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Efficient extraction of geothermal energy from a dry well depends on the ability to establish 
11 closed prE'~s;Jrize'.l circuit of water through a large zone fractured in hot impermeable rock. 
Long-term perpetuation of significant power extraction depends, in addition, on the ability to 
extend the initial iradure zone through the effects of thermal stress cracking of the adjacent 
hot rocks, In support of an experimental program to test the feasibility of using this type of 
energy source, WI? have soh'ed numerically the combined equations describing the coupled 
processes of fluid :10W, heat transport, and rock fracture. The results show a strong dependence 
on the extent to w::'ieh underground pressure can be maintained and the fracture zone eon­
tinuously ext9nded. Tnl?.\' indicate that under favorable, but perhaps not unreasonably exotic, 
circumstances :he extraction of significant thermal power from each well can be expected to 
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The e:'l.iraction of geothermal en~rgy has gen­
erally relied on "h,-; febtiYelY rare occurrence 
of natural ste3.I!l ;,nd D3.S contributed ;Ul almost 
insignificant rrJ.o'"tioD of the world's power needs 
[Cnited :Vatiu:;, ;,96.,\]. Robinson et aZ. [1971] 
give u larg!; rrr;noTated bibliography on this 
matter and~elated marters, ,\Vith the expected 
depletion of a .... :luable fossil fuels in the fore-
seeable future, 110we\,er, it is neces:::ury to in­
vestigate other poosible ",ourees for the expand­
ing power requirements that even today are 
sometimes not adequately fulfilled, As a result, 
there are active programs to de\"elop for this 
purpose the capabilities of atomic reactol'S, 
controlled thermonuclear fusion, and the con­

centration of solar energy, 
In addition, there is renewl'cl interest in the 

possibility of cle\'eloping better techniques for 
extracting energy from the earth in ways that 
are not dependent on rare and fortuitous com­
binations of eircumstances, One proposal de­
scribes th~ deposition of energy by powerful 
underground nuclear bombs and the gradual 
extraction of this energy as it is needed, An­
other, developed by Robinson et al, [1971J, is 
based on a technique for the removal of n3tural 
heat energy in the absence of natural steam, 
This paper describes a snpporting theoretical 
analysis for this second method, 
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summarized briefly as follows. Tl heat source region I 
At a place whe;e the underlying rock is sufK- poss,~·/:vo gI:eatest unce;taint' 
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If the initial fracture zone is large enough, 
appreciable energy can be extracted for many 
)'cars before the conduction flux from the ad­
jacent rock exhausts the nearby reservoir of 
heat. 

There is, however, a beneficial secondary 
effect. from cooling the rock. Thermal stresses 
2re induced by the tendency to contract, the 
result being a significant number of new cracks 
opening a progressively greater volume of hot 
rock to the circulation of water. 

.-\s the ,"olume incrcases, through both ex­
tended rock craeling and the removal of dis­
.'oh·ed minerals, the power e:,:traction rate is 
enhanced by se,'eral features; (1) greater ex­
posecl area of rock-water interface; (2) enhance­
ment of heat tran~port by convection of water 
directly to and from the hotter rocks; (3) 
enlargcd area at the edge of the cracked region 
ior conduction from far distances; and (4) 
preferential penetT;] tion of cracks into deeper 
rocks where the temperature is greater. 

E\'entually, a ne:Hly stpad;:-2Tate power ex­
TLlction rate, which ('(luid persi::t for many 
Y"JF. is p02O'ihle-. Also pOEsibie KouId be an 
enhallced exploitation through deepening of the 
c,-,LI-u-ater do\~:nHot;t;" \,~en ir,to the hotter rocks 
i)[ ne~-lrhy drilling of satelIite wells into 
('r:tc-ked beat souree region~ 

the 

The two great pst uncerttiinties concern the 
;lo."sibilities that rock contraction will not 
:lcluall)' result in a signiflcant increase in per­

\_ meability and that underground leakage will 
~ prc'c!uc!e the maintenance of sufficient pressure 

I greatN '" i tor pumping up the hot water. For these and 
. - other reasons, an extensi\'e experimental pro-
leI' pres- gram. for which effective planning and design 
~s called !'equire, among other things, a realistic theoreti-

.'11 investigation of the processes likely to occur 
) part of ~ 11lring the variolls phases of water~rock inter­
eture can. ~';(·tion, will be required. In .this pap~r we de-
n second ,('nbe the results of numerIcal solutions on a 

j ·:.igh-speed electronic computer of the equations 
1'1' . floW is '\':i fluid dynamics, including the effects of 
on galLons I ',1.lOyanCj:, pressure gradients, and the drag 
k through \ °xerted on water flowing through cracks with 
he heated ,':uiable porosity; the heat balance equation, 
,(, pressu..(:)r.luciing the effects of convection and conduc­
nd can be 1':on; and a porosity equation describing the 
old for the I ;crocess of hydraulic fracturing, the contraction 

fractUring -';cause of cooling, the buildup of tension, 
':l~king when tension exceeds ultimate strength, 

il: 
.. .. \ 

and the corresponding changes in volume ac­
cessible to the water. 

The goals of our investigation ha\'c been to 
use the best available data for water and roek 
properties and to calculate for a variety of 
possible circumstances both the early-time de­
velopments (thrpugh the first few years of 
water circulation) and the late-time approach 
to steady state or depletion (on the sC<1le of 
many decades). The results are as realistic as 
available fracturing theory and material prop­
erties data allow and apply directly to the 
practical assessment of geothermal energy ex­
traction potentialities as well as to the planning 
and design of both experimental and production 
facilities. 

HYDR.~ULIC FRACTURE PHASE 

After the drill hole has penetrated a suffi­
cient depth into hot relatively impermeable 
rock, the technique of hydraulic fraeturing is 
used to generate a cracked zone through which 
the water can be circulated. The center for this 
process may be located somewhat above the 
bottom of the hole. The usual result of hy­
draulic fracturing in thick-bedded sedimentary 
rock is a radiating disk-shaped crack, WIlich 
ideally could be up to several kilometers in 
radius but only a few centimeters wide. Be-' 
cause the initial vertical-stress component gen­
erally exceeds the horizontal components, the 
crack radii will lie in a vertical plane, the 
orientation being dependent on the chance state 
of non isotropy at the point of origin. Without 
the additional effects of thermal stress, a single 
crack is likely to occur, enlarging in its original 
plane because of the smaller pressure required 
for preferential cleavage at the extre:mities in 
comparison with that necessary to initiate sec­
ondary cracking on the faces. Discussions of 
hydraulic fracturing experience in sedimentary 
rocks have been given by Sun [1969] and Craft 
et al. [1962]. 

There has been, however, no field experience 
in hydraulic fracturing under the somewhat 
different circumstances necessary for geother­
mal enE'rgy extraction. For two reasons we ex­
pect that the results might differ from the 
idealized single-crack fracture dE'scribed abow. 
One of these reasons arises from thehonisotropy 
and the inhomogeneity associated· with the 
joints and the fissures in the (probably) gra-



7040 HARLOW AND PHACH'l' 

.nitic material. The second reason is a conse­
quence of thermal stress induced by using cold 
water to hydraulically fracture hot rocks. 
Whereas the streiiS component normal to the 
face of the initial fracture is increased by the 
water pressure required for hydraulic fracture, 
the tangential stresses are not so affected. In­
deed, the horizontal tangential component (and 
the somewhat greater vertical tangential com­
ponent) will be reliewd by contraction of the 
cooling crack faces near the water inlet to the 
extent that "ithin [t few hours the thermal 
stress can be expected to penetrate to a depth 
as great as 10 eill. If the difference between 
rock and water tEmper"ture is great enough, 
a reduction of the horizontal tangential stress 
component to below ;:be threshold for hydraulic 
fracture initiation (i.e., to b",low the progres­
sively decreasing stre;:O' lewl necessary to propa­
gate the expanding tip or the initial crack) will 
result. As a re;:ult. rhE- ZOIle of hydraulic frac­
ture would propag--1Te in ail directions in a 
series of vertica~h' G~cl1ted cracks arranged in 
a more or less rect!'.!lsu:n" pertern of ,'ertically 
elongate blocks. Ide;-,ll~·. The zone ",'ould be 
roughly cylindricnllr ",,['-,metric abour the axis 
of the drill hoI;· .1:lJ would have a porosity that 
deeren."e'> Dotl, ~,:Jd with vertical dis­
ranee from the '}::\T2r sonrce. Beeau:;:e the ratio 
of the hyclrostutic:' pre."":'UTe to the horizontal 
eomponents of the iirho"tatic Hress is roughly 
independent of depth, v;e expect the fracture 
zone to propagate ll[)ward and downward at 
approximately equal rates" This propagation, 
however, is modified Eomewhat by the effects 
of buoyancy, which can be expected to induce 
a preferentially downward tendency. 

Our theoretical modeling of this process and 
the subsequent process associated with energy 
extraction is, indeed, based on the assumption 
of a cylindrically symmetric fracture zone. 
Solution of the equations requires the use of 
a high-speed electronic computer, and this, too, 
necessitates such a restriction because the 
achie\"ement of sufficient resolution with ayail­
able computers requires that we avoid truly 
three-dimensional variations of the flow field 
configuration. 

A brief analysis is also presented of the non­
cylindrical case, in which there is a single initial 
crack in one plane, as was originally assumed 
by Robinson et al. (1971], but in this case the 

thermal fracture propagation lIas had to be 
omitted from the analysis. It appears that the 
likelihood of one or the other of these idpalized 
configurations occuring is dependent on the 
temperature and the rate of flow of water into 
the rock during the earliest stages of the process. 
A rapid flow of cold water may favor the occur­
rence of a roughly cylindrical muIticrack region, 
whereas the slow flow of hot water will more 
likely induce a single-plane crack. At present 
this contention is supported only qualitath'ely 
by the following. 

1. Rapid water flow will result in loss of 
dynamic head at the extremities of the crack 
system, which tends to impede extension. 

2. Whereas the idealized picture of hydrau­
lic fracturing requires a continuously decreas-i." 
ing pressure for extension as the radius in_·

c

:. 

creases, the actual process is likely to proceed'''·' 
through a series of lenticular breakthrough-' 
steps, and thus a lower limit for the necessary 
extension pressure that may not be much lesa 
than that required to initiate new cracking· 
near the water source position is indicated. 

3. A rapid flow of water assures maximum 
cooling near the water source, with consequent 
large thermal stress and a low threshold for 
fracture initiation. 
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Thus, to calculate the hydraulic fracture 
phase, we use the necessary equations to de­
scribc the heat transport, the water flow, and 
the rock cracking that occur when a singIe 
source of cold water is injected into the hot 
rocks. During this phase there is no return flow 
of heated water to the surface; an exact balance 
is maintained between the inflow rate and the 

e system will be self-pumpin~ J 

buoyan?y effects. Indeed, the c:1,1 
, fi:ro. tlus expectation, Althougll tl 
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neeE-~sary circulation path. When this tusk has 
bc·en accomplished, geothermal energy extrnc­
tion can commence. 

Professor R. W. Rex (personal communica­
tion. 1971) has suggested to us, however, that 
it mcl~' be difficult to establish a proper flow 
p;lth between the source and the sink points. 
He unticipates the possibility of a short-circuit 
path from which there ,,,ould be negligible 
hr:cting of the water or, alternatively, that 
despite all effons it would not be possible to 
e~;abli5h any flow path at all. In either case 
his remedy would be to use a single-source 
'hufi-puff' system '),ith cycles of cold water 
inflo\r and warm water withdrawal. During the 
inflow periods tni' water mHst be pumped at 
:,ut1ici;:>nt pres3ure to open new volume for itself 
bl' hydraulic fracture. During withdrawal this 
(·fion can be panially tecm'ered through the 
rhotic rebound of the rocks, but part of the 

~·k'5 't 
ti~·ln" 
-'~ ~ ,-

m'ld:: opened volume win remain open because 
r,: conTraction of the cooiea rocks. To calculate 
fhp hl.lff-puff sy;:'~m of geothermal energy ex­
,,",,etir;D would 1"f:,Ur1"e relatively minor modifi-t': 

filulll (':1t!on~ to "the \.. ... ~ lindrir31ly symmetric caIcula-
k-

~ui'nt ~><~.~ (~~3('ribed III ;:hIs report: ho\\ever! we have 
(ic':.;~:.(: a st'-rd:;~ cf this approach until there & jor 

'" l ~t t I i;; addiTional evideI'ce that it wi!! be required. 
i~t\1re - ~ If the establishrnent of 11 suitable path,,:ay 
t de- ior \\":n?r flow is ",:mmed, it is expected that 
~ anll the ;:::,rem will be self-pumping as a result of 
fsinc:1e buo~·ftncy effects. Indeed, the calculations con-
~ hot 't" firm this expectation. Although the buoyancy 
tl flow "' I\-ithin the fracture zone may be insufficient to 
~lanl'e t} OI'Neome the Darcy resist~nce at late times 
[d the ! (after many decadf.'s), it is more than overcome 
Intrac- \ by the pumping effects of the density difference 
L . in the t"'o drill holes. It is, of course, essential 
~ h. \ that the rock be sufficiently competent for the 
~ ! retention of pressure, this requirement being 
Is bt'('n t~one of the cruCial points to be demonstrated by 
~le top i field experience. 
)18 fir~t ; Buoyancy will produce a second, even more 
~dra\~lte ,. important effect, namely, the preferential ten-
5tabll~h ! dene;.- for the input cold water to circulate 
igh the : downward into the lower hot rocks which 
i ~o\lr(': \ .:ends to assure the passage through a' heating 
It-wat~lre!ljt rather than an inefficient short circuit 
ie tech- I '0 the withdrawal pipe. At the same time this 
:l.. 1 I ' 

[. ItlOn:\ \ tendenc;: also assures an optimal direction for 
l~le [l;~ 1 the propagation of additional thermal fracture 
hll1~ t 1C ; downward and laterally into adJ'acent rocks. 

,.'~ . . 
-., 

f}ij 

whi'ch are likely to be eyell warmer. This propa­
gation continues to enlarge the cracked zone 
and allows for very-lang-range energy with­
drawal at perhaps an increasingly grcnter rate, 
This tendency is even further enhanced by the 
fact that water viscosity decreases significantly 
during heating, which helps to assure preferen­
tial circulation through the hottest extremities 
of the fracture zone. 

The propagation of fracture from thermal 
stress effects has been described to us by Pro­
fessor G. Kennedy (personal communication, 
1971) as one of the the most questionable of 
the postulates, requiring' considerable experi­
mental confirmation. His experience suggests 
the possibility that contraction of the rock will 
take place predominantly through pore distor­
tion, the resulting distunce between cracks being 
very small. Equation 5 below shows tIlat 
the corresponding permeability depends very 
strongly on the crack spacing dc, and our cal­
culations show that for de ~ 1.0 cm the water 
circulation is so strongly impeded as to pre­
clude significant extension of the power extrac­
tion by this mechanism. Our hope is that the 
continued pressurization to just below the 
threshold for hydruulic fracture will assure the 
formation of relativ('}y widely spaced cracks. 
The calculations. show that for de ;c: 5.0 cm 
the permeability will be great enough to allow 
for a high lewl of power extraction for muny 
decades, so that a principal goal of the experi­
mental effort will be to devise ways to en­
courage this wide spacing. 

Whereas the water flow circuit {'un not be 
considered strictly closed, we have included in 
the calculations only the water necessary for 
hydraulic fracture und thermal contrnction. In 
practice, it will also be necessary to account 
for the removal of dissolved minerals and con­
vected particulates and possibly to replenish 
the losses from underground leakage through 
crucks Jeading away from the energy extraction 
zone. 

THERMAL FRACTURE PROPAGATION EQUATIONS 

The combined processes of water circulation, 
heat transport, and rock fracture are described 
by the following equations [Harlow and 
Amsden, 1971]. 

The consen'ation of mass for water is given 
by 
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ap..,8/at + \1. Pwu8 = PwS (1) 

The conservation of momentum for water is 
given by 

\1p - gpw + (Jl8/k)u = 0 (2) 

The conservation of heat energy in both rock 
and water is given by 

= \1. [KR(1 - 8)\1T] + p .. b",T,S (3) 

The nomenclature is as follows: 

8 porosity, open volume for water flow 
(per unit yolume). 

pw density of water, a function of tem­
perature. 

PR density of rock. 
u water veloeity. 
S source or sink of water from surface 

pipes (volume per unit volume per 
unit time). 

p water pre;:-;;ure. 
g acceleration of gravity. 
J.L coefficient ()I wuter viscosity ~ 11 func­

tion of terilI)eratnre. 
k permeabiiity~ a function of porosity 

and crack spacing. 
b

R
, bw specific heats of rock and water, 

respectively. 
T temperature. 

T. source or sink temperature. 
KR heat conduction coefficient for rock. 

These equations are supplemented by the points 
discussed below. 

Conservation of water mass accounts for the 
. inlet source and the outflow sink as well as for 

changes in accessible crack volume. 
The momentum equation neglects inertial 

and advection terms, pau/at + pu' \1u, and 
thus a local balance of three stresses is implied. 
These stresses are produced by pressure gradients, 
gravitation (including buoyancy effects), and 
the Darcy drag. 

For the buoyancy terms we put 

p .. = Po[l - f3w(T - Te)] (4) 

where {3", is the volumetric expansion coefficient 
for the water and Te is a constant reference 
temperature. In all terms but the gravity term 
the correction to po is neglected. 

The permeability coefficient in the Darcy 
drag term is given by the Kozeny formula 

(5) 

where de is a measure of the distance between 
cracks. This formula, which illustrates the 
strong dependence that can be expected from 
the details of how the rock fracturing occurs, 
was derived from the form given by Gray 

[1963]. 
The variation of water viscosity with tem-' 

perature is approximated by 

0.279 g 

Jl = (T;oC) - 3.8 ~ 
(6) 

which is a fit to the data given by Gray [1963]. 
Porosity is determined as a function of tem-, 

perature by first calculating . 

(7) 

If 8' > 8., 80 = 8'; but, if 0' < 0., 00 = O. 
Here {3R is the yolumetric coefficient of expan­
sion of the rock, To is the temperature (a func­
tion of depth) at which the compressional 
stress vanishes, and 8. is the porosity that 
occurs when the ultimate tensile strength has 
first been exceeded. We assume that To = KT"" 
where K is a constant and T~ is the initial tem­
perature, a function of depth. In the abEence 
of hydraulic fracture, 8 = 0 •. 

A second step in calculating the total porosity 
is required if there is simultaneous hydraulic 
fracturing, as is the case during the early phase 
of the process before the second hole for hot­
water withdrawal has been drilled. The inlet 
volume per unit time V must then exactly 
balance the rate of increase of accessible crack 

howe~-er ('ould . 
cuI . ..' easIly ha,'€' bl 

ah.ons had shown them to b 
equatlOn assume- I 
on the ba-'- "oral tempen 
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' ,Urf' corre' d -', : 

cedure has been to propagate a constant po- W lOse effect' "'pon s to le""er Ji ~ mwt b . ''', j 
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hrnH.'wr, could easily have been added if cal­
culations had shown them to be important. The 
~quation assumes local temperature equilibrium 
on the basis of the fact that the heat exchange 
r:ltes are wry rapid in comparison with the 

. orher significant processes. Convection of heat 
occurs because of water motion; conduction is 
important only in the solid-rock region. 

During the energy extraction phase the inlet 
yolume no longer exactly balances the increase 
in crack volume. Hydraulic fracturing does not 
occur, but, if the pressure is maintained, the 
p');osity from hydraulic fracture is not lo;;:t. In­
de",d, sufficient pressure must be maintained 
u:-d thermal fracture catches up to the hy­
d;:l'llic fracture level, at which time the pres­
S'l," could be relea.3ed if desired. Before the 
F:f:"e of pressure, B remaiIls constant until ()o = 
9. :":fter which B = 90 • In any case, water 
i;; ·.':i' hdrawJ1 from a SiD].;: n'g:on, also of volume 
'., :',nd o\'er-all conSerrc.i;on requires that 

1 II r aB , T') - - - _ l' Ssink - ,.,.. \ f ~f af - , 
'3, \ V '_-'" I 

T~>:· ~')i_lree ~"+:1ter is :l~ il pres,::ribed ('001 inlet 
7"~!"Ier:lture; :::-elution Gf the equations deter­

. =ll:!~O" the temperature at the sink, one of the ,i l ;"rrcrip:1l results of tl:e c:1kulntion. 

~IAGNITCDE OF K 

ThlC' iac-tor K appearing in the caleulation of 
~, i, chosen to describe the change in tempera-

" 

,:ur" required for the relief of unbalanced o\'er-
, :l' B 
JIll', IC'n stress. ecause the horizontal compo-

enhance the crack spacing, and, correspondingly, 
the permeability, over that which might result 
with low sur.face pressure. This control poten­
tiality may be a significant factor in overcoming 
the worry that cooling contraction will be 
manifested in displacements only at the scale 
of the finest inhomogeneities, from which neg­
ligible permeability would result. The matter is 
complicated, however, by the fact tl1at the re­
quired pressure for hydraulic fracture extension 
decreases as the radius of curvature of the tip 

,increases. Thus, although this radius is probably 
bounded by the tendency to extend in circular 
jumps of bounded curvature, it nevertheless 
follows that the pressure threshold for initiation 
of normal cracks is greater than that required 
for extension of the established crack. To over­
come this threshold requires th~presence of a 
temperature gradient whereby thermal stress 
is greater near the water source than at the 
crack tips. This, fortunately, i$ exactly the 
case, and again there is control of the extent 
to which it is so by means of variations in the 
inlet flow rate of the cold water. 

OUTLINE OF SOLUTroN PROCEDURE 

Details of the numerical methodology are 
very similar to those discussed by Amsden and 
Harlow [1970J ,and Harlow and Amsden [1971]; 
thus we present only a brief summary here. 

Combining the various items discussed above, 
we may write the mass and momentum equa­
tions in the following forms: 

ao/at + \.l·uO = S (8) • ~::'fW' of the nonisotropic stress are less than 
; 'J" ':~rtical components, the hydrostatic water 

;rr-""ln.' alone is not far below the threshold 
:)r fracture, Accordingly, we expect the value 

\.,'~! K ,to be only slightly less than 1. The precise 

P ~O 
\.l - - g + g{3 •. (T - Tc) + -k u = 0 (9) 

Po Po 

<}[mItude depends on circumstances partially 
• fd;r experirr.ental control through variations 

I ~- t!f' water pressure maintained at the surface. 
; ,:.]r.orj, hydraulic fracture results from pres-

,,~:;iz~ng to the extent that K ::::: 1.0, whereas 
i >rmal fracture corresponds to lesser pressures 
\ '>::00>:' effect must be enhanced by thermal con­
":-;crion before the threshold for fracture is 

BA0i\use hydraulic fracture results in a rela­
.';,Iy widdy spaced cracking, we expect that 
~"rating "'ith surface pressures just below the 
-';~hold for hydraulic fracture will likewise 

~ '"'~ . , 
f!'~ 

We now let pip" == (]J"lp .. ) + 1>, where Pulp. 
is a function of depth only, determined by the 
equilibrium condition 

where (T) is the average water temperature at 
the depth in question. The momentum equation 
then becomes 

To solve these equations, we transform them 
to 

uO (12) 
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--at 
V{k PO [V4> + g{3w(T - (T»)]} = S 

p. (13) 

Numerical integration is accomplished by using 
finite difference representations of these equa­
tions and the temperature equation. The solu­
tion proceeds from prescribed initial conditions 
through a sequence of small time increments. 
For each cycle the following steps are required. 
(1) The new temperature is calculated for each 
finite difference cell by using a finite difference 
representation for (3). (2) The corresponding 
values of {j and ae fat are calculated. (3) Equa­
tion 13 is solved for the pressure-density ratio 
4>. (4) New velocities are oht::,ined from (12). 

SOME CALCUL'_TW:-< EXA-;'fPLES 
,tiP 

Three examples are described here in detail, 
the discussion being supplemented by a sum­
mary of the results from a number of additional 
calculations examining tne e5eG:;; of parameter 
variations. The basic d:ita ror the caleulations 
are g!"en below, and tllc yariations are described 
in Table 1. The dn-ta below weTe assembled 
from yarious sources in un 2,.ttenlpt to represent 
the properties of tJl.", T.Q!,'ks underlying the 
Jemez caldera in north central ?\ew Mexico 
(D. Brown, per30nal communication, 1971). 

T (source) = 65°C 
T (rock) = 300°C 

K = 0.98 
e. = 0.0 

b R = 0.25 c",lig °c 
PR = 2.5 X lO-·;oC 
bw = 1.0 cal/g °c 
p", = 5.0 X 1O-4;oC 
de = 5.0 cm 
Po = 1.0 g/cm3 

TABLE ;!. 

Example 

1 

2 

3 

Rezone Data for Three Basic Examples 

Rezone 
Time, 
years 

0.08 
5.97 

0.08 
0.92 
9.57 

0.02 
0.59 
3.85 

Source-Sink 
Separation 

after Rezone, 
meters 

80 
180 

40 
140 
120 

25 
60 
40 

the energy extraction phase, has a constant 
inflow rate and a withdrawal rate balancing 
both the inflow and the increase of porosity. 

parent that the 1 
thermal f' arger flow 

r,lcture enh 
lonO"-ter' ance if. . m Increase in pow 

xample 3 re -
ment f . pre:;,ents i 

rom whIch the 
tUre could be \"E" cone 
period of time nfied in 

. A:11 three ex;m Ie;;: ." 
ItatH'e ,,' '1 • p.- exhlb1 

dml anty in th d 
pattern de' I e un I \e opment d' 
('ontiO"Uf' t' an In " a IOns of t 
contours Th empera 1 

~. e str r 
example "h earn Ines I 

d 
' ~ ow a stro . 

oWm'-ard fr h ng JerI 
effpnt~ f om t e source ' 

.~I' LC :; 0 neO" t' " of the f ",a 1\-e bUoyanc,~' 
racture zone th • 

and the e wat 
. n upward in the 

tIPS. '''here tlle flon' . pe~ 
decren-ed b reslstanl 

aa y tlle 1 . J 
heating and th owermg 
by p : . e upward mio-

t. '1 o:;Itn'e buoyan n " I 
Y' ,'alues for th . cy. H'ith 

that of . e permeability tl~ 
a rmg Yortex . J 

fracture Zon f . In the 1\ 
e, rom whi h ' 

~rates upward and c WI' smk. com'erges 

The c/o.3eh' rela d 
1f!I;I.( ture and p' . te contours d 
1" -, oro- t therm If' ;,1 y expand with! a rar·ture· . , 

rendin.,. prod- . mto a pear-sl 
., '- ommantl' ' 

lateral dI'ront' ' Y In the i 
Cc Ions. I 

. In addition t I : 
The ~hermal r:owe: extractIon for these ex- \' " we examined a t Ie example.'! eli 

amples IS shown III FIgures 1 and 2. The exam- , the rock the eifE'ets of ,'an
t 

pIes in Figure 1 differ only in the water flow (ft ~ummariz:;o6~r~" parameters. 1. 

As each calculation progresses, we occasion­
ally rezone the computational region, doubling 
its height and radius, and reposition the water 
source and the sink. The criteria for choosing 
new inlet and outlet positions are based on 
locating the extent to which the porosity has 
penetrated. The inlet of cold water, for example, 
always moves downward to account for the 
preferential downward eirculation of the cold 
water and the conseqlHmt contraction of the 
rocks in that direction. Table 2 gi"es the history 
of rezoning and source-sink separation for the 

three calculations. 

rate. The larger rate of example 1 results in a; Iner" _. e y as follows. i . f h fi' "a"mo- r1 fr I 

Each calculation proceeds through two phases. more rapId decrease of power or -t e rst 1 a LOet· ,,-,. c om 5.0 to 10 0 ) 
1 

? i Ie Increa;;:e in 1 . i 

The first, which accomplishes the hydraulic several years than that shown for examp e -. i - ate-time thed 
fracture, has only an inflow of water at a pro- Repositioning of the source and sink positions J1.. 15 i 

, KR = 6.2 ~< 10-3 

cal/cm sec °c 
PR = 2.65 g/cm3 g = 980 cm/sec2 

gressively increasing rate continuously prop or- gives the discontinuity just prior to six years, o~~ ! ' r~ I 
tiond to the open ,,.,k volume. The ,,,ond, but the pertmbotion do" not p"'~t. It i, 'P~':,!" J -I 

TABLE 1. Variations among Three Basic Examples I ! 't - ' "'.... r Ellal . <I[ "e ' 

. "" I ~ r I 

Hydraulic Fracture Pumping Time, F1na1 FloW Rate, _",I, ~ 50L~ I 
cm3Jsec ,", -

----------------------------------------------~.;[~ 10 5 ,~qj ~ ,b ,r EXOJ Example months 

1 
2 
3 

1.00 
1.00 
0.25 

1.45 x 
4.00 x 
1.00 x 

~ ~ . 
10 - TIME (yeo,., ' 

10~ rig-. 1. n ! 

" ~ 
tJr~ 

lermal Powe . . I 
of time for r extractIOn asl 

examples I and 21 
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p:uent that the larger flow rate produces enough 

, t h(·rmal fracture enhancement to result in it 

IOllg-term increase in power extraction. 
Example 3 represents a small-scale experi­

ment from which the concept of thermal frac-
1m£' cOilld be verified in a relatively short 
period of time. 

All three examples exhibit considerable qual­
ita tire similarity in the underground water flow 
p:1ttern development and in the corresponding 
configurations of temperature and porosity 
contours. The streamlines of water flow, for 
£'xample, show a strong jetting of cold water 
dOlmward from the source resulting from the 
('ffects of negative buoyancy. Near the bottom 
of the fracture zone the water spreads laterally 
nnd then upward in rhe peripheral hot crack 
ri;is. where the flow resistance is signineantly 
ck"reased by the lowering of viscosity with 
ht':,Hing, and the upward migration j" enhanced 
hy positi\'e buoyancy, \\~ith e\'en moderate 
\<t111:'.~ for the pern1P3.oilit:t the H(HV pattern is 
:h:',.:" oI a ring vortex in the lo;~~e.r part of the 
ir:1('~qre zonp, front \Yhi~h W3.ter Eio\vl,r mi­
ZD'e< upward and ('(lTI',ergff onto the omlet 
<:J:. 

0: 
I.IJ 
~ 
o 
a. 

Example 3 

7 

T:l':- do,-ely related ('()ntour" of rork tempera­
«I ~ tnr(~ ~nd poro::ity eXIXtnd -:.vith the propag3i!ng 

- • tbe>rm:l1 fractt;re into n. pear-shaped zone ex­
"'wling predominantlr in the downward and 
I:Hf'L1! directions. 

III addition to the examples dio:cussed so far, 

\ 
,"'f examined the effects of varying severa! of 
the roc-k property parameters. The results are 

• 'J mmmarized briefly as follows, 
. Increasing de from 5,0 to 10.0 cm resulted in 
" a 10";' increase in late-time thermnl power ex-

Example I 

Example 2 

20 25 

Thermal power extraction as a function 
of time for examples 1 and 2. 

TIME (years) 

Fig, 2. Thermal power extraction as a function 
of time for example 3. 

traction, For de less than about 1.0 cm the 
power extraction enhancement from thermal 
fracture becomes negligible. 

Decreasing K from 0.98 to 0,96 produced an 
18% drop' in late-time power extraction, which 
shows again the strong dependence on suscepti­
bility to thermal fracture and the corresponding 
necessity for maintaining the pressure at nearly 
the hydraulic fracture threshold so that K will 
be as near 1.0 as po~sible, 

Although we belie\'e that By = 0.0 most 
nearly represents physical reality, we investi­
gated the effects of ,'arying this parameter. For 
By ;:; 1.0 X 10-' there \nts no significant change, 
but -for By ~ 5.0 X 10-' we observed signifi­
cant decreases in hte-time power extraction. 
For B. ~ 3.0 X· 10-' the extraction rate has 
essentially lost its thermal fracture enhan'ce­
ment. 

Two calculations were performed in which 
the uniform initial rock temperature (3000 e) 
was modified to h:'I\'e a uniform gradient of 
±20°C/km, 300°C being the average value, In 
both cases the power extraction is negligibly 
different at early times (,....,10 years) and differs 
by <5% at late times. 

Calculations produced with water flow rates 
even higher than thosE' of examples 1 and 2 
show that the late-time power extraction in­
creases very nearly linearly with increasing 
water flow rate. 
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ENERGY EXTRACTION FROM FLAT-CRACK 

HYDRAULIC FRACTURE 

Up to this point the analysis has been re­
stricted to cylindrically symmetric examples. In 
contrast, if the initial hydraulic fracture is con­
fined to a single planar crack, the calculations 
must be modified somewhat. This could be the 
case if thermal fracture propagation turned out 
to produce negligible enhancement in the lateral 
permeability. Our purpose in this section is to 
show that, even under this unfavorable circum­
stance, it appears possible to' e,,-tract appreciable 
geothermal energy. 

In the mid-plane of the crack we utilize a 
Cartesian coordinate S"'jstem, x and y being 
horizontal and ...-ertical coordinates and z de­
noting distance imo the rock from the edge of 
the crack, not from LlJ.e mid-plane position. 

The he:1t transport and the dynamics are now 

described 

aWT --L 

i) , ' , 

VXy·uW = SW 

awu -l- \7 .( •• w u) = _ TV "p at ' . '" ,.ulY V Po 

(15) 

(16) 

+ gW - g,3 w W(T - To) - rill-' (!7) 
W 

where TV is the crack width, constant in time 
but a function of x and y; ~ is the rock tem­
perature (at z = 0, ~ = T); S is the source 
(or sink) of volume of water per unit volume 
of space per unit time; T, is the source or 
sink temperature; r is the drag coefficient for 
water flow through the hydrofracture crack (r 
has magnitude in the appro,,-imate range 5-10); 
and v is the kinematic viscosity of water, a 
function of T as in (6). 

These equations are supplemented and some 
of the terms explained by the following com­

ments. 
Enhanced heat transport by water convection 

into the thermally cracked rock is here ne­
glected, the result being underestimates of the 
power extraction rate. This neglect is related 
to the difficulty in achieving sufficient computer 
resolution for three-dimensional variations. 

vVe also have neglected the changes in over-

all volume accessible to the water from either 
the thermal fracture or the removal of dissolved 
minerals, so that 8 (sink) = -8 (source). 

The value of the crack drageoefficient r 
depends on the velocity profile across the crack. 
Indeed, the detailed interpretation of u also de­
pends on the shape of this profile. Because of 
uncertainties in crack geometry (both flexures 
in the mid-plane and irregularities of the wall), 
we have absorbed the questions of velocity 
profile into r. The effects of varying r from 
...... 5.0 to -10.0 shoUld be within the range' 
that can be expected from the extremes of the 
uncertainties described above. If, however, the 
crack is filled with debris or granules, the effec­
tive value of r is much greater. 

As it ,vas before, the solution of these equa­
tions is facilitated by putting 

1 \1tfJ == - \1p - g + (:Jg(T) - To) (18) 

.With () and k as 
III the wa" d k _ J eSC1 

- 00 tIle equ 
open crack, as is 
type of calculatio 

KIC = 

PIC "" 

be "'" 
boo = 
1'= 
k= + 'j' ;~I 

" T (SOul'ce) == ( 
. _it PIC = J 

l' (rock) = 3j 
Inlet volum I e mte 11 ) .. 

' ~::~ 

Crack width 1 j 
The results for the dynamical equationsare very tIC',r" ~rack height ] "! 
similar to those of (12) and (13). "I! iVater source ~~ Water sink 1'1 

Po 

u = _(W2/rll) atfJlax (19) .1' The results show 'iJl 
o 2 tra t' an : 

V = _ W: iltfJ + IF (:J (J (T _ (T» , c IOn level of 98 4 ~ 
rv ay rll . (20) rate of about 20 ~I' .-: 1'> 1\1 ~~ \\/' 

~ (W3 iltfJ) + ~ (rV3 atfJ) i:. ,,~t~~ wt~: at tIle end! 
ax II ax ay II ily P more and I d OWer ~xtraction rate tJ 

= -rSlV + ~ [lr 3
(:J(J (T _ (T)\] Si:~pr~asmg lev.

e1 
that ~ il y II J (21) e analytIcal I I 

acro- k ea CI 

h th I 
. .. f d d "s a 'nown tem I 

were . e sca ar g IS pos1tIve or ownwar ,[ -' crack w perr, 
gra\'itv. d ould allow for i 

". ecrease and t1 : 
To mclude the effects of debris Oll granules tl. l could ' ' . Ie Occurr: 

filling the crack, it is sufficient to introduce a tf/1ct' even .result in ari 
porosity B and a permeability k in such a way TllO~ as IS shown in J 
that (15)-(17) become ;;J-mplJe .. ow pattern fori , e lU : 

[ ] 

r
" appearance rei 

b 
~ TTTT rom sour ' ' 

Be + (1 _ OJ Pr r _0 _ + \1 xu' WTuO to the ce to sink. Witlj 
pob", at t.l' po\\' cmc1c, cnlcu1::ttiod 

( ) 

'It • _ 1.'1' extmction his tor . ,J 
_ 2KJ{ il~ + () itry flo ' J lVT.S 22 ',. Was a result of bud 

Pob,e az .~O "e also . ' 
-9 \" • exammed tIl I 

\1 xu' 01fu = SlY (23) -anable width tl . r: trom 1 0 ,Ie mdt! 
a lVu III . em at the center 
__ + \1 • (u TV u) e results sl ' at xu of tl lOW a murh· 

J~'''l." lefIlwl power e"t ' 
W ~Jllfinernent of tl iI' raet) 

__ \1p + gW - g(:J,q WeT - To) 2')lle about tI I~ ow to 
Po that of 1 . Ie aXIS. TIle ( 

() 

In nil'" amI 
_ rll + lVIIO u \\"jdth. b' tlc 1 smal, 

TV k Th~ i 1" computer-generate\ 
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/, ·With Band k as constants the solution proceeds 

in the way described above. For B = 1.0 and 
k = 00 the equations reduce to those for an 
open crack, as is expected. An example of this 
type of calculation is described below. 

of assistance in de\'eloping an analytical ap­
proximation for the power extraction. They 
show that the late-time temperature distribu­
tion for the water is nearly linear between the 
source and sink positions. Assuming this linear­
ity, one can solw the heat diffusion equation 
for the energy imparted to the water per unit 
time. The resulting analysis gives 

• ;J 
T 

:; 

), 
i 

.l, 
1 

I. 

Jl 

Kn = 6.2 X 10-3 caljem see °C 
Pn = 2.6;") g/em3 

bn = 0.2.5 cal/g °C 
boo = 1.0 caljg °C 
r = 6.0 
k = 10-4 cm2 

{} = 0.1 
TV = 0.6 em 
Po = 1.0 g/cm3 

g = 9S0 cm/sec2 

'1' (source) = 6.)"C 
P'P = ;j.n X 1O-4;CC 
Pf = 2J).) g/cm 3 

bj = 0.2.5 cal/g °C 
'1' (rock) = 30(}OC 

Inlet vulume rate 
Crack width 
Cmck height 
ira ter solt~ee 

iV:;.ter Rink 

1 ... .5 X 105 cm'/see 
1.0 km 
1.0 kIn 
~.j nletpl~ ahove ~~mek bottom 
I:; meters below crack top 

1~he results Eho"f.;'" un initial thennal po\\-'"er ex­
t;,lction level of 9SA =\I~y decreasing at fu'1 initial 
L:[l' of about :20 :'h;<IT and at a rate of about 
1:.2 jlv,~ .. /yr at th~ end of the first yel1f. As cool 

i. 'w~lter fill3 nlore and more of the crack, the t'l 
pr)\\'E'r extraction rute tends to 3.pprO!lch 3. slowly 
df'f're~lsing level that agrees quaIitatn:-el.y with 
.::imple analytical calculations for conduction 
:tcross a known tempE-rature difference. A larger 
('f:,cl\: would allow for a much milder rate of 
dure:lse, aIld the occurrence of thermai fracture 

~J eouId even result in an increase in pow'er ex-
Traction; as is shown in example 1 (Figure 1). 

The flow pattern for this example is quite 
,im]lIe in appearance, resembling potential flow 

. ~ irum source to sink. 'fit hout the granular filling 
~ to the crack, calculations show a comparable 
f q pr)\\'('r extraction history but with strong second-

<) jlry flow a'l a result of buoyancy. 
(2_) Ire also examined the case of a crack of 

(23) ~. :':tri:lble \vidth, the width decrei\sing linearly 
:rorn 1.0 em at the center to zero at the edge. 
The results show a much more rapid decrease 
jf thermal power extraction resulting from a 

<:\ll1finement of the flow to a relatively narrow 
i Z~l1e about the axis. The effect was much like 
i ~bt of having a much smaller crack of constant 

) 
: 'ridth -

(2-1, . 
The~e computer-generated results have been ,,; 

l't 

power = 2p,.bw Y(T., - T.)/ 

{I + (Pwb .. V:6rkl t)1/2/KRAJ} 

where A is the area of the crack, V is the total 
water flow rate (volume per unit time), kl == 
KR/(pRbR), and T. is the temperature at the 
cold-water source. This formula is not correct 
near t = 0, but it is expected to give a progres­
sively better estimate at 'late times (i.e., for 
times in which tl;e denominator signifieantly 
exceeds 1). Figure 3 presents a comparison be­
tween the numerical results for the plane craek 
calculation described earlier and the analytical 
approximation. The fairly good agreement at: 
the overlap times lends support to the utilir~' 
of the apprmimation formula in estimating late­
time trends. 

IOO~l 

80 

~ 
15 60 iJ. 
c 
co ., 

.§ 

tr 
W 
~ 40 0 c.. 

20 
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Fig. 3. Thermal power extraction as a function 
of time for the plane crack calculation described 
in the text. The cun'e on the left represents 
numerical results; the curve on the right repre­
sents the analytical approximation. 
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DISCUSSION 

The principal conclusions from this study are 
that under sufficiently favorable circumstances 
large amounts of geothermal energy can be ex­
tracted from dry wells in hot rock. This conclu­
sion does not depend strongly on the nature of 
the initial hydraulic fracture, but it does depend 
on the validity of the thermal fracture hypoth­
esis and on the a~~umption that underground 
leakage does not preclude the maintenance of 
pressure. It is clear that these features will 
require field te:,--ting before this type of energy 
source can be comidered proven. 

Acknowledgments. \Ve should like to acknowl­
edge many valuable discussions with our asso­
ciates at the Los ,'damo;; Scientific Laboratory, 
who originated ,he concept and have studied its 
technical and economi<: feasibility, especially R. L. 
Aamodt. D. W. Brown, R. -:"1. potter, E. S. Robin­
wn, J. C. Ro'\\"iey, and ~L C. Smith. We also 
are grateful for the \'aluable comments given 
by visitors to til':: Laboratory, especially R. L. 
Garwin, G. E>=eay, :.wG R. \Y. Rex. 

This work ".-,'~ ~Hlormed under the auspices 
of the L'nited 3':1:8' .-'.wmie Energy Commission. 

REFERENCES 

Amsden, A. A .. and F. H. Harlow, The SMAC 
method: A numerical technique for calculating 
incompressible fluid flows. Rep. LA-4370, Los 
Alamos Sei. Lab., Los Alamos, N. Mex., 1970. 

Craft, B. C., W. R. Holden, and E. D. Graves, Jr., 
TV elt Design: Drilling and Production, pp. 483-
535; Prentice-Hall, Englewood Cliffs, N.J., 1962. 

Gray, D. E. (Ed.). American Institute of Physics 
Handbook, McGraw-Hill, New York, 1963. 

Harlow, F. H., and A. A. Amsden, Flnid Dy­
namics, JIonogr. LA-4700, pp. 81-103, Los 
Alamos Sci. Lab .• Los Alamos, N. Mex., 1971. 

Robinson, E. S., R. M. potter, B. B. Mclnteer, 
J. C. Rowley, D. E. Armstrong, R. L. Mills, 
and M. C. Smith, A preliminary study of the 
nuclear subterrene, Rep. LA-4547, Los Alamos 
Sci. Lab., Los Alamos, N. Mex., 1971. 

Sun, R. J., Theoretical size of hydraulically in­
duced fractures and corresponding uplift in 
ail idealized medium, J. Geophys. Res., 74, 

5995-6011, 1969. 
United Nations, Proc. U. N. Conf· New Sources 

Energy Solar Energy Wind power Geothermal 
Energy, \'015.2 and 3, 1964. 

(Reeeh'ed February 23,1972; 
revised September 7,1972.) 

VOL. 77. NO. 35 

Microeartbc 

The spatial t 
eterized b - empon 
th . . Y means oj 

e cn tena tha t (l) 
.;paration is less th 0 

== 3.5 is si il al 
occurring in t~ aNI' to, 
served fo . e eva 
f 

r SIX are ' 
ound t b as e! o e approximi 

In ,hi, p'per th . 
I ffilCroearth e tim) 

fif1 is exam' dquake occurrellI 
. me by d t . 

for th " e ermmid 
e actIvIty A I 

Knopo/J, 1964" ~umbel 
1970] h ' Akz. 1956 i 

ave u d ' th Se Poisson 
e randomness of 

1 occurrinG" earthqi 
ill.'~ noted I' btlover relatively I; 

a leI' poor fits t ' 
process. Page [1968] h 0 

local areas in Al k as .c 
b I

· as a a"'al~ 
e 1a"lor of t1 - 'b >; off P 1e earthquake 
, age, and otllers h 

\' randomness to tl ave 
e):t swarms and ft 1e occurI', 

[after VereJ ershock serie, 
the G" . ones and Davit 

"enerahzed P . ; than Olsson prol 
one event can b 

the sam t' .' e con! 
. e fme mstant Th 

~
'.. POIsson dist'b' . us one n utlOn could r 

or more ev t . 
011 '. and T k .. en s. Usm"" 
1!l lIP ' 0 -"oz obt . b U.s C ~ amed good fit 
- quak oast and Geodetic 81 

J
.. I e catalog for 1961-1968 

n t he present I' . 
rurrin.,. in a I' . ana YSIS, mi 

b Imlted . 
examined f I area In ( 

• -'l paring eve~;s c t~~:ring charn 

[

'"l found tl ,are temp 
lilt som f 

fTents that e 0 these 

P 
. ,are weI! de' 'b OlSson "orl e( 

process [Pm'zen, If 

i 1972 by th 

"

Copyright © 
.. ~ e America, 




