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't ABSTRACT 

olyoing rosearch in the 8- of Maw ;lEnow 
-traction i o  directod at developing a +e-- 
tal understanding of the rstablishment and long 
tern oporation of an open, direct-contact b a t  
oxchanger in a crustal nmgma body. The'Imergy 
extraction rate has direct influence on the 
oconadc vi8bility of the concopt. An &n b a t  
oxchanger, in which fluid is cirwlatod p r w g h  
the interconnecting fissures and fractures in 
tho solidified region around drilling ybing, 
offers the proaise of very high rateo of heat 
transfer. Thio paper discusses recent research 
in five areas: (1) fundamental mechanibmo of 
Solidifying 8nd thermplly fracturing ma&. (2) 
convective heat transfer in the intomally 
fracturd solidified maw. (3) convective flow 
in the molten magma and heat tranofer f* the 
magma to the cooled hest exchanger protruding 
into it. (4) numerical simulation of the overall 
energy extraction process, and ( 5 )  the thenno- 
dynamics of energy conversion in a aag~po power 
plant at the surface. The studies show {hat an 
open beat exchanger can be formed by solidifying 
magma around a cooled borehole and that the 
resulting IMPS will be oxtensively f r a c d d  by 
themally-induced stresses. Ilumerical 'bdels 
in'bicate that high quality thcmal energy I/ !can be 
delivered at the wellhead at nominal rates from 
25 to 30 1Iy electric. It is o h m  that $t- 
well circulation rates can be found thotidepend 
on the heat transfer charocteriotics of the 
magma heat exchanger urd the thermodynamic power 
conversion efficiencies of the surface plant. 

~ m o w c r x o u  

Magma is 8 huge potential resource. The work of 
Smith 8nd Shaw (1978) rosultd in an ontinuto 
for the U. S. of 50,000 to 500.000 quadp eon- 
tained in m a w  at temperatures above 600.C an4 
-8t dopttw shallower than 10 ha. Before iijdustry 
can ovaluato tho futuro o e o n d c  viability of 
magma morgy, rovoral key areas roquiro fu-r 
study and technology developmont. 

The Magma Enorgy brtnction Projoct, initiatd 
by th. Coothoma1 Technology Division of DOB 

feasibility of oxtracting high qu8lity $hemal 
anergy dinctly from crustal magme bodies. I/ a i s  

This work was support04 by the U. 8 .  Doparhmt 
of Energy at ~andia motional Laboratorian under 
Contr8Ct Dg-ACO4-76DP00189. :I 
Parts of this' paper wore proviously pub1ish.d in 
tho Proemdinus of the ruelfth uorkahop on 
Coothoma1 Reservoir rngineorim, Stanford 
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VnfWr8ity. J8mary 1987. 

program follows 0 seven year study that demon- 
stratod the scientific feasibility of the mgm 
mergy concept (Colp (198211. At the conclusion 
of the study. m y  of the energy extraction 
concopto w e n  demonstrated by drilling into the 
molten tone of Rilauea Iki lava lake, amplacing 
6nergy oxtraction hardware, and operating the 
I).St(llP for a period of five dayo [Hardee et 91. 
(198111. The present project is orgonized to 
address: (1) ,resource location and definition. 
( 2 )  drilling, (3) magma characterization and 
materials compatibility, and (4 )  energy extrac- 
tion, We have an ulthte objective of drilling 
into an active crustal M~IM body and conducting 
an energy extraction experiment. The location 
for this experiment b o  been selected in tong 
Valley Caldera, California, where magma drilling 
targeto have been identified. 

The rate at which electricity can be generated 
frmua mgma well i o  a major factor in determin- 

I ing its economic viability. However, determina- ' tion of such rateo is complex because of the 
uncertainties in the nature and properties of in 
situ aagma bodies. urd the complexity of 

I potential heat exchange processes within the 
ooyao. Our approach b o  been to perform 
fundomental engineering analyses in conjunction 
with pheno~nenological experiments in order to 
develop conceptual models of the magma heat 
exchanger and obtain estimates of potential 
rates of energy extraction. In this paper, ve 
briefly oumaorire recent research in the area of 

I energy extraction. 

PRIOR MTALYSES 

Magma is a multicomponent aaterial that usually 
exists in the crust at tamperatureo near or 
below ito liquidus. At these temperatures, the 
rotoriel is a aixturo of liquid and cryotalline 
phases 8nd behaves like a high Prandtl number. 
non-PewrOniur fluid. Uuch of the early work, 
IWrdee (1981). Hordee. ot a1 (1981). Dunn, et 
81 (19831. was direc ted  8t evaluating natural 

I convection b a t  transfor rates in magan. both 
ma81yt~Ully and experhentally. Heat flux 
woourements ware nmde in degassed basaltic lava 
at taperatuns near me klow tho liquidus urd 

" based on boundary-layer uralysis for a high 
Prurdtl numbor, non-Pewtonian fluid. [Hardee 
and Dunn (1981)l. &~orimonto were 81UO 
porfomd 8t in situ conditions of temperature, 

y pressure. and oolatilo content, IDunn ot a1. 
~ (198311, and confimod prodictiono that 

obtained at in situ conditions whore volatilos 
h v o  an important offoct on viscosity. 

in OXCOllent 8gX'O-t dth UlCUhtiOM 

dgnifk8tItly higher best trmSfOr rates 8- 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



'1 
I 

WdH (1981) UHd bounb8I7-18YOr UUlyri8 t o  

s O V O r 8 1  Ug. -#ition8 8S8tdng "ClOmOd" 
p red ic t  t-1 . t r o w  a t t r ac t ion  r a d  f o r  

b a t  urch8ng.r mystam whom f lu id  is c o n t d n d  
within a p ip .  urd 400s not d i r ec t ly  'cilntact 
Mgr. Wrdoe's ca1arlations show voryl high 
heat t ransfer  rotos ( rorn l t ing  i n  2 0 ,  t o  80 
I(uth/wll)  f o r  b8saltic magma which4 has 
rel8tfVOly low viscosity. Phyolit ic m8-J with 
u c h  higher wiscoaity. m s  prodictod t o  joffor 
lower anergy extraction rat... on t he  otqor of 4 
t o  19 Wth  p.r w e l l .  

An a l toma t ive  "open b a t  axehangor" concadt f o r  
ugmm enorgy u t r a c t i o a  u8.s d i n c t  fluid/nogma 
contact. Analyses by Dunn (19831 mhoued) that 

around a cooloa boroho10 M i d  be rnffici .Int  t o  

t r ans fe r  f l u id  through tho molidifiodl and 
fracturod magma. g r u t l y  inc rusod  rnrfacel area 
and energy oxtraction rat.. could k 8ChiOV.d. 
Tho concopt was testad i n  tho 1981 Kilauep l k i  

oxtraction ratu y.ro found t o  i n u u a s o  with 
time (indicating g w h  of the fracturad rigion) 
roaching a v a l w  nore than 10 times the  +acted 
valuo f o r  a Closed heat oxchanger i n  the! s8me 
borehole [Ounn (1983)J. 

f i e  present magma energy progrsm i o  f o c u s h  on 
8 i l i C i C  magma sys t em which am most repiesen- 
t a t i v e  of M ~ S  bodies expected a t  post welotern 
U. S. sites. An economic analysis of magma 
power generation [Carson and Haraden (f985)I 
indicates t h a t  closed heat exchangers can11 have 
only l imi ted  application i n  s i l i c i c  mayrss. 
Howher.  open, d i r e c t  contact heat excianger 
systems operating a t  depths up t o  6 hn are bhoun 
t o  be roughly competitive with oxisting 'sources 
of onergy f o r  power genoration. AS a ' rdsu l t .  
our recent work i n  energy oxtraction is cqncen- 
t r s tod  on extraction procorses using / f lu id  
c i rcu la t ion  through 8OlidifiOd/fr8CtUrod magma. 

tho-1 mtn8S.S C m t d  in Urn 801idifYhg 

C8U.O fr8Cturing. by CitCUhtft& 8 heat 

r x p O r h t 8 .  During 8 f ive  day period. m0-Y 
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THE OPEU HEAT Q c H w C t R  , I  
)I 

Figure 1 show our current conc.ptus1~ re- 
prorentation of a sing10 w e l l  during steady 
oporation i n  an open heat oxchanger aode.1 r)le 
-11 is u r d  abovo tho u g m s  tbmber And tho 
injoction tube is sur roundd by a f r a c ( u 4 ,  
s o l i d i f i d  n g i a  whoso r ad ia l  a t a n t  is 
d o t e r r i n d  by tho  rat. of onorgy oxtraction. 
Thoro is an in to r r rd i a to  t r ans i t i on  L O ~ O  ,,which 
khaV.8 8. 8 pl8StiC aolid a d  dm8 not .uppor t  
fracturing. ~ o c a u s o  of hut t ransfor  9 th. 
uchangor. l a m  r u l o  na tura l  convoction is 
induced within tho chubor with ugr f 
d m  tho outor SOlidifiC8tion bamd8I7. , 

' j  
m o  f o r u t i o n  and oporation of an open/ h u t  
urchangor. as presently arvisionod. involvoo 
numorous c o e p l u  procoasu .  Our tuimnt 
r o r u r c h  f o l l o w  two 08th.: f i r s t .  ros,oarch 
in to  tho foraution of a fracturod, s o l i d i f i d  
n6 ion  m i t a b l o  f o r \ h e a t  exchango. and micond. 
onalysis of tho loca l  heat oxchngo processor 
within tho fracturod us. and i n  tho oxtarnal 
convocting ugm. Tho rwindor of t h i s  papar 
.unarricor n c o n t  a c t i v i t i a s  in  thoso t u o ' a r w s .  

CONVECTING 
MAGMA 

( a 
a 

Figure 1. Conceptual representation of open 
heat oxchanger with f l u i d  flow through 
fractured. nolidified masran. 

Therms1 Fracturinrr of SolidifvinK UKUU 

Rnm (1983) and .Ueqle and -cope (1986) 
developed theore t ica l  models t o  describe thermal 
s t ros s  f rac tur ing  i n  a so l id i f i ed  magnu region 
ourrounding a boreholo. The models only con- 
sidor mtreeses caused by teaperature gradients 
i n  8 so l id  annulus. secondary fracturing due t o  
f l o w  i n  tho i n i t i a l  f r ac tu re s  o r  presouro driven 
hydraulic-typa f rac tur ing  a m  not includod. The 
uulyser predic t  vo r t i ca l  end horizontal  frac- 
turea won  f o r  largo ovor-burden proernre. 
-10 and Lorycop. (1986) show that horizontal  
f r a c t u n s  should prdominato and givo estimates 
f o r  their spacing and aporture. For a b a s a l t i c  
1 8 V 8  Ubd -1lbOru p8t.nwt.r. typic81 Of tho.. 
f o r  th. K i h U U  I k i  oxper iwnt ,  8 f r 8 C t U n  
8p8Cillg Of 1 U wfth 8petUrO Of 0 . 1  UQ 

obtoinod. Tho analys is  81.0 prodicts that the  
f rac turos  w i l l  extend almost t o  tho outor l i m i t  
of the  so l id i f i ed  region. 

http://rnffici.Int


f lu id  w i l l  axert a n o t  bYdtUUlic p m n  011 t he  
f r a e h n  mlls and onhmce tho propy.Wo0. Our 

ing of the Ecaetun lech.nics  in homosaneous 
medium us- ainulant materials. then introduce 

importance. One of the most hpor tont  facets  of 
this ucp.cL.snta1 program is inproving our 
Mdemtmdimg of scal ing l a r e  in the mechanics 
of them1 fractur ing that w i l l  allow 
a t r a p o h t i o n  of laboratory observations t o  the 
f u l l - s a l e  beot exchanger. 

m m t  8ppZV8Ch to f i n t  C l 8 r F f l  ~ d 0 ~ ~ t . d -  

SOCond8rl, OffOCtS OlbO 8t 8 ti- 8nd U S O S S  t h e i r  

? i g u n  2. h i c k  wallod g l a s s  cylinder thermally 
f-cturvd 8t ~~~~c. 

lisuL-0 3. crOs.-s.ction of p n - w l t d  glass  
eylindor a f k r  ro l id i f i ea t ion  in4uc.d by cooling 
f lou  through contor tub.. 
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ha 0 f i r s t  approxination to hoot tronafor ' t i t h i n  
tho opon d i n c t  contoct hut utctungoe. tho  
ao l id i f iod  md froctutud -ion s u c r o u n d i ~  t ho  
borrholo i a  rodolod oa 0 poroua Wid with 
loco1 tho- oquilibriua bohnon tho s o l i d  W 
f lu id  p b w .  th. porous wdiua CUI k 
coclplotoly c l n n c t r r i r o d  by . p . c i f iu t ion  of it. 
offoctivo pomoobility. K, urd tho offoc t ivo  
aoturotod -1 conductivity, IC. M o r  of 
ugn i tudo  o a t h t o a  f o r  tho poras8bbility'~ V.P. 
obkinod uaing tho cubic f r a c t u n  modo1 of snov 

Y.apl0 and Longcop. (1986). Duo t o  t& A.p.11 
v01ur10 of h t o n t i t i a l  f lu id .  tho offoc t ivo  
th-1 w t i v i t y  nma taken oa tht' f o r  
a o l i d i f i d  magma. ~.rdoo (1981) p n a e n t a ;  d ~ k  
ahowiw typ ica l  voluor on th. o d o r  of 3 wm-~ 
for rhyo l i t i c  moms. 

TLor .nd boot tx8uafor withie tho p l w a  8n+or 
r 4 a r  i a .  at thia 1-1 of opproxirrtion. 
d ~ a c r i b d  by tha atandarb h r c y  f o r u l o t i o n  for 
poroua d h  [tmm ot 01 (1987)l. Tor on 
annulus Fa which the outar y. 
hold uxutmt a t  To and 
tomperaturm o t  Ti, tha 
taap.ratura p r o f i l e  is the asme O. 
'conduction prof i le .  m d  the mixed m a n  PU 
numbera 0- S i v m  by: 

(1968) dtb fb. ft.Ctuf0 g-tw PndiCtidnS Of 

mi - 2(1-r*) 
+1 , r*lnr* &ZZ 2lnr* I 

I 

b o  - 2(1-r*) I . lnr* 1- - ; 
ubro r* - ri/ro. s imi la r  owproonions ,may 
bo found f o r  tho case of uni for r  h o t  f l u x  trolls 
by using l i nea r  superposition of po+iol 
aolutions f o r  heating on one wall. 'Zhose 
opprosaiona o n  uaod t o  form the lower limit of 
the open boat oxchanger hea t  t r ans fo r  
eoofficiont.  

Vorious offoct.  can oltor tho  hut t r u u f o r  
within ttm porous umulua and . a ign i f icont ly  
of foe t  tho not onomy uctroction. & 
m a t  important conaidorotioau oro dov+opp$ 
f l a r  offocta ond loco1 buoyoney. Tho dovoloping 
thomol  f h l d  f o r  fully-dovelopod alug flw' in 
on urrmlor -cion, w y  bo found by d d a c t  
.rUlOgY to tb. prOblrm of truuirnt eoolingjof 
8n onnulor-ah.p.6 bil lot .  ?or tho  cuo of I ' .o  
hN10t.d h * r  baunb0- md 8 w*t 
t-poratan outor baunbor)., tho ro lu t ion  for p a  
- r O b n  f b l d  i a  ahown by C0r~1.w .nd J8.l.r 
(1959). Tu0 noult .  froa t h i a  orulyaia or0 of 
i n t o n a t .  t i r a t ,  tho mixod m a n  ~ u a a o l t  mnb.r' 

o a m t o t i c  vo lw .  Loeond, prolimirur). eoleulo- 
t i m a  indicato th.t fu l ly4ovolop .d  t h o l u l  
conditions u y  wt k a t t a i l u b  f o r  th. -o6of 
Poelot numbu urd annulus orpoct rotioa ,of 
tutrmt i n t o n a t .  l'ho not m o u l t  i a  th.t d h  
ovorall  hoot tronafor c o o f f i c i m t  for tho 

tbon tho eonaorvotivo fully-dovolopod oa t i l u to .  

' I  
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i n  th. WltW rUgiOn Ueh highor thur i t a  

WUIUlUW bo f m  t W 0  t o  fiV0 tiaw hi6h.r 

-01 buoyancy ofloeta can kcaam iaportont i n  
dotemining tho ovoroll hoot transfer i f  
tomporoturo grOdht t#  within tho onnulus aro 
aovore. The rolotive importonco of the two 
wchuriuta con bo found by inapoction of tho 
r o t i o  of the loca l  forcod flow Poclot number. 
Po. m d  t he  local h y l o i g h  number, Bp. which i o  
indieotiva of the loco1 buoyoney. Usin6 geome- 
t r y  urd proporty dot. oxpectod fo r  oporotion of 
m open d i n c t  eonket  h a t  oxchanger in magma. 
tJm obovo dirsnaionloso &toups l i o  within the  
m g 0 :  0.18 W/Po < 4.0. A t  the low ond, 
buoyoney offocta or0 nogligiblo, but fo r  U/Po 
011 tb. order of 1.0. l o u l  ktoyoncy offocts may 
aubstontially a f foc t  tho b a t  transfor. To 
o n r l w t o  th i a  offoct. n oro eurrantly porfom- 
iv f u l l  nuu~oricol so lu t ion  of using the f i n i t e  
ol.awnt cod. WfUI [Gartl ins and Hickox (1982)) 
i n  0 c y l i n d r i u l  .nnuluo v i t h  both constant 
~ o r o t u r o  ond c o w k n t  hoot f lux  boundary 
conditions. A n  ucuplo of t h i o  offec t  con be 
8om i n  IigUuros 4 8nd 5 which givo ca1cul8ted 
rosu l t s  f o r  on ucporiaontol f o c i l i t y  o t  the  
University of Utoh. T i y r o a  4(8) ond 4(b) show 
atreoarlinos i n  the annulor r O S i o I 3  with the outer 
boundary at constant temperature. ond an 
insulated inner boundary. Figure 4(0) is f o r  
pun forced convection urd the f l w  is very 
nearly 0 un i fom alug f l w .  For non-negligible 
loca l  buoyancy ef foc ts ,  F i g .  4(b), flow is 
ontrained towards the hooted boundary in  the 
lwar p a r t  of t h e  onnulus resu l t ing  i n  increased 
mass flow within the  t h e m 1  boundary loyer. 
The upuard velocity through the onnuluo a t  the  
hotirontpl midplono is ahoun i n  Fig. 5.  The net 
r e s u l t  of t h i s  buoyancy-assigtance is t ha t  
convection n u r  the  heptad boundary a r p j  be 
onhanced obove tho t  f o r  forced slug f l w .  The 
degree of enhancement depends on the  boundary 
conditions. tho r o t i o  of 
geametry . 

I 

"F P.=46.7 g = o  

W/Pe. and the annulus 

I i s u n  4.  S t n 8 a l i n o a - 4 .  of Utoh owporilunt 
a h l o t i o n :  ( 0 )  Torcod alug flow. (b) 
buoyoncy-oamiatod flou. 
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?igUrS 5. V e C t i C 8 1  VOlOCity prof i le8  8t 
hor i ronta l  ddplane--U. . of Utah ekperimont 
s im l a t  ion. 

To confira the  numerical s tud ies  of the  1; porous 
open heat exchenger experiments in  buoyancy- 
8 E S h t e d  porous pedio flows are being e+ucted 
a t  the  University of Utah [-ohm e t  a1 (;1987)1. 
rt* experimental apparatus uses an annular .pace 
formed between two concentric pipes 1,having 
diameters of 1.25 and 11.5 inches. The space is 
f i l l e d  with lm ceramic sicrospheres t o  \/€om a 
porous bed- Water can be injected a t  tp base 
ei-ther i n  a uniform s lug  flow €rum a itmapply 
header, or 88 a .attee f lou  a t  the base ;of t h e  
center  tube. % outer walls a r e  raPintained a t  
uniform temperature. Figure 6 shows a 
eross-8ection of tlm main apparatus with the 
porous f i l l  matorial  i n  place. l%e temperature 
d i s t r ibu t ion  i n  the bed is ncasured a<! seven 
a x i a l  locatibns. mica1 measured temperatures 
are shown i n  F i y r a s  7 and 8 .  Tho most s t r iking 
observation that u y  be made thus f a r  i's that 
for the range of s c a l d  f lou  ntes in question, 
the t e q m r a t u r r  p ro f i l e s  aro not a t  a11 
fully-dovalop6d. Tho them1 boundary// layor 
does not p e n o t n t o  t o  the inner wall under m y  
conditions repnmentative of the arsm open lmat 
exchanger. w ~ i a t e  ramification + that 
loca l  h a t  t r ans fe r  i oe f f i c i an t s  w i l l  be 
signif i can t ly  higher thm t h e  f u l l y d e b e l o p d  
values u s d  i n  tho mmorieal dWht i01h  f b C U 8 -  
sed i n  tho following section. Experiments ace 
currently undomy rrhieh dll cover 0 wide rango 
of conditions i n  both forced md buoyancy- 

j 

affected flows. II 

, F b u r e  6 .  Cross-section of Open Heat Kxchanger 
EJQ8timt81 App8t8tUS. 

.- 
0.00 1.00 2.00 3.00 4.00 5.00 

Locadon from outer wall, inches 
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8 V 8 i h b h  c o m a l a t i a m  f o r  single or two-phase 

sub-wolod, s a t u r a t d .  aupor-heated and 1 super- 
c r i t i c a l  regions. Tbe overlying fomat ion  is 
assumed to .bo homogeneous. with constant 
properties.  and coduc t ion  to the f o l v t i o n  is 
H e l e d  using the quasi-sbady asaumpt'ion of 
Eparey (1962). I 

WQurr h88 b.err used t o  sLaulate the f l w  urd 
anorgy ax t rac t ion  rat0 in the base u s e  g e m t r y  
which was p r e v h s l y  i n v e s t i ~ t o d  by Hickox m d  
Dunn (1985). The w e l l  depth is 5 lm f o l l w e d  by 
a 1 hn heat exchanger i n  magma. The open heat  
oxchanger is aaaume4 to be porous maulus  

hea t  oxchange rate. Results shown i n  Figures 10 
through 14 8re found using f u l l y d e v e l o p d  s lug  
flow Iiussolt numbers uhich .PO the most cmuer- 
vat ive ,  i .e .  lowest, v a h s  I which, can be 
a t ta ined .  The proseat c w u l t r  provide a reo l io-  
t i c  lower l i m i t  on urpect.6 anergy ex t rac t ion  
ratos and point out various important character- 
istics i n  ths single well arergy axtkaction 
process. 

BY spec i f ica t ion  of tbe in jec t ion  p r e s d r e  an4 
l ~ s s  flow ra t e .  t he  f l w  s t a t e  throughout t he  
c i rcu la t ion  path can be corPputed i n  an i t e r a t i v e  
marching procedure by MCMXT. Specification of 
a wellhead back-pressure is optional. For a 
specified mass flow rate, the  in jec t ion  pressure 
specified is acceptable i f  t he  exit pressure is 
equal t o  the  specified wellhead pressure or is 
greater khan ambient i f  a wellhead pressure is 
not  specified.  
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Zhe t e q e r a t u r e  of the p l a s t i c  zone around the  
hea t  uchoryer is winta ined  a t  a constant 
900'C. m d  the available heat f lux  is specified 
as 1 ~ / m 2 .  

As 8een in Fig. 11, the  pressure increase in  the 
in jec t ion  path is due a h s t  on t i r e ly  t o  the  
hydrostatic pressure of the  f l u i d  i n  the  
oub-cooled state. As the f lu id  is heated in  the 
heat exchange region. its density decreases. 
hence. the presmure in the return path decreases 
less rapidly thpn i n  the in jec t ion  path. 
Because of the  ne t  density imbalance between the  
tu0 f l w  paths, the  flow loop has the  capacity 
f o r  MtUra1 themsyphoning. In  the  current 
exampla. the i n l e t  pressure was mpecified as 
uabient, hen- the w e l l  is self-flouing a t  a 
flow Eote of 50 kg/s with a uel lhmd pressure of 
roughly 15 ma. 

6 0 )  I I I I I 1 
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Figure 11. Flow pressure f o r  Em50 k6/s; open 
heat exchanger base case. 

The P-h diagrnm f o r  t he  flow, Fig. 12. i l l u s t r a -  
tes the  f lu id  phase in the loop. The hydrosta- 
t i c  pressure increase in the in jec t ion  path 
r e s u l t s  i n  pressures w e l l  above the  c r i t i c a l  
pressure a t  the  i n l e t  to  the  heat exchanger. 
Because of the  large f l w  area in the open heat 
oxhanger umulus. the f lu id  is heated w i t h  very 
little prassure drop but with an accompanyhg 
density decrease. Depending on the  flow r o t e  
and the upecified wellhead back pressure. t he  
u i t i n g  f lu id  8 b t O  m y  be superheated vapor, 
supe rc r i t i ca l ,  or highly-pressurized hot water, 
8s in t he  arrront oxample. Ilo r e a l i s t i c  
-8tif45 WIditiOtUI h8vo ken found i n  which 
the  re turn  8b te  is saturated vapor. hence, 
tWO-phA80 choking in tho nturn tubing does not 
limit tho 8 v a i h b l o  flow rsto aa is eoaaronly the  
c8se in vapor producing geothorarol wells. 

'Ih. 8OlidifiC8tion d i m e t o r  O f  the opon h u t  
oxchanger depend0 d i roc t ly  on t he  rate of 
cooling 8inCe t h e  anergy convected by the  f lu id  
must oqual th8  mu-gy convected by the magma t o  
tho o u t u  bound817 of the  host oxchanger. 
?igure 13 8hovo the  n r u l t i n g  diameter of the  
uchangor as 8 function of dopth f o r  flow r a t e s  
of 10, 70,  urd 100 4 / s .  lor low flow ra t e s ,  
the di8m8t.r Chng .8  rapidly 8 h C e  t he  f lu id  
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