
". 1"' _ JOURNAL OF GEOPHYSICi\!_ RESEARCH JANUARY 10, 1976 

GL03343 

~~· :~·:~+-:'-7.\:·~· •. ~c--• ...:)~l-' -, ,=. ~ CTl;:ITtI!~S--fOTtIt-'"=RTeBf-y or Heat Extraction From Fractured Hot Dry Rock' by 

;:'(E~~:- ~ A . C. Gringarten, P. A. \Vitherspoon, and Yuzo Ohnishi 
,'" 
j 
T 

:~A 

R. P. LOWELL 

S chool of Geophysicol Sciences. Georgia !lIslilllle of Technology. A t!anla. Georgia 30332 

' , : ' .' :':r b\ (jringa r! (' /i e l I'd. [1975J points out the 
',:'C!iL thel[ the e\ trac tion of geo thermal energy 

:: ':" ~ c;C:H if ,he water passes through a multiple 
-:'::' ; ,;', I ", if :he water passes through a sing le frac
.: . ·.::.l i, the:; re;;u lt s show th a t a given fl ow rate 

,\' ; r:l :tu,;;s gives a higher outlet temperature 
~ ,,:' :::::~ c. '."J1'I if the same allloun t of fluid flows 

' - ; . . --". -

:Ii:. rt~";:::"' c r. th : t ~ th .:-ir I110del is unnecessarily 
. ~ '"-- ">~ :~:':-.': : =~ .. ~ ;-, :; ys ~('ai s i g :~·:;....: .. tn ce of the Illodel 

.. ,\ c",-:"cc i ;:C ,.), lZ, j, reaS0:, ! wish to show that 
. : :'': <i :1: :-~:,::.ui~'~ m2y b:: obt~ i nt:d by solving the 
,' ,:- :.>~. l _:~ ' ~r: :':: i ~i ")u"? gJC fr3.cture :l:1 n by treat ing the 

<"t:::: _ . .! .1 ;: :~:i1;; ::- i"" O!' /,: in,j ependent, vertical 

",,' , .- .... . ... 

i~:J (.' LU fe. based 0:1 the Sa ll1e princi-
... . -· f Gnng(!( ien eL cl. [197 5], have been 

\ \. !~h the cs t: Dr the S(tIllC nota-

1 n',j 

(1) 

(2) 

(3) 

(4) 

,~! !-. [ h", '; (" ,line !JOel' ;;.:" '; pC I' meter o f 
f. 1:: : :1i!_ ~ ~l i te i11pcratur.:-: or the fOrillation, 

~:~i~ -i ; 1':f~ ~ .' ~_; ~ c ~l t \\"hic h the \\;1LCr i s injected into 

1 ! :,~ ', !)l u ~ i«1 tu (1 )-(4) can be fou nd slraight
", .' \\, t l~~ ;" I ""':;;irer~ttu[r: being g j\".?i: as 

. ' i 'h ,,,,s til«t th e initial temperature of til e water 
' ·.:;:J r·: is 1'"", and tha t the outkt temperature of 
, ,:,y,\ I:; \\' it l1 in creasing tim e. An imporl ant !'ca

>;:' :l1,l i sy!'.leJll s is exhibited by (S). For a gi\'C ll 
::.:,·:L:rc heig ht th e ril tio 

(0) 

.:: tc) j 'Q( I)" '. In practice, a geo ther'mal sy,te m 
' c~ ,:( C t:l kc ti vcl y oll ce the outlct tempera ture fa ll s 

, :': : . :i \ .due . There fore the rati o ((i) is li xcd by prac-

', - 1> h , lh~ AlIllTi ean C cop h\'sica l Uili o n. 
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tical cOllsidera ti ons, and (S) shows that the smaller the flow 
rate , the longe r the geothermal system can operlttc effectively, 
Moreove r, Boc/vClrssOIi [1970] has shown that a lo \\'cr Aow rate 
leads to a grcater total yield of hot water, This resu lt also 
I'oll ows from (5). I f th e ratio (6), a time of operation, and 
fracture height arc chosen , (5) can be used to calculate the flow 
rate Q. With thc use of the same numerical data as Crillgartell 
el af. [197 S] used and a time of 20 yr the result is Q = 0.146 
cm 3/s per unit fracture length, which is nearly identical to the 
res ult of C,.;ngarlell el af. [197S]. To get th e co rrect total flow 
through the geothermal system, one simply chooses a fra cture 
leng th (say I km) and adds th e results from a number of N 
independent fra ctu res. To obtain th e total flow assumed by 
Cringarlell el at. [1975], N is equal to 10. 

The reason why th e inde pendent fracture model gives the 
saillc results can be see n by considera tion of the amount of , 
conductive coo ling of the hot rock wh ich takcs place over the 
tilll e of energy extractio n. The amount of conductivc coo ling 
at any hori zonta l distance L fr om a fra cture is represented by 
the Fouri er numb er Nr = a"r/ L' . F,, " the amo Lln t ofcond uc
ti ve cooling to be sma ll NF < ~. Therefore in order for the 
fra ctures to be considered thermally independcnt at a time I,. , 

the conditi on L ? J(au1o)' /2 must be satisfied where L is th .~ 

separation between th e rr actures. For to = 20 yr we obtain 
L > 70 Ill. This rcs ult is clear ly substantiated by Figurc S o f 
Crillf;artell el af. [1 975], si nce the outlet temperature shown i!; 
csse ntiall y indepe ndent of fractur e se paration for separa ti on!; 
of glTater than tlO 111 after a tim e of 20 yr. Moreover. th erl; 
appears to be little th ermal interference aft,; r 20 yr provided 
th e separation is greater than 40 n1. Consequcnt ly, the ess<;: ntial 
results of Crillgal'lcli el at. [197S] ca n be rC'I, resent ed adc
quatel y by a model hased on temperature cO'l dition s dete r
mined for a single fracture, th e total geoth erm :!! system bcing 
repr,;sented by th e sum or th;; res ull s for N ill l.Lpendent fra c-
t ures . 
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w,; agrer: with R, p, Lowell that if one is interested on ly in 
those l i mt~s \,,'he n iilttrferencc between fractur es is neg ligible, 
a3:n Clur ", :ump\.;: , a si mplifi ed model for heat extraction that is 
ob, ai n ~d by co \',bining hctopendent sin!!ie fractures would be 
suitic i '~nt . Lo \\cc!!" ,; equation (5) can act ually be obtained from 
c ur eq uat i,x ; (A! S) by ta ki ng the lilll it as x~ - . co , \V h ich 
('o:-rt>sp ,J nds to th e ctn ':e fo r Xf:D = co in Figure:! 3. 

the temperature dro p after interference: occurs, This wou!G ~, 

th ..: case, for example, when a new system of fractures is c:> 
at ed to supplement the output fro m a previo us system wr. ::: 
temperatures have begun to drop and the hot waters fro m b,:':: 
systems are to be mixed before bei ng utilized, In such a ~ -' -< 

the temperature ca nnot be obtained from Lowell's equ a; ;,_ ' 
(5) , and (A 18)in o ur paper 1V0uid ha\'e to be used. 

in :i number " f ,;:-"es however, it will be necessa ry to know 
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