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Pelated activities include the
ABSTRACT cnaracterization of  fracture systems, the
The Idaho National EInginesring Labsoratory leveizpmant of metnuds  to simulate roc*-?ater
(ENEL)' has been conducting geothermal regarvei- cmemical interactiors  in geothermal systems.
research and testing sponsored by the U.3. ang  sndustry-cocperative fle!d testing and
Department of Energy (DOE) since 1983. The reservoir analysis.  During fiscal year 1987,
INEL research program is primarily aimed at tne INEL assisted 0Of in the esiaplISﬁment of the
development of reservoir engineering tecrniques G?o:oermal_ Technology  Organization. fwho:e
for fractured geothermal reservoirs. Ny—erizal mission 3§ gomolementary to tha& of the
metrg3ds have Dbeen developed which alizw tha Gaatnermal Driiling Crganization. This paper
simutation of fluid fliow and heat tran:ifer in ; the status of these research -
compiex fracturad  reserveirs. Sensitivity
studies  have illustrated the importarce of
incsrporating the influemce of fractyre: in
reser:cir s?mu’a:ions. Felated efforts incluis FLUID MIGRATION IN GEOTHERMAL RESERVOIRS
fracture characterization. geochemicai reaction . )
xvn:t:cs and fie;d testing. Injection of geothermal fluids is
) i considersd one of the primary reservoir
concarns facing geothermal developersi
j 1 i i in almost all geotherma
NTRODUCTION Injection is requjred in a
! fields for fluid disposal. and may §1so be used
The objective of reservoir technology to coffset reservoir depletion, to 1mpr9v: hea:
research programs at the Idaho Naztional extraction and to reduce the ris (13
Engineering Labeoratery (INEL) 1is to develop subsicenca. However, injection can cause early
anaiytical and interpreiive methods to more tnerna! preakthr0ugn with a] gon:eQUEn;
effectively develop and wutilize hydrothermal reduction in enthalpy apd may resutt in loss o
resources The goals of this research, which injectivity due to chemical interactions in thg
trerdy Geotherma echaology Divieion. are 0 aiecrion well Tacstions depands on effectively
Energy Geothermal Technology Division, are to injecti 3 nds o
reduch the adverse thermal and chemical effects talancing the positive and negative effects of
of injection on geothermal reservoirs, to injection.
im ictions of reservoir performance . .
éﬁg::ve g:s?o$ta:ion to prov1dep for more Fractures are significant features in mest
e“e'?ive ' arodué'iéﬂ and  injacticn well geatrermal  reservoirs {even those reservoirs
e el ettt ™ ot Tebrestri g mat ey Rty ar”
1 ] v i in oung repress! gh -1 ) ¥
ev?’"aF‘"g rg:z;hernal reservors yound migration of injected fluids through geotherma!
volcame terra reseryoirs, Horne (1982) has documented less
j i ently f gproduction due to thermal interference in
r rrent) a7 frocuc te
bEipThe zgﬂgﬂcfggt’°"b;f th?N;Esea $2cﬁ§esc o; severa? geothermal fields and has Qemonstrate:
unaé?-standing fluid flow and fluid migration in that injected fluids can move rapidly throug
fractured reservoirs. Methods have been fraclures.
developed to predict the fate of injected ueat transfer in a geothermal reservoir is
fluids and to improve, field testing and Gata : fimction. in  cart, of the therma) )
interpretation oprocsdures for application to conductivity of the rock, the surface area
gegcthermat reservairs in which fracturss are cartazted by the fluids. the temperature
significant features. These analytical methods gragient and the fiuid mass flux (Horne, et a!,
are not restricted to fracture flow, but can be 1987Y. A few large fractures may be the
applied to dual permeability reservoirs which primary controlling factors in fluid flow in a
have both matrix and fracture permeability. reservoir, However, secondary fractures and a
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pa--eadle matrix can regresent a muLih greater
surface area for heat transfer and rock-water

chemical interactions. A realistic
interpretation of fluid migration and thermal
nreakthrough must account  for  resar.gar
cemplexity.

CoweLgx REsemvora Stmutation

Standard reservoir engineering techniques
which are based on homogeneous media are
inadequate to assess the migration of injected
fluids in  fractured qeothermal reservoirs.
Fecent work at [NEL on the nature of flow and
tracers through fractured media have made
simulation of complexly-fractured reservoir
feasible. The INEL simulation techniques
incorporate two significant features,
dual-permeability and fluid front tracking.
The dual permeability mode!, FRACSL., allows
simylation of pressure, flow and heat transfer
in fracture systems and or permeatble reservcir
matrix. A particle tracking algorithm allows
the fluid or chemical front to be tracked in a
reservoir, as well as the pressure front.

Modeling of fractured media has been based
an  two primary approaches, continyum and
discrete. The continuum approach is based on a
lumped parameter model of the fracture system.
The scale of the mode) must be large enough so
that the fractured rock can be treated as if it
were  homogeneous. The discrete approach
represents the opposite end of the spectrum.
A1l fractures which are considered relevant are
modeled as individual entities. Presently,
discrete fracture simulations are limited to
reservoirs with few relevant fractures or to
small portions of a fracture system.

INEL's reservoir simylation takes a
slightly different approach. The FRACSL
simulation code «can be used to simulate
transient and steady-state flow in a fractured,
permeable media. The smaller fractures and the
permeable matrix are simulated as permeable
matrix cells, while larger fractures are
represented as discrete elements (Clemo and
Hull, 198s6). FRACSL computes fracture and
matrix flows wusing a common head distribution
and allows advective interchange of fluid
between fractures and the matrix. The code
employs a particle tracking routine in which
individual fluid particles are tracked through
the reservoir. This enables explicit
simulation of heat transfer and chemical
interactions at the flyid/rock interface.

The FRACSL code has been verified against
analytical solutions for flow and transport in
porous media and in single fractures ({lemg an:
Hull, 188¢). Laboratery models have been useg
to validate flow and transport algorithams in
fracture systems and fractured permeable
media. While the physical models used in the
laboratory studies cannot realtistically
represent a full-scale geothermal reservoir,
they have been wuseful for confirming that the

lole aLcurateily  simusates those physical
srocesses which control fluid movement 1n a
geothermal reservoir. Because all1 physical
crarameters of the wrodels can be defined or
-zaswred. no  fudge factors can be uysed to make
tre siTutated data match the measured data. As
a  consequence, errors in the code are
immediately apparent.

The most complex laboratory model used to
validate the code was a dual-permeability model
incorporating a series of interconnected
fractures in a permeable matrix. Figure 1
orecents a comparison of the actual fluid
migration  through this “reservoir” to that
predicted by the code. The studies
demonstrated that, while the pressure response
to injection may be well-defined, pressure data
were not sufficient to analyze actual fluid
movement  in the reservoir. More detailed
discussions of these laboratory studies are
cresanted in Hull and Kostow (1988). Hull and
Ciemo {1387) and Hull, et al (ir press).

Work is continuing at INEL on an innovative
approach to dealing with complex fractured
reservoirs. A method empioying representative
elements has been developed which will allow
sizulation of reservoirs that are too large for
discrete simulation, yet are dominated by a few
Tajor fractures, making the continuum
recresentation impossible.

An important milestone in the FY-88 INEL
program is the publication of the FRACSL code
for wuse by industry. urrent efforts are aimed
at streamlining the code so that effective
reservoir-scale simulations can be made The
code is run on a Cyber 176 at [INEL, but
modifications 1in progress will enable the code
to be run on a work-station type computer (4
megabyte capacity). The modified code will use
sparse matrix numerics instead of the
proprietary ACSL driver. Heat transfer
simulation wusing a particie-based routine
similar to the fluid particle tracking routine
will simplify thermal simulations.

An algorithm which greatly simplifies the
simulation of fluid transport along fractures
and the advective and diffusive movement of
fiuid be‘ween fractures and the matrix is
scnecduled to be completed this fiscal year.
The basis for the approach to simulation of
flyid transport in fractures is the
superpcsition of random dispersion and
diffusion upon deterministic advection. Under
some circumstances, this approach is inaccurate
and inefficient. A more accurate and efficient
routine, bdased on probability density functions
sampled in Monte C(arlo fashion, has been
developed to simulate the interaction cof fluid
ans tracer with the matrix when diffusion is
dominant.



Stomtricance oF Feactunes to FLuld MICRATION
AND NEAT TRansrem

The dual-permeability code has been uysed to
assass the sensitivity of fiuid migration arc
thermal breakthrough forecasts to simplifying
assumptions commonly wused in simulations of
geothermal reservoirs. The studies were based
on a production and injection well in a
fractured, liquid-dominated reservoir. The
wells were spaced 1200 m apart, with a 90-m
injection interval. The reservoir consists of
a permeable matrix with 22 fractures, some of
which are encountered by both wells.

Fluid migration and thermal breakthrough
for this reservoir were compared to simulations
of hydraulically-equivalent reservoirs in which
only a single fracture is simylated or in which
the fractures are replaced by an eguivalent
porous media representation. The studies
demonstrated that simulating a few of the
dominant fractures is all that is required to
analyze the pressure response to production and
injection in the reservoir (Hull and Clemo.
1987, Hull and Clemo, in press).

However, simplifying the reservoir in order
to run reservoir-scale simulations can yield
significant error when assessing heat transfer
and the potential for thermal breakthrough.
Figure 2 shows the extent of the cooling front
in the reservoir after 2000 days of injection.
An equivalent porous media simulation of this
reservoir would have predicted that the cooling
front would have moved only about 100 meters
away from the injection well. On the other
hand, a simulation based on a single fracture
connection between the wells would have
predicted that the cooling front would have
reached the production well in less than 2000
days (Figure 3).

Porous media approximations can greatly
overestimate the time to thermal breakthrough
in fractured geothermal reservoirs. Decisions
to locate injection wells based on these
results could limit power generation due to a
premature decline in production well enthalpy.
(Studies by Lawrence Berkeley Labaratory have
shown that this reduction in enthalpy is
partially counteracted by improved mass flow
from the production wells in some reservoirs
(Calore, et al, 1986)).

On the other extreme, assuming a single
fracture connection between the injection and
production wells may not be a substantial
improvement. Well placement decisions based on
these assumptions wouid be conservative,
perhaps unreasonably so. INEL’s studies have
shown  that a more realistic representation
comzining  matrix and fracture flow in a
fractured geothermal reservoir can provide a
more reasonable basis for forecasting thermal
breakthrough, resulting in more efficient heat
extraction and reservoir development.

‘ additional

Foac uag (~amACTENIZATION STLDILS

A determination of fracture characteristics
's  imgortant for proper modelliing of flow
tnrough  fractures. The most direc® measurement
of fracture characteristics in geothermal
systems can be made in existing, well-explored
geothermal systems, At the present time,
researchers have published very little of this

information. INEL researchers are evaluating
other geologic systems, including fossil
geothermal systems and hydrothermal ore

depesits, which are 1likely to be analogous to
active geothermal systems.

INEL's present work focuses on the Cascade
volcanic region and will be performed in
conjunction with geologic characterizations
being done at the University of Utah Research
[nstitute. While this region has been
relatively unexplored in the pas?, recent deep
corerole drilling has provided an extensive
geciogic data base which can be correiated with
data from similar geologic environments. The
characterization studies currently in progress
are evaluating not only the physical
characteristics of fractures, but also the
2ffect of resource depth on the nature of the
fractura systems. Regional structuyral data
will be reviewed to determine if fracture
systems can be generalized in geologic regions
such as the Cascades. The study will be
correlated with fracture fluid fiow studies to
provide a basis for determining the
significance of fracture inhomogeneities to
exploration and resource development.

Puans ros Furume Rzszancn ane Fiewo Tests

future research at INEL is aimed at
sensitivity studies of flyid
migration and heat transfer based on fracture
location and reservoir parameters. The
assumptions which form the basis for current
heat sweep models will be evaluated.
Kinetics-based geochemical relationships will
be incorporated in fluid transport codes to
evaluate rock-water interactions in the
reservoir, The development of more streamlined
and cost-effective reservoir simulation
techniques will continue. Expansion of the
FRACSL code’'s capability for three-dimensional
reservoir simulation (Miller and Aliman, 1986,
1987) will continue.

As reservoir analysis techniques are
developad, field testing to verify application
¢f these analytical techniques is planned.
INEL is currently cooperating with other
DOt -funded laboratories and universities and
G:0 Operator Corporation in a comprehensive
field stucy of production and injection at East
Meca. A series of field tests in conjunction
with a long-term flow test of the Salton Sea
Deep Hole has been planned and approved by
DOE. Negotiations are currently in progress
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wth ther Jevalzcaers b} anac’e freis
serification of row reservoir technigues 1n
fractured. high-temperature hydrothermal

reservoirs.

GEOTHERMAL TECHNOLOGY ORGANIZATION

In addition to cooperative field tests of
technology developed in the DOE research
program, DOE seeks a more formalized procedure
for conducting cost-shared research with the
geothermal industry. INEL  assisted the
industry and DOE in the formation of the
Seothermal Technology Organization (GTO) ard in
preparation of an agreement to fund cost-shared
research. The GTO was formed to complement the
Geothermal Drilling Organization and has a
specific charter to sponsor research projects
which  have a high probability of yielding
short-term benefits in the areas of reservoir
performance and energy conversion technolcgy.
Trhe charter for the organization was adopted on
April 15, 1987. DOt has allocated funds to
assist in sponsoring research projects which
are selected by the G70. The first research
project should be selected during the final
guarter of 1987.
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LEGIBILITY NOTICE

A major purpose of the Technical Infor-
mation Center is to provide the broadest
possible dissemination of information con-
tained in DOE’s Research and Develop-
ment Reports to business, industry, the
academic community, and federal, state,
and local governments. Non-DOE originated
information is also disseminated by the
Technical Information Center to support
ongoing DOE programs.

Although large portions of this report
are not reproducible, it is being made avail-
able only in paper copy form to facilitate
the availability of those parts of the docu-
ment which are legible. Copies may be
obtained from the National Technical Infor-
mation Service. Authorized recipients may
obtain a copy directly from the Department
of Energy’s Technical Information Center.
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