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ABSTRACT

I n i t i a l r e s u l t s a r e a v a i l a b l e fromthe
per iment t o c a l i b r a t e t h e h e a t e x t r a c t i c n h i s t o r y
of a p h y s i c a l l y s imulated f r a c t u r e d hydrothermal
r e s e r v o i r us ing a rock load ing of l a r g e ,
shaped g r a n i t e blocks . Thermocouples embedded i n
a set of t h e rock b locks and i n w a t e r a t v a r i o u s
l o c a t i o n s i n t h e model provide h e a t e x t r a c t i o n
d a t a . The d a t a are a l s o used t o e v a l u a t e t h e e f-
f e c t s of the rmal s t r e s s i n g on h e a t t r a n s f e r proper-
ties. A f i n i t e element hea t t r a n s f e r computer
model h a s been developed t o assist i n the a n a l y s i s
of t h e s e experiments.

The r e s u l t s of t h e f i r s t experiment a s u r p r i -

s i n g l y u n i f c ross- sec t iona l water temperature
throughout t h e phys ica l model i n d i c a t i n g e f f e c t i v e
c r o s s mixing between f r a c t u r e channels. The t e m-
p e r a t u r e d i f f e r e n c e between rock c e n t e r s and sur-
rounding f l u i d reached during the coo l ing
p r o c e s s , dec reas ing t o smaller va lues by t h e end
of t h e exper iment , i n d i c a t i n g t h a t t h e rock energy
e x t r a c t i o n was r e l a t i v e l y complete, wi th a h igh ,
c o n s t a n t temperature of t h e produced water. Ad-
d i t i o n a l exper iments are planned w i t h inc reased
rates of c o l d water i n j e c t i o n t o r e s u l t i n hea t-
t r a n s f e r- l i m i t e d r e s e r v o i r cond i t ions , and t o ex-
t e n d t h e magnitude of thermal stress.

I NTRODUCTION

A major f a c e t of t h e Stanford Geothermal Pro-
gram since i t s incep t ion i n 1972 has been t h e
r e a l i z a t i o n  t h a t  long-term commercial development 
of geothermal resources f o r power produc-
t i o n w i l l depend on optimum hea t e x t r a c t i o n from
hydrothermal r e s e r v o i r s . Optimum e x t r a c t i o n is
analogous t o secondary and t e r t i a r y recovery of
o i l from petroleum r e s e r v o i r s ; i n t h e geothermal
case, t h e resource may be e i t h e r h e a t- t r a n s f e r
l i m i t e d o r convect ing- fluid The e f f o r t
i n t h e S tanfo rd Geothermal Program has been a com-
b i n a t i o n of phys ica l and mathematical modeling of
h e a t e x t r a c t i o n from f r a c t u r e d geothermal reser-
v o i r s . Experiments have included s e v e r a l rock
load ings i n t h e SGP p h y s i c a l model of a recharge-
a b l e hydrothermal r e s e r v o i r , examination of the r-
m a l s t r e s s i n g on rock h e a t t r a n s f e r  p r o p e r t i e s ,  
and development of mass t r a n s f e r t r a c e r methods
f o r comparat ive a n a l y s i s .
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The phys ica l modeling of h e a t e x t r a c t i o n from
loadings of rubb l i zed rock and its mathematical in-
t e r p r e t a t i o n as a lumped parameter system w a s de-
veloped by Hunsbedt, Kruger, and London (1975,1977,
1978).
s i e n t hea t t r a n s f e r f o r s i n g l e , i r regular- shaped
rocks was added by Kuo, Kruger, and Brigham (1976).
Models t o extend t h e s e c o r r e l a t i o n s t o assemblies
of f r a c t u r e d rock were developed by I r e g u i e t

(1979) and by Hunsbedt e t (1979). Th i s
dimensional a n a l y t i c a l model examines a hydrother-
m a l rock system w i t h co ld water r e i n j e c t i o n using
a s i n g l e rock wi th an " e f f e c t i v e rad ius"
as t h e hea t source .

The c o r r e l a t i o n of shape f a c t o r s for tran-

Although t h e presen t model p r e d i c t s t h e over-
a l l energy e x t r a c t i o n of t h e exper imental r e s e r v o i r
q u i t e w e l l , i t has s e v e r a l shortcomings w i t h re-
spec t t o modeling l a r g e scale systems. One of
these was t h e u n c e r t a i n t y of a x i a l h e a t conduction
and h e a t t r a n s f e r from t h e phys ica l model i t s e l f .
Th i s paper d i scusses t h e presen t work t o improve
t h e h e a t e x t r a c t i o n modeling t o d i s t r i b u t e d-
parameter form, c a l i b r a t e t h e model us ing a rock
loading of known geometric shape, and i n v e s t i g a t e
extended thermal s t r e s s i n g on h e a t t r a n s f e r pro-
p e r t i e s .

HEAT EXTRACTI O N EXPERIMENTS

The SGP phys ica l model of a f r a c t u r e d hydro-
thermal r e s e r v o i r has been desc r ibed i n s e v e r a l
r e p o r t s , Hunsbedt, Kruger, and London (1977,
1978). The main component is a 5 f t high by 2 f t
diameter i n s u l a t e d p r e s s u r e v e s s e l r a t e d a t 800
ps ig at
t i o n experiments c o n s i s t of 30 g r a n i t e rock blocks
of 7 . 5 " 7.5" rec tangu la r cross s e c t i o n and 24
t r i a n g u l a r blocks in t h e v e s s e l as shown i n Figure
1. The blocks a r e 10.4 inches i n h e i g h t . The
average poros i ty of t h e matrix is 17.5 percen t .
V e r t i c a l channels between blocks are spaced at
0.25 inch and h o r i z o n t a l channels between l a y e r s

are spaced a t 0.15 inch.

The rock m a t r i x f o r c a l i b r a-

Cold water is i n j e c t e d a t t h e bottom of t h e
v e s s e l by a h igh p r e s s u r e pump through a flow-
d i s t r i b u t i o n b a f f l e a t t h e bottom. During t h e ex-
periment , system p r e s s u r e i s mainta ined above sa tu-
r a t i o n by a flow c o n t r o l  v a l v e  downstream of t h e
o u t l e t . Most of t h e system p r e s s u r e drop is i n
t h i s va lve . Thus t h e rock  mat r ix  can be considered
t o have e s s e n t i a l l y i n f i n i t e pe rmeab i l i ty .
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cant v e r t i c a l flow can a l s o occur i n t h e  r e l a t i v e l y  
l a r g e edge channels between t h e oute r rock blocks
and t h e pressure vessel .  

TABLE

During production, t h e hot water is cooled
i n a hea t exchanger and t h e mass flow is measured
grav imet r ica l ly as a funct ion of t i m e . The water
temperature i s measured a t t h e s e v e r a l loca t ions
shown i n Figure 1:
t h e I-plane j u s t below t h e b a f f l e , t h e E-plane
half-way up the f i r s t rock l a y e r , t h e M-plane ha l f
way up t h e t h i r d rock l a y e r , t h e T-plane a t t h e
top of t h e matrix, and at t h e v e s s e l o u t l e t . Temp-
e r a t u r e s were a lso measured at t h e cen te r of four
rock blocks. Two addi t iona l thermocouples were
placed i n the bottom c e n t r a l rock f o r thermal
stress evaluation. Temperature measurements were
made by emplaced thermocouples read on two mult i-
point recorders .

a t t h e i n l e t t o t h e v e s s e l ,

Average Reservoir Pressure
I n i t i a l Reservoir
F i n a l Top Temperature
F i n a l Bottom Temperature
I n j e c t i o n Water Temperature
I n i t i a l Water Mass
In jec ted Water Mass
Water I n j e c t i o n Rate
Production Time (hr)

545
463
312

67
59

148
749
150

5

Table 1. Experimental Run 5-1

The r e s u l t s ind ica te t h a t water temperature a t
the I-plane i s i n i t i a l l y s l i g h t l y h o t t e r near t h e
sur face w a l l due t o heat ing by t h e steel. The in-
j e c t e d water approached a uniform, constant temp-
e r a t u r e of a f t e r about one hour. 

a l s o show t h a t t h e cross- sect ional water tempera-
t u r e s w e r e e s s e n t i a l l y uniform i n each of t h e

planes,  with a maximum devia t ion of w e l l
within t h e estimated uncer ta in ty of thermocouple
temperature d i f fe rence of

The d a t a
Symbol Description Quantity

o Water 24
A 6

2
0 Metal 6

-

2

Also given i n Figure 2 a r e severa l represen-
t a t i v e rock center temperature t r a n s i e n t s .
par ison of these temperatures with t h e correspon-
ding surrounding w a t e r temperatures showed t h a t
t h e maximum rock center t o water temperature
f erences of abour , developed during t h e
cooling process decreasing t o smaller values
toward t h e end of t h e experiment. These da ta in-
d i c a t e t h a t t h e rock energy e x t r a c t i o n w a s rela-
t i v e l y complete and the energy ext rac ted from t h e
rock r e s u l t e d i n a high, constant e x i t water
temperature.

Com-

Fig, 1. rock Matrix Configuration 
and Thermocouple l o c a t i o n s 40C

The rock-water-vessel system heated t o u n i
form i n i t i a l temperature of 2 F, by e l e c t r i c
s t r a p h e a t e r s ou ts ide t h e v e s s e l and ins ide t h e in-
s u l a t i o n . The experiment w a s i n i t i a t e d by s t a r t i n g
t h e i n j e c t i o n pump and opening t h e flow cont ro l
value t o maintain constant system pressure. The
i n j e c t i o n r a t e w a s constant during t h e experiment.

Experimental Run 5-1 has been completed using
t h i s rock matr ix with a water i n j e c t i o n rate suf-
f i c i e n t t o r e s u l t i n complete cooling and energy
e x t r a c t i o n from the rock. Data f o r t h e experimen-
t a l condit ions and parameter va lues a r e summarized
i n Table 1. Data f o r t h e measured water and rock
temperatures at t h e var ious thermocouple loca t ions
are given i n Figure 2.

- 0

0
I 2 3 4 5

TIME

Fig. 2 . Water Rock Temperatures a s Junct ions
of Time
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THE NUMERICAL MODEL

For a n a l y s i s of t h i s and f u t u r e experiments,
a f i n i t e element model has been developed so t h a t
ind iv idua l blocks, o r groups of blocks can be rep-
resented as s i n g l e elements. This approach allows
less r e s t r a i n t s on element shapes compared t o
f i n i t e d i f fe rence models and provides poss ib le ap-
p l i c a t i o n t o f u l l- s i z e reservoirs .

The f i n i t e element computer code can evaluate
a c l a s s of problems described by
duction-convection p a r t i a l d i f f e r e n t i a l equations
wi th boundary condit ions consis t ing of s p e c i f i e d
temperature- time h i s t o r i e s and s p e c i f i e d hea t
flux- time h i s t o r i e s control led e i t h e r by a d i r e c t
source o r by convection means.
duct ion (or  l o s s ) functions can a l s o be included.

I n t e r n a l hea t pro-

The model s p a t i a l d i s c r e t i z a t i o n can be per-
formed i n two- o r three-dimensional Cartesian co-
ord ina tes o r i n c y l i n d r i c a l coordi-
na tes . An a r b i t r a r y number of an i so t rop ic material
p r o p e r t i e s can be used t o describe t h e  p a r t i c u l a r  
r e s e r v o i r , a f e a t u r e t h a t may be very d e s i r a b l e
f o r modeling real f rac tured  rese rvo i r s .  

THE THERMAL STRESS EXPERIMENT

Secondary hea t  ex t rac t ion  by cool-water rein-
j e c t i o n w i l l induce t e n s i l e thermal stresses i n
r e s e r v o i r regions j u s t below t h e f r a c t u r e surfaces.
Such stresses may r e s u l t i n important changes i n
r e s e r v o i r energy ext rac t ion behavior, such as
c r e a t i o n and growth of new cracks wi th a d d i t i o n a l
h e a t t r a n s f e r area and a l t e r a t i o n s i n t h e mechani-
c a l and hea t t r a n s f e r propert ies of i t s e l f .

The former change i n behavior is t h e study of
t h e h o t dry rock reservoirs proposed by t h e

Los Alamos S c i e n t i f i c Laboratory i n New Mexico.
The physics of stress crakcing and propa-

gat ion have been reported by Murphy
Nemat-Nasser et Barr and Hsu
and Lu (1980). It is estimated t h a t thermal
cracks could increase t h e energy ext rac ted from a
HDR r e s e r v o i r by about 40% a f t e r f i f t y days of
r e s e r v o i r operat ion. These pred ic t ions await ex-
perimental d a t a and operat ing experience.

E f f o r t s under t h e SGP are focusedon experi-
mental a n a l y s i s of thermal s t r e s s i n g on rock hea t
t r a n s f e r p r o p e r t i e s i n hydrothermal reservo i r s .
Early experiments showed the  in f luence  of thermal
s t r e s s i n g on t h e s t reng th and poros i ty of g r a n i t e
specimens. The d a t a were reported by Nelson and
Hunsbedt (1979) and Nelson, Kruger, and Hunsbedt 
(1980). s l a b s heated t o a uniform tempera-
t u r e of 450 F, face-sprayed with water pro-

duced t e n s i l e thermal stresses below t h e sprayed
f a c e and compressive stresses i n deeper regions.
The thermal stress d i s t r i b u t i o n is shown i n Figure
3a and its e f f e c t on bending s t rength as a func t ion

of l o c a t i o n and number of quenches is shown i n
Figure 3b. The r e s u l t s showed a s i g n i f i c a n t re-
duct ion i n s t r e n g t h under t e n s i l e thermal stress.
Poros i ty of s e c t i o n s taken from t h e region of ten-
sile thermal stress showed a s i g n i f i c a n t increase
of 300 percent .

Current e f f o r t s involve a longer-term test a s
p a r t of the l a r g e block loading i n t h e physical
rese rvo i r model. The instrumented block i n the
bottom l a y e r of t h e loading w i l l experience the
l a r g e s t set of thermal stresses over t h e severa l
planned cold water sweep experiments. The t o t a l
thermal stresses can be computed i n closed form
solu t ion from the observed spac ia l temperature-
time h i s t o r i e s determined from the f i n i t e element
hea t t r a n s f e r model. On completion of t h e experi-
ments, s p e c i f i c blocks having had d i f f e r e n t ther-
mal s t r e s s i n g h i s t o r i e s w i l l be sect ioned f o r
measurement of thermal conduct ivi ty , s t reng th , and
porosi ty .

0 5 25
I

h

(1700

F i g . 3a. Estimated Thermal St ress  Dis t r ibu t ion  
i n Grani te Slab

Fig. 3b. Bending Strength of Specimens Taken
from Slab

DISCUSSI O N

The r e s u l t s of t h e first experiment using t h e

l a r g e , regular-shaped g r a n i t e blocks ind ica tes
t h a t the attempt t o c a l i b r a t e t h e  s p a c i a l  time-
temperature h i s t o r y of t h e loading w i l l be success-
f u l . Several addi t iona l experiments a r e planned

with l a r g e r  i n j e c t i o n  flow r a t e s  t o  produce "heat
t r a n s f e r l i m i t e d " r e s e r v o i r condit ions, i n which

s u b s t a n t i a l rock-water temperature d i f fe rences
e x i s t throughout t h e  t r a n s i e n t .  Such conditions
should r e s u l t i n a much more rap id e x i t water
temperature decrease.

In t h e completed experiment, the observed
cross- sect ional water temperatures were r e l a t i v e l y
uniform even with the r e l a t i v e l y l a r g e flow area
a t the edge channels between the rock loading
and the v e s s e l . Poss ib le explanations of t h i s
apparent uniform cross- sect ional water temperature, 
inter- block channel a r e a , include: (1) r e l a t i v e
magnitudes of the  hea t  ava i lab le  a t t h e various
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channels; (2) r e l a t i v e pressure drops i n each
channel; and ( 3 ) cross mixing between channels.

Estimates of t h e heat t r a n s f e r from around
t h e edge channels ( including hea t from the steel
v e s s e l ) compared t o t h e inter- block channels were
about 1.65, not q u i t e as l a r g e as t h e flow area
r a t i o of 2.07. Thus, t h e edge channels may be
lower i n temperature than t h e inter- block channels.
The perforated flow d i s t r i b u t i o n  b a f f l e  at t h e
bottom of t h e  v e s s e l  has been shown t o be
f i c i e n t l y e f f i c i e n t i n providing uniform flow 
en te r ing t h e rock matr ix below t h e lowest rock
l a y e r . Channel t o channel pressure drop d i f f e r-
ences a r e not expected t o be s u f f i c i e n t l y l a r g e
t o a f f e c t t h e average channel flow v e l o c i t i e s at
t h e mean flow rate of only 5.5 The most

l i k e l y reason f o r t h e observed uniform water temp-
e r a t u r e s appears t o be the energy exchange between 
channels due t o mass t r a n s f e r . This aspect of the
ana lys i s warrants f u r t h e r observat ions i n the
f u t u r e experiments and i n t h e ana lys i s .

The coupling of t h e thermal stress e f f e c t s
on heat t r a n s f e r proper t i es  wi th  t h i s set of

experiments i n t h e physical model o f f e r s
t h r e e  p o t e n t i a l  advantages: (1) a b a s i s t o ob-

serve i f such changes w i l l occur under control led
observable condit ions; (2) an opportunity t o re-
evaluate t h e experimental da ta i f indeed such 
changes i n heat t r a n s f e r proper t i es do occur
during the experiments; and ( 3 ) an opportunity t o
modify the f i n i t e element heat t r a n s f e r model t o
account f o r such changes. 
any observed changes i n s t reng th o r porosi ty w i l l
be evaluated i n terms of a v a i l a b l e models f o r
thermal s t r e s s i n g .

It is expected t h a t

Extension of t h e f i n i t e element hea t t r a n s f e r
model is continuing wi th t h e development of
f e a t u r e s t h a t allow f o r f r e e- f i e l d da ta  input ,  
coordinate and element ion c a p a b i l i t i e s,and

p l o t t i n g of the f i n i t e element mesh. This last
f e a t u r e is espec ia l ly  usefu l  f o r checking accuracy 
of t h e mesh data f o r three-dimensional models.
The so lu t ion display of t h e temperature and temp-
e r a t u r e r a t e h i s t o r i e s can be pr in ted and graphi-
c a l l y p l o t t e d . The code has been designed i n
modular form t o allow
and f u t u r e extensions, such a s porous media matrix
modeling.
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