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ABSTRACT 

rtw eurrart ugu energy project is useasing 
the en6ineoring fusibility of extracting t h e m 1  
anergy diractly from clust.1 magma bodies. The 
u t h t e d  sir. of the U. S. resource (50,OOO to 
500,OOO quads) Ng6ests a considerable potential 
impact on future power generation. In a previous 
sovar-yur study,. *. concluded that tbere are no 
insumomtable barriers U u t  wuld invalidate the 
ugma morgy concept. Sovoral concepts for 
drilling. anergy oxtraction. M d  materhls 
survivability -re successfully demonstrated in 
Kilauea fki lava lake, Hawaii. The present program 
is addressing the engineering design probl.nur 
associated with accessing u g m a  bodies M d  
oxtracting them1 anergy for porcr generation. The 
normol st.ges for development of a geothermal 
resource are being investigated: oxploration, 
drilling and campletione. production. and surface 
power plant design. Current status of the 
engineering program and future plana are described. 

I ~ W C T I O U  

Ikm intruded into the crust is the hoot source 
for geothermal roservoirn. lhgs a180 represmts an 
anergy rosourco itsolf that ia both u c h  largor aad 
of hisher quality than th. ~othexna1 resource. 
smith m d  sh.r (1.2) utimmt. this cwourca within 
tho uppor 10 h of tho crust in tho U. SI to bo 

w t h t e  for U. S. fossil ruoupcu .  
50,OOO to 500.000 quads - 1.q- th.n tho +upIyllt 

In 1975 tho Ikgn -1 R w n r e h  Projact u u  
iaitiatd by KUDA (now DOK) to in-tigata the 
scientific frsibility of attracting MPIJ diractly 
from d n p l y  burid ugma SOU~CM. Tho projaet 
addrassad five task arus: source location md 
definition, sourco tmppiq. ugr chracteriutioa. 
m k r i a l  compatibility. and ~ . 1 w  axtraction. Uork 
on these topics proceeded for maven pars .ad 
utlniruted in a demonstration of u n y  of tho ugn 
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energy concepts in the aolten zone of Kilauea Iki 
lava lake ( 3 ) .  The conclusion rnached after this 
seven par study YPII that anewy extraction from 
active magma bodies is indeed scientifically 
fusible and two different scientific review panels 
asred with this conclusion (4). 

In 1984. the Ham Energy Extraction Program 
became part of the D e p a r m t  of Rnergy's Geothermal 
Program. The objective of this follow-on program is 
to assess the engineering feasibility of the magma 
energy concept and to provide the data base needed 
for industry to evaluate economic feasibility. We 
are working to answer the question: Is magma 
generated power practical from an engineering point 
of viw? The project was organized to address five 
areas: (1) overall system concept, (2) geophysics/ 
site selection. (3)  drilling, (4 )  energy extrac- 
tion, M d  ( 5 )  up0 cheracteriration and materials 
compatibility. We have the ultimate objective of 
drilling into an active crustal magma body, -lac- 
ing anergy extraction hardvare. and conducting a 
lv-term energy extraction experiment. 

S m t g  Studies 

TWO system analyses have h e n  completed. The 
fink 11118 urried art by Y.11 Production Testing ( 5 )  
.hd includd -11 and easing design, surface plant 
bwign. md energy axtraction MalySiO. Major 
rmsults from this invwtigation are: (1) a 6 loa well 
brill& a4 ca3plat.d into urn at Long Valley 
u l d e m  1111s astimatad to cost $16 1. ( 2 )  plant 
c8pit.l costs -re estiuted to be $1.451 per W of 
installad alectriul capacity. and ( 3 )  energy 
oxtraction mtes of 20 -re predicted for the 
bue case open boat urchuyer system. 

The sacond study was a combined SandiaIUPT 
avaluation of tho aeonomics of magma power gener- 
atioo ( 6 ) .  l c d c  calculations determined the 
price th8t uwld need to be charged for electricity 
in order to balance the costs of power generation 

MASTER 



and provide a cob1 ra te  of return of 10% (bofore 
bxos but above inflation).  A typical ruult i m  
.barn in Figure 1 *re m r g y  at t ract ion nte ma 
wel l  dopth amro urn& u variable prrmtocm. Uoll 
nintonance comts, surface plant capital  comts, .d 
plant -rating .ad nintaunce comts wero includd 

factor. mgma b a m d  eloctr ic i ty  p r i m  roqui rd  aro 
in the noighborbood of 80 to 100 mil. per kilowatt 
bour. Thome prices aro higher than c u m t  pricom 
fo r  fommil fuel. md hHrothema1 wourcu, but 
b o l a  curront pricoa for  now nuclear plmtm. B u d  
on the uncertainties umocia td  r l t h  w a l l  comtm and 
anergy uctraction rates.  the conclusion a t  t h i s  
point i m  that mag. mppurs t o  be in t lm m a m  
".caromic ballpark" w i t h  ot&r m r g y  puouccos. 
Tho a u l y m i m  i d a n t i f i d  wll eomt, wel l  productiv- 
i t y ,  m d  wel l  l i fe t im M tha parameters momt 
c r i t i ca l  to the oconosricm of ygu power generation. 

Goomhrsics/Site Soloction 

(IUT t . . l i S t i C  p l m t  l i f O t b  md -till6 

Earl7 i n  the currant pmram, t rant7-a~ 
potmt ia l  ugu m i t e m  wre m l u a t e d  in term of 

oxtraction experiment (7 .  8, -9). This r w u l t d  in  
the aeloction of two pdmary m i t e s :  Long Valley 
caldera and the Como Hot Spring. una. both l o c a t d  
i n  California. Kximting gmophysical data a t  those 
t w o  mites were then m l u a t e d  in  dotai l  and 
additional surveys were conducted. Both of these 
m i t e s  provide rumonable targets,  but Long 
Valley m e  melocted am the  primacy s i t e  based 
primarily on the oxtonaive geophysical. geological. 
and geochemical mtudies that  had been completed in  
the area. 

N i t a b i l i t y  for  COltduCting 8 lOtt6-b- -Y 

Rundle o t  81. (10). combined the m e i d c  data a t  
Long Valley to  form a preliminary coaPposite view of 
the magma chamber underlying the caldera (See Figure 
2 ) .  The inferred chamber was large. with dimensions 
on the order of the caldera diameter (20 -1. Two 
cupolao were identified,  atemding toward the 
surface, a t  d r i l l ing  depths of 5 and 7 km. A l a te r  
overlay of published geophysical data (11) is 
reproduced in  Figure 3. Two dist inct  .oorslous 
regions amsociated with the inferred magma cupolas 
are clearly identified. E8tbtes of depth to the 
mhallowest cupola in  the moutham maurgent dome 
aria ranse from 4 to 7 h. Slbring md -le (12) 
obtained more detailed dofinition of the mouthern 
cupola by rocording local urtbquake wants  with a 
three-component seismometer -heed in  -the bottom 
of a 900 m deep wel l .  Thoir utinte of dopth to 
the top of the moaoly i m  3.7 h. 

Rocontly Lowronce Borkoley Laboratory bold a 
mmsium on the Lory Valley u ldo ra  that bmught 
together c u m t  data m d  W.18 for  tbe caldora. 

aeiraology. po tmt ia l  f ia ld  md olecta-om8gnotics 
mtudies were prosontoe. Ihr b t a  contirare to show 
maauliem in  the bamement bono8th the ruucgont 
dome. In  dd i t ion .  the firmt oridonce of m 
momalous region k n u t h  U t h  Lbunkin h.s 
omerged. Mow data almo mapport l o u t i o n  of the 
highest t.mp.ratura bflrothennal m y s t e m  in tbm 
wemtern portion of the ca ldon  to the mst of tho 
resurgent dome. 

PbNltS fFoll S O O k ~ ~ ,  g O O h f l ~ 1 ~ .  g . O C ~ S t ~ ,  

rUture ngmm -orgy support for  goophymicm in 
Long Valley will  bo for  dormhole masuP.Pbntm in  the 
Long Valley U C p l O C 8 t O r Y  w e l l  which wil l  be opudded 

during 1988. Downhole rsosur.osnts w i l l  avoid the 
attenuation md structural  colnplicotions introduced 
by caldera f i l l  md provide higher remolution data. 
Plmn .LY t o  d r i l l  the w a l l  in three phases with 
6ounhole geophysical u P N r e m n t s  conducted between 
u c h  phase. These masur-ts may, in fact ,  lead 
to u r l y  termination of the dr i l l ing i f  a muitable 
yg. target i m  not confirvd.  

Drilling 

Conceptually, doop cruSta1 wgp. bodies can be 
dr i l led with the m.116 tochnology used to  core 
Kil8ue8 ILI lava lake i n  1981. The differences that 
u m t  be conmidcrae are that  a dcmp magma body w i l l  
h v e  an ovor ly i a  high tsrp.nture hydrothermal 
m y m h  of coruiderable uctent md the deep body w i l l  
bo a t  u c h  higher promsure and contain dissolved 
games. The taaperaturo probl- has been addressed 
f i t s t  by designing m insulated d r i l l  mtring to  
control dr i l l ing  fluid tesperotures (13). Drilling 
f luid teqmnturo affects  the properties and degrad- 
ation of additives. the strength and corrosion rate  
of tuktlars, b i t  cooling, m d  borehole mtability. 
The advantage of uming m insulated d r i l l  mtring can 
be m e a n  i n  Figure 4 where fluid tenperatures were 
calculated for  dr i l l ing 1 km into a rrogma body whose 
roof is located a t  8 d-th of 5 km. An idealized 
-rature profi le  for  Long Valley caldera was used 
th8t aPtches the haat flow d8ta and shallow tempera- 
ture 106s. The calculations amnume a 0.31 m well- 
bore, 0.13 m dril lpipe.  and a water flow rate  of 22 
kg/s. Fluid temperatures reached in the conven- 
t ional dr i l lpipe without insulation are clearly 
unacceptable. The addition of a .0095 m insulation 
m h e l l  t o  the dr i l lpipe has a large ef€ect and 
reduces tesuperatures t o  acceptable leve ls  throughout 
the 6 km w e l l .  Pipe insulation also affects 
temperature distribution in  the solidified magma 
region surrounding the hole. An example of th i s  
effect  can be seen in Figure 5 which gives the 
radial  tenperature distribution when dr i l l ing  
reaches the 6 km depth. Since rock strength is a 
mtrong function of tmnperature, the benefits of 
cooler dr i l l ing  fluid m y  be crucial t o  hole 
mtability . 

While general wellbore s tab i l i ty  problems were 
c o n a i d e d  in  the e a r l y  research project by Friedman 
(14).  problems rm8oeiatbd w i t h  creep were not fully 
evaluated. Two problemm are of concern. The first 
is cmop of the surrounding hot rock that  could 
cause the ccsllbore to squeeze in behind the b i t  
during d t i l l ing .  Tho mecond involves reheating of 
tbr a#.rounaing rock and creep closure of the well 
a f t e r  circulation im lost .  Both situations were 
-1-d uming a f i n i t e  eloment rock mechanics code 
(13). Ttm rosul ts  are generally encouraging. 
Displac-t of the wl lbore  -11 during dr i l l ing is 
pre8ict.d t o  ba only a feu millimeters and, there- 
foro, i m  not uipected to  be a problem. One result  
that addremses the mecond problem is mhown in Figure 
6 .  D i . p l a c m t s  mhown as 8 function Of ti= 
af tor  a break in circulation which is assumed to  
occur wmctly then the depth of 6 km is reached. 
Tbe figure m h o u a  that  a t  least  one day i o  available 
to m a i n  circulation before significant displace- 
.art takos place. Aa circulation time is increased 
a t  a particular depth horizon, borehole s tab i l i ty  
tima af te r  loms of circulation .IS0 increases. 



- -  EnerRY Extraction 

The current engineering project is investigating 
energy extrackion from silicic magma systems which 
are most representative of magma bodies expected at 
western U. S. sites. Unlike basaltic bodies, the 
nore viscous rhyolites will probabiy require direct 
contact fluid circulation to achieve economic energy 
extraction rates. Figure 7 shows a conceptual 
representation of a single well open heat exchanger 
system. The well is cased into the plastic tran- 
sition zone and a concentric inner injection tube 
extends into the magma. The region surrounding the 
injection tube is cooled, solidified. and thermally 
fractured by circulation of the heat transfer 
fluid. Extent of the fractured zone is controlled 
by the rate of energy extraction. Beyond the 
fractured region, is a tramition zone which behaves 
as a plastic solid and does not oupport fracturing. 
Cooling in the magma tone induces large scale 
natural convection that enhances heat transfer to 
the solidified region. 

Initially, a simplified mathematical model of 
the open and closed energy extraction systems was 
developed (15) to address basic engineering 
questions. Ye found that energy can be brought 
efficiently from the magma to the surface using 
concentric pipes with counterflowing heat transfer 
fluid. Calculations show that the proper flow path 
is cold fluid down the annulus with hot fluid 
returning to the surface through the central core. 
Insulation of the core results in both hisher 
wellhead temperatures and cooler fluid in the 
annulus. Insulation thickness of only .0064 m 
produces adequate wellhead temperatures and is 
sufficient to ensure a net heat gain from the 
overlying formation rather than a heat loss. The 
calculations also confirm that for a fixed magma 
heat transfer coefficient there is a flow rate that 
maximizes electric power production. Single well 
extraction rates of about 25 W e  were predicted with 
the simple model using an ideal cycle for thermal 
energy conversion. 

Recently, a numerical code named lucluxT was 
developed to more accurately model the energy 
extraction process (16). Two-phase compressible 
fluids are treated to fully evaluate flashing 
problems in the return pipe. By specification of 
the injection pressure and mass flow rate, the flow 
state throughout the circulation path is computed in 
an iterative marching procedure. The open heat 
exchanger is assumed to be a permeable annulus whose 
outer diameter can vary with depth according to the 
rate of heat transfer. Pisure 8 gives temperature 
results for a high flow rate of 10 kg/s. In this 
calculation, water was used as the heat transfer 
fluid and well geometry was based on the YPT well 
design for Long Valley (5). At this flow rate heat 
transfer occurs within the counterflowing fluids and 
in the magma zone between states C and D. Ihe 
pressure-enthalpy diagram for this set of conditions 
is shown in Figure 9. Aa in the simplified model. 
optiuanu flow rates exist that maximize the rate of 
electric power generation. m i s  can be seen in 
Figure 10 where an ideo1 Carnot cycle is assumecl for 
the conversion of thermal to electric energy. Three 
curves are shown: (1) a closed heat exchanger 
without fluidhock direct co.rtact. (2) an open heat 
exchanger (case 1) with conservative estimates of 
fluidhock heat transfer in the solidified zone, and 
(3) an open heat exchanger (case 2) with higher heat 

transfer characteristics to account for developing 
flow in the annulus and buoyancy effects not 
included in case 1. The Case 1 estimate of about 30 
W e  per well must be reduced to account for more 
realistic power conversion cycles. We are currently 
working with the University of Utah to confirm our 
numrical energy extraction calculations, evaluate 
the effects of buoyancy assisted porous media flows. 
and develop realistic power conversion cycles. 
Early results that include the influence of dev- 
eloping flow and use Rankine cycles for power 
conversion predict energy extraction rates in excess 
of 30 MUe per well (17). 

Several additional conclusions were reached 
based on simulation of the energy extraction process 
with MclUxT. Heat transfer to the fluid in the 
solidified magma zone occurs essentially isobari- 
cally but with substantial volumetric expansion. 
The resulting density imbalance between the 
injection and return flow paths is sufficient to 
allow the well to flow as an open thermosyphon 
without pumping. In all cases analyzed, flashing to 
two-phase flow in the return line does not occur. 
Thus two-phase choking problems commonly encountered 
in geothermal wells are avoided. As expected, the 
extent of the solidified magma region was found to 
vary with depth. However, large variations in 
diameter only occur for low flow rates. For optimum 
conditions, the average diameter is approximately 10 
to 20 m. 

The open heat exchanger concept depends on 
fracturing of the solidified magma region. Theore- 
tical models that describe fracturing of this region 
due to thermal stresses have been developed (17, 
18). The analyses predict vertical and horizontal 
fractures even for large over-burden pressure. A 
series of experiments was carried out to verify the 
analytical models and to examine the qualitative 
features of initiation and propagation of thermal 
stress fractures in a solidifying melt (18). Sim- 
ulant glass cylinders were axially cored, heated, 
and then suddenly cooled along their inner boun- 
dary. Extensive fracturing occurred as shown in 
Figure 11 and fracture distribution was in general 
agreement with theoretical predictions. Melt 
solidification experiments were conducted using 
s h l a n t  glass in an induction furnace with a 
central cooling tube passing through the melt. The 
outer melt zone was maintained at 1273 K while water 
was circulated through the cooling tube giving an 
inner temperature of about 423 K. This experiment 
produced a solidified zone with a large number of 
horizontal and vertical fractures. In the actual 
open heat exchanger, secondary fracturing processes, 
not yet evaluated, are expected to play a signifi- 
cant role in the formation of the fractured region. 
Fluid flow in the primary fractures will have two 
effects: (1) creation of secondary thermal fractur- 
ing normal to the primary fractures, and (2) hydrau- 
lic extension of the fracture due to pressure build- 
up. Future experiments are designed to evaluate 
these processes. 

Another heat transfer process of importance to 
sustained energy extraction is magma convection 
within the chamber. The magnitude of the convective 
heat flux available at the outer surface of the heat 
exchanger essentially depends on two phenomena: 
one. the vigor with which fresh. hot magma is 
transported to the plastic region by chamber con- 
vection, and two, the efficiency of convection and 



diffusion in the boundary layer nutt to t b  b u t  
exchanger. A typical elumber u y  have npruatta- 
t i n  layth s u l w  an the order of 5 b with 
taqmraturu r m i n g  ftop 923 to 1173 I. Tb 
ropruontativo absmbu myloigh amber u y  be on t b  
order of 1Ol6 rrhich is far gruter tlun the 
adtical kyloigh mmbor blow rrhich an cauld 
uqnet stmmdy, 1.ri-r cawution. Tho physics of 
tocbulatt lvtunl co¶nmctiai in .ueh .aelo8un .z1 
not -11 unhrstood. Rr problr is furkhor 
coglicatd by hrge variations in tho m a g .  
wisMity. Ttn phy8ieS of tb. tuna8bL-y  l8J.r 
intoraction at t b  eoolod b u t  rxch.ryer walls - 
oqually coglox d poorly urde~toob. 

In ordar to bottor undexmt.od tlm fund.rrat.1 
m c h a n i w  of the cbrkr  md boundary layer 
convection, and ultiutdy, to isrove our 
-inemring estiutu of the b u t  flux aV8ihble at 
the oxchanger, wa have begun a laboratory study in 
ubich wa a h l a t e  the w s t  iqortant wclnnisme in a 
scald oxperimnt. Tho apparatus consists of a 

of 0.5 1. Tho s h l m t  working fluid is corn 

obtained with tro-dinnsiorul strip heating at the 
bottom surface md isothenul cooling at the top 
8urface with imSu1at.d side surfaces. The t i m  
rwposure shows tho flow field where Randtl awnbars 
v8ry by 8 factor of 5. (Variations up to 1000 can 
be achieved.) Velocity, temperature. and heat flux 
will k muured throughout the test soction. This 
mxporiment.1 data will be -red with numerical 
simlatioru to develop a c-tatiorul procedure for 
obtaining ugna chamber convective h a t  transfer 
rates . 

Clur. pldglas OnClONm with typical d-ion 

S J N P .  rbUr(s 12 Sbovs 8 typic81 W l t  r O m t l y  

ceochemistn/lkterials 

While the pmvious g.ochemist~-y/m~terials effort 
of the reourch project -8aslt colpletely with 

rhyolitic systams typical of Long Valley. Sulfida- 
tbn. a u j o r  problcla in basaltic u g r u s .  is not 
induced by rhyolitic u g m 8 .  b r a .  the u i n  corro- 
sion problem for w s t  alloys is oxidation. Tour 
specific problem areas are being investigated: (1) 
characterization of rhyolitic magma typical of Long 
Valley. (2) uterials compatibility in this m8gm8. 
(3) vesiculation hazards of drilliry into a 
volatile-rich rhyolitic ugp., md (4) solution 
transport in the fractured open h u t  oxchanger. 

basaltic 8mt-, t b  CtllTmt Offort is fOCUSd On 

Mineral compositions md volatile concentrations 
have ken detenSn.6 f o r  crustal ugms bodies in tha 
Lory Valley m d  Cos0 locations. Extensive tosting 
of rtals in the mcpocted oolatilo rich n g u t i c  
avironmmnt at 1123 K .ad 200 UPa h a d  to tho con- 
clusion that nickel based up.rrlloy8 have vow good 
eh.liul nsistanca md S t N a 6 t h  in this Onvirorrprrt 
(19). Puction n t u  ktamen alloys md silicak. 
am significantly rdued at nornl hoot oxcbmgor 
opomting conditions of 173 K m8d 50 ma. 

An oxporirnt.1 facility was recaitly coq10t.d 
to m a u r o  silicate dissolution rak. .ad solution 
caapositian in open dirret -tact h u t  oxc-ors. 
Tho potontial for loss of pornability due to 
pncipitation of neadary minerals will 81.0 be 
OValU8tOd. m r t m C 0  Of SOV8-1 d i f f m t  
wchaniemo on ruction rak. will k asmassd. This 
includes tamparatwe which has a Large m d  mNPa- 

able effect, solution conposition, defect concentra- 
tion, md hydrodynamic affects. 

A deep exploratory wall is planned for Long 
Valley caldora. Tb6 -11 will be drilled in the 
~0~th.m portion of tbs ruurgont doas noar the peak 
of m c m t  uplift within the uldara (roughly 0.5 m 
uplift sfnee 1979). Tb priury objective of the 
-11 is to doteemine the nature of identified 
w h y 8 i u l  moulies at 4 to 7 h depth that have 
boon interproto8 as ma-. Surface geophysical 
N-tE have reachd a point of diminishing 
-turn and new information from depth is needed to 
1 ~ m  accurately cbmcterire anomalous regions 
bmeath tba dolre. A doep hole 8t this location will 
also provide data to test the accepted hypothesis 
that a long lived ugm8 body has existed beneath the 
caldera for a time period of about one million 
pars. If high -erature near magmatic conditions 
are reached, the well can be used to test newly 
developed drilling technology. evaluate engineering 
materials, md confim heat transfer calculations. 
The -11 is planned in three stages. The first 
stage will psnetrate caldera fill and enter basement 
*re casing will be set to a depth of 2.1 to 2.4 
h. The second stage will axtand the hole to a 
depth of about 4.3 bn & e r e  casing wwld again be 
set. The final stage will ruch a total depth of 
5.5 h. Between each drilling phase, the well will 
be open for downhole geophysical measurements. 
Critical progrmmatic experinrents include: tempera- 
ture m d  beat flow measurements, fluid and gas 
sampling. in situ stress measurements, physical and 
chemicd analysis of limited care smples, perme- 
ability measurements. and passive and active seismic 
observations. Tbe data from these measurements will 
k owaluated to deteraine if the drilling should 
proceed into the next phase. 

If the well is drilled to total depth it will be 
the wrld's deepest observation port into an active 
caldera. Thus, there would exist the opportunity 
for numerous scientific add-on experiments that 
could load to a better understanding of the evolu- 
tion md dynamics of magmatic systems. If an active 
magma target is confinbed, the project will proceed 
to a final phase where the magma body will be 
drilld and the long term heat extraction experiment 
urrie8 out. 
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