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Ongoing research in the area of Magma [[ Energy
Extraction is directed at developing a fundanen-
tal understanding of the establishment nnd long
term operation of an open, dlrect-conuct heat
exchanger in & crustal magma body. I! snergy
extraction rate has e direct Lnfluenee ion the
economic viability of the concept. An open heat
exchanger, in which fluid is circulated through
the interconnecting fissures and fractu'ros in
the solidified region around drilling tubing.
offers the promise of very hlgh rates of heat
transfer. This paper discusses .recent research
in five areas: (1) fundamental nechani;cms of

~ solidifying and thermally fracturing msma (2)

convective heat transfer in ithe 1ntoma11y
fractured solidified magma, (3) leonvectiv{e flow
in the molten megma and heat transfer from the
magma to the cooled heat exchan;er protmdlng
into it, (4) numerical simulation of the overnll

. energy extraction process, and (5) the therno-
dynamics of energy conversion in a nsm power .

plant at the surface. The studies show that an
open heat exchanger can be formed by aondifying
magma around & cooled borehole and that the
resulting mass will be extensively fracturod by
thermally-induced stresses. Numerical model.s
indicate that high quality thermsl energy [ean be
delivered at the wellhead at nominal rate!s from
25 to 30 MW electric. It is shown that opti.m
well circulation rates can be found that: depend

on the heat transfer characteristics of the -

magma heat exchanger and the themodynmiﬁ power
conversion efficiencies of the ;u;fnco plent.

NTRODUCTION { :
' |

Magma is a huge potential rescurce. The worlt of

Smith and Shaw (1978) resulted :in an uu.mto

of 50,000 to 500,000 qunds eon-

tained in magms at temperatures above: 600‘(: and

-at depths shallower than 10 lam. Before lndustry

can evaluate the future economic viability of
nagma energy, several key areas require furthor
study and technology development.: ,

|
The Magma Energy Extraction Projoct.. 1nithtod
by the Geothermal Technology Division of DOEB
during FY 84, is
feasibility of extracting high quulity thermal
energy directly from crustsl magma bodies. II This

This work wes supported by the U. s. nopartunt.
of Energy at fandia Wational uborltorlu under
c«mtrlct DEB-AC04-76DP00789. ; !&

Parts of this paper were provioully wbushod in
the Procredings of the Twelfth Workshop on
Ceothermal  Reservoir Engineering, vstauford
University, January 1987.
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assessing the m;inurin;.

‘ prograr follows & seven year study that demon-

strated the scientific feasibility of the magma
energy concept {[Colp (1982)]}. At the conclusion

: of the study, many of the energy extraction
! concepts were demonstrated by drilling into the
' molten zone of Kilauea Iki lava lake, emplacing
. energy extraction hardware, end operating the -

system -for a period of five days [(Hardee et al.
(1981)]. The present project 1is organized to

. address: (1) resource location and definition,
. (2) 'drilling, (3) wmagma characterization and
" materisls compatibility, and (4) energy extrac-

tion: We have an ultimate objective of drilling

; into . an active crustal magma body and conducting

' an energy extraction experiment.
: for this experiment has been selected in Long

The location

' Valley Caldera, California, where magma drilling
. tar;ets have been identified.

+ The nte at which electricity can be generated

' situ. magma bodies, and the

fromia magma well is & major factor in determin- .

ing its economic viability. However, determina-
tion. of such rates is complex because of  the
uncertainties in the nature and properties of in
complexity of
potential heat exchange processes within the
magma. Our aspproach has been to perform
fundamental engineering analyses in conjunction

; with phenomenological experiments in order to
develop conceptual models of the magma heat

| rates of energy extraction.
- briefly summarize recent research in the area of .
" | energy extraction. :

exchanger and obtain estimates of potential
In this paper, we

- PRIOR_ANALYSES

l!nsm is a multicomponent material that usually

' below its liquidus.

exigts in the crust at temperatures near or
At these temperatures, the

. materisl is a mixture of liquid and crystalline
- phases and behaves like s high Prandtl number,

non-Newtonian fluid. Much of the early work,
(Hardee (1981), Hardee, et 2l (1981), Dunn, et
al (1983), was directed at evalusting natursl
convection heat transfer rates in magma, both

' analytically and experimentally. Heat flux

measurenents were made in degassed basaltic lava

st texperatures near and below the liquidus and
iwere in excellent agreement with calculations
"based on e boundary-layer anslysis for a high

Prandtl number, non-Newtonian fluid. [Hardee
and 'Dunn (1981)]. Experiments were also

- performed at in situ conditions of temperature,

U

pressure, and volatile econtent, (Dunn et al.
(1983)}, and confirmed predictions that

., significantly higher heat transfer rates are

' obtained at in situ econditions where volatiles
- have an important effect on viscosity.
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Hardee (1981) wused boundary-layer anslysis to
predict thermal energy extraction rates for
several magma compositions assuming & “closed”
heat exchanger system where fluid is eQnﬁ.aincd
within & pipe and does not directly .contact
MAEMS . Hardee's calculations show ,‘vov:j-yri high
hest transfer rates (resulting in 20 to 80
Mith/well) for basaltic masgma which; has
relatively low viscosity. Rhyolitic magma, with
such higher viscosity, was predicted to ioffer
lower energy extraction rates, on the order of 4
to 19 MWth per well. C
An alternstive “open heat exchanger” conéq%t for
magma energy extraction uses direct fluid/magma
contact. Anslyses by Dunn (1983) showed that
thermal stresses created in magma solidifying
around a cooled borehole would be mfﬁc‘ld&nt to
cause fracturing. By circulating a | heat
transfer fluid through- the solidified| and
fractured magms, greatly increased nirficoj ares
and energy extraction rates could be achieved.
The concept was tested in the 1981 Kilaues Iki
experiments. During a five day period, energy
extraction rates were found to increase with
time (indicating growth of the fractured r.ro';glon)
reaching a value more than 10 times the ﬁxgoctod
value for a closed heat exchanger in the: same
borehole [Dunn (1983)]. A
H H

K
The present magma energy progran is focused on
silicic magma systems which are most represen-

tative of magma bodies expected at most ";wo'tstem‘

U. S. sites. 'An economic analysis of ‘magma
power generation {[Carson and Haraden :(1985))
indicates that closed heat exchangers c;anﬁl have
only limited application in silicic 'magmas.
Howéver, open, direct contact heat exchanger
systems operating at depths up to 6 km are f[lhown
to be roughly competitive with existing 'sources
of energy for power generation. As a fre’fcult.
our recent work in energy extraction is ‘co‘,ncen-
trated on extraction processes using \{fluld
circulation through solidified/fractured ragme .

. |
THE OPEN HEAT EXCHANGER i 11[
po 1
Figure 1 shows our current concopw.alfjl re-
presentation of s 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 fractrfumd.
solidified region whose radial extent |is
determined by the rate of energy oxt.x‘.é‘luon.
There is an intermediate transition zone iwhich
behaves as a plastic solid and does not support
fracturing. Because of heat transfer to: the
‘exchanger, lsrge scale natursl eonvoct,io{n is
induced within the chamber with magms flowing
down the outer solidificstion boundary. {
i
The formation and operation of an opon{ heat
exchanger, as presently envisioned, ‘hw;olvu
numerous complex processes. Our 'cu{rrmt
research follows two paths: first, regearch
into the formation of & fractured, solidified
region suitable for ‘hest exchange, and ,.o'fcond.
snalysis of the local heat exchange processes
within the fractured mass snd in the external
convecting magms. The remainder of this ‘paper
summarizes recent activities in these two 'acess.

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

Thermal Fracturing of Solidifying Magma

Dunn  (1983) and .Wemple and Longcope (1986)
developed theoretical models to desccibe thermal
stress fracturing in a sgolidified magma region
surrounding a borehole. The models only con-
sider stresses caused by temperature gradients
in a solid annulus. Secondary fractucing due to
flow in the initial fractures or pressure driven
hydcaulic-type fracturing are not included. The
analyses predict vertical and horizontal frac-
tures even for - large over-burden pressure.
Wenple and Longcope (1986) show that horizontal
fractures should pcedominate and give estimates
for their spacing and apecture. For a basaltic
lava and wellboce pacameters typical of those
for the Kilauea 1Iki experiment, a fracture
spacing of 1 cm with aperture of 0.1 ma is
obtained. The snalysis also predicts that the
fractures will extend almost to the outer limit
of the solidified region.
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than vu-t.iul fractures.

»\
|
An experimentsl program was recently bog[un to
exsnine the qualitative features of the
initiation end propagetion of thermal -tuu
fractures in solidifying magma cl.-alnnt
materisls. 1Initial thermal stress fneturins
experiments were performed in thlck-vallod
Sandia ~5~ glass cylinders (6.35 em OD x:[ 10.16
ca L) which were cast, snnealed, and axially
cored. The cylinders were fitted with a 30‘ ss
tube to sllow injection of air or water into the
center bore after preheating the eyundon to
initisl temperstures renging from 200 to 400‘0.
Figure 2 illustrates a typicsl fractured thick-
valled cylinder which was preheated to | 200°C
then cooled st the inner bdore with ntor at
20°C. Extensive fracturing of the mctun
occurs within seconds after cooling is
initiated. The fracture distridbution is 1in
general agreement with theoretical ptodleum.
In accordance with the theory, both horizontal
and vertical fractures were produced - and no
cylindrical fractures occurred. At both 200 and
400°C, there were substantislly more. horttzonul

Several l.nboratory oxporimtc luvc ; been
performed to qualitatively svaluate the
processes by which a simulant glass coltdlﬂ.os
and fractures. from an initially wmolten [:uto
under the influence of s cooled inner boundary.
The phase change from a molten to colldhuu
will occur st a rate which is governed by the
rate at which heat is removed from the| [imor

boundary. Solidification will be slow eow-rcd -

to the speed at which fractures propngute
through the solid, hence, fracturos! will
initiate and propagate rapidly into the | solid
phase until thermal stresses are relieved. In
the melt solidification experiments; ‘n‘rfnxicl
cooling flow tube was pre-cast in an "S"lglau
cylinder which was then re-melted in an 1nduc-
tion furnace at approxluuly 150°C. Hat.or at
room temperature was allond to flow throu;h 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 rssulted in & 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 hasi fewer
fractures, but extensive interconnection between
fractures was observed. In this cxpoﬂmt the
outer melt zone was maintained at 1000°C u\d the
cooling tube wall was estimated to de 8o ;'mur
than 150°cC.

[

Secondary  fracturing processes, ' not| yet
evaluated, may play & significant role h the
formation of the fractured region. !luid in
direct contact with the cooled inner curfaco

~ will flow into the primary fractures as. l.m as

new fractures are propagated. Fluid t‘lw will
have two effects on the rate and .:t.c{at of
fracturing. First, heat tcrensfer from the
primary fracture walls to the flow will h\tro-
duce temperature gradients that tend to produeo
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

- of thermal

fluld will exert a net hydraulic pressure on the
.fracture- walls and enhance the propagation. Our
present approach is to first clarify understand-

. ing of the fracture mechanics in e homogeneous

wedium using simulant materials, then introduce

. secondary effects one at a time and assess their

importance. One of the most important facets of

. this experimental program is improving our

undecstanding . of scaling laws in the mechanics
fracturing that will allow
extrapolation of laboratory observations to the
full-scale heat exchanger.

Figure 2. Thick walled glass cylinder thermally

_‘fract,urod at 200°C.

Figure 3. Cross-section of pre-melted glass
cylinder after solidificastion induced by cooling
flow through center tube.
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As a first spproximation to heat transfer ulthin
the open direct contact heat .xc!un;or. the
solidified and fractured region cut‘roundin; the
borehole is modeled as a porous udhn with
local thermal equilidrium between the coud and
fluid phases. The porous -odlu- can be
completely characterized by specification of its
of fective permeadility, K, and the offoctivo
saturated thermal conductivity, k. Ordgr of
magnitude estimates for the permeability!
obtained using the cubic frecture model of Snov
(1968) with the fracture gecmetry prodieuono of
Wemple and Longcope (1986). Due to the *mll
volume of {interstitiel fluid, the offocuvo
thermal coaductivity was taken as that for
solidified msgma. Hardee (1981) presents  data
showing typicsl values on the ordcr of 3 H/-x
for rhyolitic magmas.

Flow ond heat transfer within the porous mhr- .

region is, at this 1level of lpproxinuon.
described by the standerd Darcy fomhtion for
porous wmedia {Dunn et al (1987)]. Por an
annulus in which the outer wall uworcturo is
held constant- st T, and the inner wall
temperature at Ti, the fu lly-developed
temperature profile is the sane as }I the
‘conduction profile, and the nixed mean lunelt
numbers are given by: B
Nug = 2(1-r*)
o*lnex 1 + 1

l-rx 2larx , 5
}

M, = 2(1-r*)
- lnc* 1- -1
l-* 2
vhere r* = r;i/r,. Similar expressions ny
be found for the case of uniform heat flux: nuc
by using 1linear superposition of parthl
solutions for heating on one wall. thoso
expressions sre used to form the lower lhlt of
the open heat axchanger heat trmgfor
coefficient. i

3
H

Various effects can alter the heat tunl'Lfor
within the porous annulus and ligntﬂenntly
affect the net energy extraction. Anong tho
most important considerations are dovdoptn;
flow effects and local buoyancy. The dcvolopln;
thermal field for fully-developed slug tlowf; in
an asnnular region, may be found by direct
snalogy to the problem of transient cooling| of
an annular-shaped billet. For the case of ' an
insulated inner bdoundary aend e constant
tezperature outer boundary, the solution for the
temperature field is shown by Carslaw snd Jeeger
(1959). 1Two results from this snalysis areiof

interest. First, the mixed mean Nusselt number

in the entry region is much higher than tt.l
asymptotic value. Second, preliminary calcula-
tions indicate that fully-developed : thermal
conditions may nmot be attained for the renge iof
Peclet number and annulus aspect ratios .of
current interest. The net result is that the
overall heat transfer coefficlient for the
annulus may be from two to five times higher
than the conservetive 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 bdy inspection of the

‘ratio. of the local forced flow Peclet number,

'Pe, and the local Rayleigh number, Ra, which ig

'indicstive of the local buoysncy. Using geome-

try and property data expected for operation of

an open direct contact heat exchanger in wagma,

the above dimensionless groups lie within the

range: 0.18 <« Ra/Pe < 4.0. At the low aend,

huoymcy offects are negligible, but for Ra/Pe

on the order of 1.0, local buoysncy effects may

tubcuntiully affect the heat transfer. To

evaluste this effect, we are currently perform-

ing full numerical solution of using the finite
element code MARIAH ([Gartling and Hickox (1982))

in a eylindrical annulus with both constant

temperature and constant heat flux boundary .
conditions. An exsmple of this effect can be

seen in Figures 4 and S5 which give calculsted

results for an experimental facility at the

University of Utah. Figures 4(a) and 4(b) show
streamlines in the snnular. region with the outer
boundary at constant temperature, and an
insulated inner boundary. Figure 4(a) is for
puro forced convection and the flow is very
nearly a uniform slug flow. For non-negligible
local ‘buoyancy effects, Fig. 4(b), flow |is
entrained towasrds the heated boundary in the
lower part of the annulus resulting in increased
mass flow within the thermal boundary layer.

me upward veloeity through the annulus at the
herizontal midplane is shown in Fig. 5. The net
result  of this buoyancy-assistance is that
eonvection near the heated boundary may be
cnhanced above that for forced slug flow. The
dggree ‘of enhancement depends on the boundary
conditions, the ratio of Ra/Pe, and the annulug
geometry.

: ! p.:“.? ﬂ;o p.-a.:“]
T st -
'
%
N 1001t
‘80 B s
‘o ).
.20 T 120 20 T0 120
- RAXIS (cm x 10) R AXIS (cm x 10)
u;hu 4. Stresalines--U. of Utsh experiment
simulation: (s) Porced slug flow, (b)

buoyancy-assisted flow.
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Figure 5. Vertical velocit.y profilles at
horizontal . midplane--U. .of Utah experhaent
simulation. ' ;
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To confirm the numerical studies of theiporous
open heat exchanger experiments in buoyency-
assisted porous media flows are. being co-1ducted
at the University of Utah {Boehm et al (*1987)].
The experimental apparatus uses an ermula’r space
formed between ‘two concentric pipes |havin;
digmeters of 1.25 and 11.5 inches. The space is
filled with lmm ceramic microspheres to iform a
porous bed. Water can be injected at the base
efther in a uniform slug flow from a[cupply
header, or s a source flow at the base! jof the
center tube. The outer walls are ulnteinad at
uniform = temperature. Figure' 6 . phows a
crosg-section of the main apparatus with the
porous fill material in place. ; The temperature
distribtution in the bed is measured et[ seven
axial locations. Typical measured teupereture-
are shown in Figures 7 and 8. The most strikin;
obgervation that may be made thus far ie that
for the range of scaled flow rates in question.
the temperature profiles are not at  all
fully-devaloped. The thermal : boundary if layer
does not penetrate to the inner wall under any
conditions representative of the magma open heat
exchanger. The immediate ramification. 1- that
‘local heat transfer Gcoefficients vul be
significantly higher than the fuuy—developed
values used in the mumerical simulation dhc\u-
sed in the following section. !x‘peri..ente are

currently underway which will cover a wide range

of conditions imn both forced and buoyeney—
affected flows.

|
CONVECTIVE FLOW AND HEAT mlsm b m MACHA
CHAMBER 3 q

As shown in Figure 1, the eonceptuel open heat
exchanger is surrounded .by convecting Il molten
magma. The magnitude of the convective hest
flux available at the outer surface of the heat
exchanger essentially depends on two phenomenas:

Tomporsture, €
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one, the vigor with which fresh, hot magma is
transported to the plastic reglon by chamber
convection, snd two, the efficacy of convection
and diffusion in the doundary layer next to the
heat exchanger. A4 typical chamber may [‘ have
representative length scales on the order of 5
K with magma temperatures ranging from 6.'»"0' to
900°C. The representative chamber Rayleigh
mmber may be on the order of ‘1016 which is
far greater than the critical Rayleigh' qunbor
below which one could expect steady, lsminar
convection. The physics of turbulent natural
convection in such enclosures are not v' well
understood. ' The problem is further complicated
by large varistions in the magma viscosity.| The
physics of the boundary layer interaction st the
cooled heat exchanger walls are equally complex
and poorly understood. .

In order to better understand the fundamental
mechanisms of the chamber and boundary Jlayer
convection, and ultimately, to improve our engi-
neering estimates of the heat flux available at
the exchanger, we have begun a laborstory study
in which we simulate the most important mecha-
nisms in a scaled experiment. The apparstus
consists of a clear, plexiglas enclosure with a
typical dimension of 50 cm. The simulant work-
ing fluid is corm syrup. Figure 9 cho?n a
schematic of typical boundary conditions which
may be simulsted with the aspparstus. At the
present time, the enclosure is configured |with
two-dinensional strip heating at the b@tto-
surface and cooling st the top surface |with

insulated side surfaces, as in the lower  left .

figure. These boundary conditions sre represen-
tative of a chamber which is fed from a single
source. Among the disgnostic mesasurements to de
made sre full-field mepping of velocity| end
tempersture flelds wusing laser Doppler nlioei-
metry, traversing temperature probes, encepsula-
ted liquid ecrystal thermography, and time lapse
photography of the convecting fluid seeded iwith
tracer particles. The first series of experi-
ments are currently underway. It is anticipated
that the experiments will provide dsta’ for
comparison with mumerical sisulation.

00 1.00 200 3.00 400 ' 500

Figure 9. Magma Chamber Convection Simulation
Rxperiments: possible boundary conditions.

MICAL SIMULATION OF SINGLE WELL ENERGY
EXTRACTION : :

Hickox ‘and Dunn (1985) used simplified models to
obtain . first order estimates of the complete
energy :extraction process including heat trans-
fer in counterflowing fluids from the surface to
the magma zone, with possible heat loss to the
overlying formation. They msde several impor-
tant observations. Reasonable hole diameters,
on the order of 0.194 m in the magma zone were
shown to be sufficient for large energy extrac-
tion rates. Using concentric pipes with fluid
flow down the annulus and return. through an
insulated core, the fluid receives a net heat
gain from (not a loss to) the formation above a
magma body. A relatively wmodest insulation
thickness, on the order of 1.5 cm, was found to
provide good isolation between the hot return
fluid and cold injection fluid. Finelly, it was
observed that for a given wmagma 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 coefficient ten times
that for the closed exchanger, optisum flow

‘rates lesd to predicted energy extraction rates

of about 25 MW electric.

A numerical code calied MAGMAXT has cecently
been developed -to simulate the flow of compress-
ible, homogeneous water/vapor within the . well
and bheat exchanger with heat transfer to  and
from the convecting nagne and the overlying
formation. The code allows arbitrary specifica-

~tion of a contiguous flow path ‘through regions

such as tubing, concentric pipe annulus, or heat
exchanger. Heat transfer to or from the fluid
stresa is allowed through the specification of
oversll heat transfer coefficlents between the
countecrflowing flow stresms and between the
€luid and formation or magma. MNeat transfer is
assumed to occur in the radial direction only.
Convective heat transfer coefficients within the
tube or annulus are .evaluated assuming fully-
developed turbulent fiow using  coamonly



svailable correlations for single or two-phase
flow. Separate correlations sre used ri.n the
sub-cooled, saturated, nupor—hutod nnd‘ super-
critical regions. The overlying fomgion is
asgumed to .be homogeneous, ' with constant
properties, and conduction to the fomtion is
modeled using the qusi-umdy anunptlon of
Ramey (1962). i

MAGMAXT has been used to simulate the flow and
energy extraction rate in the base case geometry
which was previocusly investigated by chkox and
Dunn (1985). The well depth is 5 I followod by
a 1 km heat exchanger in magma. The open heat
exchanger is assumed to be e porous mulus
whose outer diameter can vary depending ron the
heat exchange rate. Results shoim in Figures 10
through 14 are found using fully-developed slug
flow Nusselt numbers which are the most conser-
vative, i.e. lowest, wvalues | which 6 can be
attasined. The present cesults ptovide a realis-
tic lower limit on expected energy extraction
rates and point out various important character-
istics in the single well mr;y cxtrscuon
process.

\
By Bpecification of the i.nject.ion pcessure and
mass flow raste, the flow state throughout the
circulation path can be computed; in an iterative
marching procedure by MAGMAXT. Specification of
a wellhead back-pressure is optional. For a
specified mass flow rate, the injection pressure
specified is acceptable if the exit preéssure is
equal to the specified wellhead pressure or is
greater than ambient if a wellhead pressure is

-not specified.

T(X)

'

Figure 10 shows the temperature of the circula-
ting water at a flow rate of 50 kg/s (800
gal/min). The flow .path is specified as down
the wellbore annulus (A-B), down the insulated
tubing in the heat exchange region (B-C), . up the
porous annulus (C-D), and up the 1nsulsted
wellbore tubing (D-E). At this relatively high
flow rate, there is iittle tenperature chanse in
the wellbore in both the injection and return

. heat exchange region,

P (MPa)

.48 in the

directions. Within the heat exchanger, the
temperature incresses from 100 to. 300°C.
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FPigure 10. Flow temperaturs for u-so k;ll. open

‘heat exchanger base case.

The temperature of the plastic zone around the
heat exchanger .is maintained at a constant
900°C, md the available heat flux is specified
as 1 Kw/m2.

As seen in Fig. 11, the pressure increase in the
injection path is due almost entirely to the
hydrostatic pressure of the fluid in the
sub-cooled state. As the fluid is heated in the
its density decreases,
hence, the pressure in the return path decresses
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.
. example,

In the current
the inlet pressure was specified as
ambient, hence the well.is self-flowing at a
flow rate of 50 kg/s with a wellhead pressure of
roughly 15 MPa.
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?isuré 11. Flow pressure for M=50 kg/s; open

heat exchanger base case.

The P-h diagram for the flow, Fig. 12, illustra-

tes the fluid phase in the loop. The hydrosta-
tic pressure increase in the injection path
results in pressures well above the critical
pressure st the inlet to the heat exchanger.
Because of the large flow area in the open heat

' exhanger annulus, the fluid is heated with very
“little pressure drop bBut with an accompanying

density decrease. Depending on the flow rate
and the specified wellhead back pressure, the
exiting fluid state may be superheated vapor,
supercritical,. or highly-pressurized hot water,
current example. No realistic
opersting conditions have been found in which
the return state is saturated vapor, hence,
two-phase choking in the return tubing does not
linit the svailadle flow rate as is commonly the
case in vapor producing geothermal wells.

‘The solidification diameter of the open heat

exchanger depends directly on the rtate of
cooling since the energy convected by the fluid
must equal the energy convected by the magma to
the outer boundary of the heat exchanger.
Figure 13 shows the resulting diameter of the

-axchanger as 8 function of depth for flow rates

of 10, 70, and 100 kg/s. For low flow rates,
the diamster changes rspidly since the fluid
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