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ABSTRACT 

The rate at which energy can be extracted 
from crustal magma bodies has an important 
influence on the economic viability of the 
magma energy concept. Open heat exchanger 
systems where fluid is circulated through 
solidified magma offer the promise of high 
energy extraction rates. This concept was 
successfully demonstrated during experi- 
ments in the molten zone of Kilauea Iki 
lava lake. Ongoing research is directed at 
developing a fundamental understanding of 
the establishment and long term operation 
of open systems in a crustal masma body. 
These studies show that magma solidifying 
around a cooled borehole will be exten- 
sively fractured and fotm a permeable 
medium through which fluid can be circu- 
lated. Numerical modeling of the complete 
maem energy extraction process predicts 
that high quality thermal energy can be 
delivered to the wellhead at rates that 
will produce from 25 to 30 ERI electric. 

INTRODUCTIOU 

nagma is a huge potential resource. The 
work of Smith and Shaw (1978) resulted in 
an estimate for the U. S. of 50,000 to 
500,000 quads contained in magma at 
temperatures above 600'C and at depths 
shallower than 10 km. Before industry can 
evaluate the future economic viability of 
magma energy, several key areas require 
further study and technology development. 

The Magma Energy Extraction Project, 
initiated by the Geothermal Technology 
Division of DOE during FY 84, is assessing 
the engineering feasibility of extracting 
high quality thermal energy directly from 
crustal magma bodies. This program follows 
a seven year study that demonstrated the 
scientific feasibility of the magma energy 
concept [Colp (198211. At the conclusion 
of the previous project, many of the energy 
extraction concepts were demonstrated by 
drilling into the molten zone of Kilauea 
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Iki lava lake, emplacing energy extraction 
hardware, and operating the system f o r  a 
period of five days [Hardee et al. (1981)l. 

The magma project is organized to address: 
(1) resource location and definition, (2) 
drilling, (3) magma characterization and 
materials compatibility. and (4) energy 
extraction. We have an ultimate objective 
of drilling into an active crustal magma 
body and conducting an energy extraction 
experiment. The location for this experi- 
ment has been selected in Long Valley 
caldera, California. where magma drilling 
targets have been identified. 

A magma energy technology of interest to 
this conference is energy extraction due to 
its similarities with reservoir engine- 
ering in that both must treat fluid flow 
and heat transfer in fractured media. The 
rate at which electricity can be generated 
from a magma well is a major factor in 
determining its economic viability. How- 
ever, determination of such rates is com- 
plex because of the uncertainties in the 
nature and properties of in situ magma 
bodies, and the complexity of potential 
heat exchange processes within the magma. 
Our approach has been to perPorm fundamen- 
tal engineering analyses in conjunction 
with phenomenological experiments in order 
to develop conceptual models of the magma 
heat exchanger and obtain estimates of 
potential rates of energy extraction. In 
this paper, we briefly summarize past and 
recent research in the area of energy 
extraction. 

PRIOR ANALYSES 

Magma is a multicomponent material that 
usually resides in the crust at tempera- 
tures near or below its liquidus. At these 
temperatures, the material is a mixture of 
liquid and crystalline phases and behaves 
like a high Prandtl number, non-Newtonian 
fluid. much of the early work was directed 
at evaluating natural convection heat 
transfer rates in magma, both analytically 
and experimentally. Heat flux measurements 
were made in degassed basaltic lava at 
temperatures near and below the liquidus 
and were in excellent agreement with 
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calculations based on a boundary-layer 
analysis for a high Prandtl number, 
non-Newtonian fluid. [Hardee and DUM 
(1981) 1. Experiments were also performed 
at in situ conditions of temperature, 
pressure, and volatile content, [DUnn et 
al. (198311, and confirmed predictions that 
significantly higher heat transfer rates 
are obtained at in situ conditions where 
volatiles have an important effect on 
viscosity. 

Hardee (1981) used boundary-layer analysis 
to predict thermal energy extraction rates 
for several magma compositions assuming a 
"closed" heat exchanger system where fluid 
is contained within a pipe and does not 
directly contact magma. Hardee's calcula- 
tions show very high heat transfer rates 
(resulting in 20 to 80 MWth/well) for 
basaltic magma which has relatively low 
viscosity. Rhyolitic magma, with much 
higher viscosity, was predicted to offer 
lower energy extraction rates, on the order 
of 4 to 19 NWth per well. 

An alternative "open heat exchanger" 
concept for magma energy extraction uses 
direct fluid/maema contact. Analyses by 
Dunn (1983) showed that thermal stresses 
created in magma solidifying around a 
cooled borehole would be sufficient to 
cause fracturing. By circulating a heat 
transfer fluid through the solidified and 
fractured magma, greatly increased surface 
area and energy extraction rates could be 
achieved. The concept was tested in the 
1981 Kilauea Iki experiments. During a 
five day period, energy extraction rates 
were found to increase with time (indica- 
ting growth of the fractured region) 
reaching a value more than 10 times the 
expected value for a closed heat exchanger 
in the same borehole [Dunn (198311. 

The present magma energy program is focused 
on silicic magma system which are most 
representative of high-level magma bodies 
in the crust and the type expected at most 
western U. S. sites. An economic analysis 
of magma power generation [Carson and 
Haraden (1985)l indicates that closed heat 
exchangers can have only limited applica- 
tion in silicic magmas. However, open, 
direct contact heat exchanger systems 
operating at depths up to 6 km are shown to 
be roughly competitive with existing 
sources of energy for power generation. As 
a result, our recent work in energy 
extraction is concentrated on extraction 
processes using fluid circulation through 
solidified/fractured magma. 

THE OPEN HEAT EXCHANGER 

Figure 1 shows our current conceptual re- 
presentation of a single well during steady 
operation in an open heat exchanger mode. 
The well is cased above the magma chamber 

and the injection tube is surrounded by a 
fractured, solidified region whose radial 
extent is determined by the rate of energy 
extraction. There is an intermediate 
transition zone which behaves as a plastic 
solid and does not support fracturing. 
Because of heat transfer to the exchanger, 
large scale natural convection is induced 
within the chamber with magma flowing down 
the outer solidification boundary. 

CONVECTING 

CASING 

TRANSITION ZONE 
(PLASTIC) 

PLASTIC REGION 

OPEN HEAT 
EXCHANGER 

INJECTION TUBING 

Figure 1. Conceptual representation of 
open heat exchanger with fluid flow through 
fractured, solidified magma. 

The formation and operation of an open heat 
exchanger, as presently envisioned. in- 
volves numerous complex processes. Our 
current research approach follows two 
paths: one, research into the formation of 
a fractured, solidified region suitable for 
heat exchange, and two, analysis of the 
local heat exchange processes within the 
fractured mass and in the external convect- 
ing magma. The remainder of this paper 
summarizes recent activities in these two 
areas. 
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Thermal FraCtUrinR of Solidfying Mama 

Dunn (1983)  and Wemple and Longcope (1986) 
developed theoretical models to describe 
thermal stress fracturing in a solidified 
magma region surrounding a borehole. The 
models only consider stresses caused by 
temperature gradients in a solid annulus. 
Secondary fracturing due to flow in the 
initial fractures o r  pressure driven 
hydraulic-type fracturing are not includ- 
ed. The analyses predicts vertical and 
horizontal fractures even for large over- 
burden pressure. Wemple and Longcope 
(1986) show that horizontal fractures 
should predominate and give estimates for 
their spacing and aperture. For a basaltic 
lava and wellbore parameters typical of 
those for the Kilauea Iki experiment, a 
fracture spacing of 1 cm with aperture of 
0.1 nun is obtained. The analysis also 
predicts that the fractures will extend 
almost to the outer limit of the solidified 
region. 

An experimental program was recently begun 
to examine the qualitative and semi- 
quantitative features of the initiation and 
propagation of thermal-stress fractures in 
solidifying magma simulant materials. 
Initial thermal stress fracturing experi- 
ments were performed in thick-walled Sandia 
"S" glass cylinders ( 6 . 3 5  cm OD x 10.16 cm 
L) which were cast, annealed, and axially 
cored. The cylinders were fitted with a 
304 SS tube to allow injection of air o r  
water into the center bore after preheating 
the cylinders to initial temperatures 
ranging from 200  to 400°C. Figure 2 
illustrates a typical fractured thick- 
walled cylinder which was preheated to 
200°C then cooled at the inner bore with 
water at 20°C. Extensive fracturing of the 
specimen occurs within seconds after 
cooling is initiated. The fracture 
distribution is in general agreement with 
theoretical predictions. In accordance 
with the theory, both horizontal and 
vertical fractures were produced and no 
cylindrical fractures occurred. At both 
200 and 4OO0C, there were substantially 
more horizontal than vertical fractures. 

Several laboratory experiments have been 
performed to qualitatively evaluate the 
processes by which a shulant glass 
solidifies and fractures from an initially 
molten state under the influence of a 
cooled inner boundary. The phase change 
from a molten to solid state will occur at 
a rate which is governed by the rate at 
which heat is removed from the inner 
boundary. Solidification will be slow 
compared to the speed at which fractures 
propagate through the solid, hence, 
fractures will initiate and propagate 
rapidly into the solid phase until thermal 
stresses are relieved. In the melt solidi- 
fication experiments, an axial cooling flow 
tube was pre-cast in an "S" glass cylinder 
which was then re-melted in an induction 

furnace at approximately 750'C. Water at 
room temperature was allowed to flow 
through the center tube to chill the melt 
at a controlled rate. Figure 3 shows a 
cross-section of a sample that was chilled 
rapidly. The rapid cooling of the tube 
resulted in a glassy phase nearest the tube 
surrounded by a region of mixed glass and 
crystalline phases. The inner glass phase 
is extensively fractured but its radial 
extent is limited. The outer region has 
fewer fractures, but extensive intercon- 
nection between fractures was observed. In 
this experiment the outer melt zone was 
maintained at 1OOO'C and the cooling tube 
wall was calculated to be no greater than 
150°C. 

3 

Figure 2 .  Thick walled glass cylinder 
thermally fractured at 200°C. 

Figure 3 .  Cross-section of pre-melted 
glass cylinder after solidification induced 
by cooling flow through center tube. 
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Secondary fracturing processes, not yet 
evaluated, may play a significant role in 
the formation of the fractured region. 
Fluid in direct contact with the cooled 
inner surface will flow into the primary 
fractures as long as new fractures are 
propagated. Fluid flow will have two 
effects on the rate and extent of fractur- 
ing. First, heat transfer from the primary 
fracture walls to the flow will introduce 
temperature gradients that tend to produce 
secondary fractures normal to the principal 
fractures. Second, fluid pressure in the 
primary fracture may exceed the confining 
pressure on the solidified region such that 
the fluid will exert a net hydraulic 
pressure on the fracture walls and enhance 
the propagation. Our present approach is to 
first clarify understanding of the fracture 
mechanics in a homogeneous medium using 
simulant materials, then introduce 
secondary effects one at a time and assess 
their importance. 

Heat Transfer in the Open Heat ExchanRer 

As a first approximation to heat transfer 
within the open direct contact heat ex- 
changer, the solidified and fractured 
region surrounding the borehole is modeled 
as a porous medium with local thermal 
equilibrium between the solid and fluid 
phases. The porous medium can be complete- 
ly characterized by specification of its 
effective permeability, K ,  and the 
effective saturated thermal conductivity, 
k. Order of magnitude estimates for the 
permeability were obtained using the cubic 
fracture model of Snow (1968) with the 
fracture geometry predictions of Wemple and 
Longcope (1986). Due to the small volume 
of interstitial fluid, the effective 
thermal conductivity was taken as that for 
solidified magma. Hardee (1981) presents 
data showing typical values on the order of 
3 W / w K  for rhyolitic magmas. 

Flow and heat transfer within the porous 
annular region is, at this level of 
approximation, described by the standard 
Darcy formulation for porous media. The 
conservation equations in differential form 
are given as: 
mass: 1 2  (rvr) = a (v,) = 0 (1) 

momentum: vr = -y a (p t p g z )  ( 2 )  

r a r  az 

u a r  

vz = -y a (p + p g z )  (3) 
v az 

energy: vz + vr = &T ( 4 )  
az a r  

where r and z are the radial and axial 
directions, respectively. K is the 
permeability, )r is the fluid viscosity, 
a is the effective thermal diffusivity 
and p is the fluid density. 

For an annular porous region the lower 
limit on the local mixed mean Nusselt 
number is found under the conditions of 
f ul ly-developed slug flow, and 
fully-developed temperature profiles. For 
an annulus in which the outer wall 
temperature is held constant at To and 
the inner wall temperature at Ti , the 
fully-developed temperature profile is the 
same as the conduction profile, and the 
mixed mean liusselt number is given by: 
Nui = 2 (l-r*) ( 5 )  

r*lnr* (h + 

where r* = ri/r0. Similar expressions 
may be found for the case of uniform heat 
flux walls by using linear superposition of 
partial solutions for heating on one wall. 
These are omitted here for brevity. 

Various effects can alter the heat transfer 
within the porous annulus and significantly 
affect the net energy extraction. Among 
the most important considerations are 
developing flow effects and local 
buoyancy. The developing thermal field for 
fully-developed slug flow in an annular 
region, may be found by direct analogy to 
the problem of transient cooling of an 
annular-shaped billet. For the case of an 
insulated inner boundary and a constant 
temperature outer boundary, the solution 
for the temperature field is shorn by 
Carslaw and Jaeger (1959). Two results 
from this analysis are of interest. First, 
the mixed mean Nusselt number in the entry 
region is much higher than its asymptotic 
value. Second, preliminary calculations 
indicate that fully-developed thermal 
conditions may not be attained for the 
range of Peclet number and annulus aspect 
ratios of current interest. The net result 
is that the overall heat transfer coeffici- 
ent for the annulus may be from two to five 
times higher than the conservative 
fully-developed estimate. 

Local buoyancy effects can become important 
in determining the overall heat transfer if 
temperature gradients within the annulus 
are severe. The relative importance of the 
two mechanisms can be found by inspection 
of the ratio of the local forced flow 
Peclet number, Pe, and the local Rayleigh 
number, Ra, which is indicative of the 
local buoyancy. Using geometry and 
property data expected for operation of an 
open direct contact heat exchanger in 
magma, the above dimensionless groups lie 
within the range: 0.18 < Ra/Pe < 4 . 0 .  At 
the low end, buoyancy effects are negligi- 
ble, but for Ra/Pe on the order of 1.0. 
local buoyancy effects may substantially 
affect the heat transfer. To evaluate this 
effect. we are currently performing full 
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numerical solution of equations 11-41 using 
the finite element code UARIAH [Gartling 
and Hickox (1982)l in a cylindrical annulus 
with both constant temperature and constant 
heat flux boundary conditions. An example 
of this effect can be seen in Figures 4 and 
5 which give calculated results for an 
experimental facility at the University of 
Utah. Figures 4(a) and 4(b) show stream- 
lines in the annular region with the outer 
boundary at constant temperature, and an 
insulated inner boundary. Figure 4(a) is 
for pure forced convection and the flow is 
very nearly a uniform slug flow. For 
non-negligible local buoyancy effects, Fig. 
4(b), flow is entrained towards the heated 

P, = R, = 46.7 i P , = 4 6 . 7  g - 0  
2 0 0  

boundary in the lower part of the annulus 
resulting in increased mass- flow within the 
thermal boundary layer. The upward 
velocity through the annulus at the 
horizontal midplane is shown in Fig. 5. 
The net result of this buoyancy-assistance 
is that convection near the heated boundary 
mag be enhanced above that €or forced slug 
flow. The degree of enhancement depends on 
the boundary conditions, the ratio of 
RaIPe, and the annulus geometry. 

To complement the numerical studies of the 
porous open heat exchanger R. F. Boehm is 
conducting experiments in buoyancy-assisted 
porous media flows at the University of 
Utah. The experimental apparatus uses an 
annular space formed between two concentric 
pipes having diameters of 1.25 and 11.5 
inches. The space is filled with lnun 
ceramic microshperes to form a porous bed. 
Water can be injected at the base either in 
a uniform slug flow from a supply header, 
or as a source flow at the base of the 
center tube. The outer walls are main- 
tained at uniform temperature. The 
temperature distribution in the bed is 
measured at seven axial locations. 
Experiments are currently underway which 
will cover a wide range of conditions in 
both forced and buoyancy-affected flows. 

MRIERICAL SIMULATION OF SINGLE WELL ENERGY 
EXTRACTION 

Hickox and Dunn (1985) used simplified 
models to obtain first order estimates of 

7 0  120 20 70 120 

R AXIS (cm x 10) 

0 
20 

R AXIS (cm x 10) 

Figure 4 .  Streamlines--U. of Utah 
experiment simulation: (a) Forced slug 
flow. (b) buoyancy-assisted flow. 
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Figure 5. Vertical velocity profiles at 
horizontal midplane--U. of Utah experiment 
s imu la t ion. 

the complete energy extraction process 
including heat transfer in counterflwing 
fluids from the surface to the magma zone. 
with possible heat loss to the overlying 
formation. They made several important 
observations. Reasonable hole diameters, 
on the order of 0.194 m in lhe magma zone 
were shown to be sufficient for large 
energy extraction rates. Using concentric 
pipes with fluid flow down the annulus and 
return through an insulated core, the f l u i d  
receives a net heat gain from (not a l o s s  
to) the formation above a magma body. A 
relatively modest insulation thickness, on 
the order of 1.5 cm, was found to provide 
good isolation between the hot return fluid 
and cold injection fluid. Finally, it was 
observed that €or a given magma heat 
transfer coefficient, an optimum flow rate 
exists that maximizes electric power 
production. For the open heat exchanger. 
which was assumed to have an overall heat 
transfer coef€icient ten times that for the 
closed exchanger, optimum flow rates lead 
to predicted energy extraction rates of 
about 25 t4U electric. 

A numerical code called UAGHAXT has 
recently been developed to simulate the 
flow of compressible, homogeneous 
water/vapor within the well and heat 
exchanger with heat transfer to and from 
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the convecting magma and the overlying 
formation. The code allows arbitrary 
specification of a contiguous flow path 
through regions such as tubing, concentric 
pipe annulus, or heat exchanger. Heat 
transfer to or from the fluid stream is 
allowed through the specification of 
overall heat transfer coefficients between 
the counterflowing flow streams and between 
the fluid and formation or magma. Heat 
transfer is assumed to occur in the radial 
direction only. Convective heat transfer 
coefficients within the tube or annulus are 
evaluated assuming fully-developed turbu- 
lent flow using comonly available correla- 
tions for single or two-phase flow. 
Separate correlations are used in the 
sub-aooled. saturated. super-heated and 
supercritical regions. The overlying 
formation is assumed to be homogeneous, 
with constant properties, and conduction to 
the formation is modeled using the 
quasi-steady assumption of Ramey (1962). 

UAGMAXT has been used to simulate the flow 
and energy extraction rate in the base case 
geometry which was previously investigated 
by Hickox and Dunn (1985). The well depth 
is 5 km followed by a 1 km heat exchanger 
in magma. The open heat exchanger is 
assumed t o  be a porous annulus whose outer 
diameter can vary depending on the heat 
exchange rate. Results shown in Figures 6 
through 10 are found using the fully- 
developed s lug  flow tiusselt numbers given 
by Eqns. [SI and [6]. The fully-developed 
values of the Musselt number are the most 
conservative, i.e. lowest, values which can 
be attained. As discussed in the previous 
section, the heat transfer can be consider- 
ably higher than this value due to the 
effects of developing flow and buoyancy. 
The present results provide a realistic 
lower limit on expected energy extraction 
rates and point out various important 
characteristics in- the single well energy 
extraction process. 

By specification of the injection pressure 
and mass flow rate, the flow state through- 
out the circulation path can be computed in 
an iterative marching procedure by 
UAGUAXT. Specification of a wellhead 
back-pressure is optional. For a specified 
mass flow rate, the injection pressure 
specified is acceptable if the exit 
pressure is equal to the specified wellhead 
pressure or is greater than ambient if a 
wellhead pressure is not specified. 

Figure 6 shows the temperature of the 
circulating water at a flow rate of 50 kg/s 
(800 gal/min). The flow path is specified 
as down the wellbore annulus (A-8). down 
the insulated tubing in the heat exchange 
region (B-C), up the porous annulus (C-D). 
and up the insulated wellbore tubing (D-E). 
At this relatively high flow rate, there is 
little temperature change in the wellbore 
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Figure 6. Flow temperature for U-50 kg/s; 
open heat exchanger base case. 

As seen in Fig. 7 .  the pressure increase in 
the injection path is due almost entirely 
to the hydrostatic pressure of the fluid in 
the subcooled state. As the fluid is 
heated in the heat exchange region, its 
density decreases, hence, the pressure in 
the return path decreases less rapidly than 
in the injection path. Because of the net 
density imbalance between the two flow 
paths, the flow loop has the capacity for 
natural thermosyphoning. In the current 
example, the inlet pressure was specified 
as ambient, hence the well is self-flowing 
at a flow rate of 50 kg/s with a back- 
pressure of roughly 15 m a .  
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Figure 7. Flow pressure for U=50 kg/s; 
open heat exchanger base case. 

The P-h diagram for the flow, Fig. 8, 
illustrates the fluid phase in the loop. 
The hydro- static pressure increase in the 
injection path results in pressures well 
above the critical pressure at the inlet to 
the heat exchanger. Because of the large 
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ing density decrease. Depending on the 40 I I I I 

OPEN EXCH. - 
CASE 1 

flow rate and the specified wellhead 
back-pressure, the exiting fluid state may - 

E be superheated vapor, supercritical, or 
highly-pressurized, hot water, as in the a 

30 - - 
100 kglr 

OPEN EXCH. - 

0 1 2 3 4 5 

H(J/kg x 106) 

Figure 8. Pressure-enthalpy characteris- 
tics for M=50 kg/s; open heat exchanger 
base case. 

The solidification diameter of the open 
heat exchanger depends directly on the rate 
of cooling since the energy convected by 
the fluid must equal the energy convected 
by the magme to the outer boundary of the 
heat exchanger. Figure 9 shows the 
resulting diameter of the exchanger as a 
function of depth for flow rates of 10, 70, 
and 100 kg/s. For low flow rates, the 
diameter changes rapidly since the fluid 
temperature increases rapidly and the 
cooling rate decreases. For increasing 
flow rates, the initial diameter increases, 
and the diameter decreases less rapidly, 
consistent with the increased rate of 

Figure 9. Open heat exchanger. diameter €or 
various flow rates; base case. 

The optimum operating flow rate for the 
well is the flow that maximizes the rate at 
which thermal energy is extracted and 
converted to useful electric power. 
Following the approach of Hickox and Dunn 
(1985). we take the energy conversion 
efficiency as a first approximation to be 
the Carnot efficiency, given by: 

= 1 - Lmbient 
Twe11 exit 

( 7 )  

The net useful power is thus given by 

Qe = 0 Qthennal ( 8 )  

Figure 10 shows the net useful power in W e  
for a single well as a function of flow 
rate. Three cases are shown: (1) a closed 
heat exchanger consisting of closed con- 
centric pipes surrounded by solidified 
magma, (23 an open heat exhanger which is 
assumed to operate with slug flow and the 
fully-developed heat transfer model 
discussed previously, and ( 3 )  an open heat 
exchanger in which the effective thermal 
conductivity has been taken as twice the 
nominal value used in the fully-developed 
model. This latter case represents to some 
degree the enhancements which may be 
possible due to entry length and buoyancy 
effects. A n  ,order of magnitude increase in 
the available power is found between the 
closed exchanger and the enhanced open 
exchanger. The open exchanger has a very 
broad optimum region in which a rate of 30 
W e  net power is conservatively estimated. 
Reasonable enhancements may easily increase 
this rate by a factor of two or more. 

SUlQ4ARY 
The open direct contact heat- exchanger has 
the most promise for high rates of energy 
extraction from crustal magma bodies. The 
field experiments in the molten zone of 
Kilauea Iki lava lake demonstrated the 
validity of this concept at shallow depth 
and showed that very high rates of energy 
extraction could be achieved. 
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Figure 10. Wet converted power for a 
single heat exchanger. 

Experimental and analytical studies show 
that thermal-stress fracturing will occur 
in a solidifying magma around a cooled 
borehole. We predict that laree primary 
fractures will propagate from initial 
micro-fractures in a glass phase, and that 
secondary interconnecting fractures will 
arise under the combined influence of 
fracture wall cooling, hydraulic pressure 
within the fracture, and weak inter- 
granular boundaries in the crystalline 
phases. Current estimates of the extent of 
fracturing lead to petmeabilities which 
favor the flow of heat exchange fluid 
through the medium. 

Numerical simulation of the energy extrac- 
tion process from a single well open heat 
exchanger elucidates several important 
features. For expected well depths, the 
fluid pressure in the heat exchanger will 
be well in excess of the critical pressure 
of water. Because of the large flow area, 
heat transfer to the fluid will occur 
essentially isobarically but with sub- 
stantial volumetric expansion. The 
resulting density imbalance between the 
injection and return flow paths will allow 
the well to self-€low as an open thermo- 
syphon with the flow rate limited only by 
the wellhead pressure. In all cases 
currently anticipated, neither flashing to 
two-phase flov nor two-phase choking will 
occur as is commonly the case in vapor 
producing geothermal wells. The extent of 
solidification and fracturing of the magma 
is greatly dependent on the rate of 
cooling. Our estimates show that magma can 
be solidified to a diameter on the order of 
20 m. resulting in net energy extraction 
rates of 30 W e .  Reasonable enhancements 
due to secondary effects not included in 
the conservative analysis are expected to 
increase this rate by a factor of two or 
more. 

The ultimate tests of magma energy extrac- 
tion processes will be carried out by 
drilling into an active crustal magma 
body. The current experimental and 
analytical investigations will guide the 
planning of these field experiments and be 
used for data interpretation and evaluation. 
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