r e s i s t i v i t y ,  i s  l i n e a r l y  proportional t o  
temperature; and a t  a fixed temperature for a pa r t i cu la r  type of 

composition of anor th i te  and a1 b i  t e  [Horai and Simmons, 19693. I 

For a given grani te  of fixed 



g r a n i t e ,  A increased l i n e a r l y  w i t h  the  volume f r a c t i o n  of ,potassium 
fe ldspar  p resen t  ( x ( K - f e l d s p a r ) )  as determined by modal a n a l y s i s  
o f  t h i n  sec t i ons .  Consequently, f o r  e m p i r i c a l  reasons we se lected 
x (K - fe ldspar ) /T  as a c o r r e l a t i n g  parameter f o r  A. 
K- fe ldspar  concen t ra t i ons  o f  <1 volume pe rcen t  i t  was d i f f i c u l t  t o  
p l o t  a l l  t h e  data because x (Ky fe ldspar ) /T  v a r i e d  over  a smal l  range 
1 t o  4 x 10-5K-1. 
K - fe ldspar  g r a n i t e s  a re  shown i n  F igu re  6. 

A t  ve ry  low 

Therefore o n l y  some o f  t h e  p o i n t s  f o r  t h e  low 

I f  a t h i n  specimen o f  a r o c k  w i t h  a coarse t e x t u r e  i s  used, 
then these s i m p l i s t i c  schemes a r e  n o t  app rop r ia te :  j u s t  t h e  modal 
a n a l y s i s  a lone i s  n o t  s u f f i c i e n t  t o  p r e d i c t  A f o r  t h i s  specimen. 
The cont inuous phases must be i d e n t i f i e d  and then t h e  approp r ia te  
r e l a t i o n s h i p  can be se lec ted  t o  est imate t h e  e f f e c t i v e  c o n d u c t i v i t y  
o f  t h e  specimen. 

h 'II 
v 

4 

L 6 
0.5 ID 1.5 

2 
0 

x(K-FELDsPAR)/T(%/K~~~) 

F i g u r e  6. Emp i r i ca l  r e p r e s e n t a t i o n  o f  t h e  dependence o f  thermal 

I n  a d d i t i o n  data f o r  qua r t z  

c o n d u c t i v i t y  o f  GT-2 and GT-1 rocks on K- fe ldspar  volume 
f r a c t i o n  and temperature.  
used i n  F igu res  3 and 4. 
monzonite (If, B i r c h  and C l a r k  [1940]) a r e  presented. 

Symbols correspond t o  those 

i 
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NOMENCLATURE 

A = cross-sectional area perpendicular t o  heat flow d i rec t ion ,  

Cr = heat capacity of gran i te ,  ~ 1 0 5 0  J/kgK 
Cw = heat capacity of water, ~ 4 2 0 0  J/kgK 
mw = water flow r a t e  t h r o u g h  f r ac tu re ,  kg/sec 
q = rad ia l  heat f lux  per u n i t  length, W/m 
qz = heat flow along z ax i s ,  J /sec o r  W 
r = radial  dis tance from l i n e  source, m 
R = f r ac tu re  radius ,  m 
t = time, sec 
T i  
T = temperature, K o r  "C 
TMin = f l u i d  temperature a s  i t  en ters  the reservoi r ,  "C 
Z 

m 2  

= mean i n i t i a l  rock temperature, "C 

a 
x 
xr 
P r  

1. 

2.  

3. 

4. 

= heat f low d i rec t ion ,  m 
= thermal d i f fus iv i ty ,  m2/sec 
= thermal conductivity,  W/m K 
= thermal conductivity of  q ran i te ,  W/m K 
= density o f  grani te ,  kg/m 
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