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The authors have prepared three companion reports which present

detailed results of this investigation.

Report No. Title

Physical Processes of Compaction (LBID 182)
Detailed Report on Tested Models (LBID 183)
Case Study Data Base (LBID 184)

An additional réport on the subject of reservoir models was
generated as part of the project. The report was produced in 1979
by Dr. George F. Pinder under subcontract to Golder Associates and
is titled 'State-of-the-Art Review of Geothermal Reservoir Modelling"
(LBL 9093). '

Further information on Dr. Pinder's report and on the three

companion reports is included in the bibliography.
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ABSTRACT .

The Lawrence Berkeley Laboratory of the University of California is
conducting an ongoing research program aimed at improved understanding
and control of ground movements caused by geothermal power production.
As part of this research program, Golder Associates, acting under sub-

" contract to the University, performed an assessment of exiéting mathe-
matical models for subsidence simulation and prediction. This report

summarizes the results of that study.
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PREANBLE

It is possible for;suhstantial_movements to be caused by the
extraction of geothermal flnidsifor-power production; 'These movements
can have adverse environmental impacts in a number of ways, including
damaging surface structures, reversing natural drainage directions, com-
promising irrigation channels, inducing fault:monement, flooding low-
lying areas, and damaging subterraneous strnctures and nells. Thus, it

_Qis important that acceptable methods of predicting subsidence and its
gimpact be availahle to assist both energy developers and the public in’ I

&

Uplanning geothermalﬁdeyelopments.

. ”g : This report presents an assessment of methods for predicting _geo-
. thermal subsidence, The ‘topic is not new and has .been addressed in two

.ifairly recent studies.

e THE ANALYSIS OF SUBSIDENCE ASSOCIATED WITH GEOTHERMAL
DEVELbPMENT, Vols. 1-3, by R. W. Atherton et al., Systems
Control, Inc. (1801 Page Mill Road, Palo Alto, Calif.),
September 1976.

o EVALUATION OF GEOTHERMAL ENERGY EXPLORATION AND RESOURCE
" ASSESSMENT - FINAL REPORT, Vol. 1: A Review of Geothermal
Subsidence'Modeling, by M. K;‘Grover et al., R & D Associates
(P.0. Box 9695, Marina Del Rey, Calif.).

It is not the intention of this report to duplicate the work of the -
above studies. We would recommend that the reader who is not already
familiar in general terms with geothermics and geomechanics review the
above reports, which provide an introduction ‘and a broad perspective.
This report is to some extent a specialist's report. Its purpose is to
compare the usefulness of different numerical models and to make recom-

‘mendations for developing new or improved‘ones.




This‘report;addresses~a_series of aspects of the geothermal

subsidence prediction procesSQ ’

The nature of the subsidence prediction process
The physical processes which are involved in subsidence
Computational models for ‘reservoir flow

't'Computational models for deformation'

'ACase histories of subsidence'

" As noted on the first page of this report, a number of companion
reports have been prepared which present in detail different aspects of
the work summarized herein. By and large, these reports will not be of
interest to the casual reader. Readers interested in actually using one
of the subsidence models reviewed herein may want to read the detailed
repott on those models, and readers iﬁterested in reservoir modeling
will want to read the Pinder (1979) report. (See "ComputationalrModels

for Reservoir Flow" in this report for a summary of the Pinder report.)




- INTRODUCTION

The objective of this research isvto assess the adequacy of
~existing mathematical'modé1s for estimating land subsidence and lateral
ground deformation. The most obvious approach is to simply apply a
number of models to known field situations (case histories) and see how

successfully they predict the known responses. However, such an

©". approach might not expose the true strengths_and weaknesses of the indi-

~vidual models or of models as a whole.

Due to the complex nature of the systems (geologibal, thermal,
mgchanical,’fluid flow, etc.) dinvolved in éeothermal subsidence, it is
not possible to define a site which'is-representative of all other
sites; each site has unique féatures. " Thus, the fact that a given
mathematical model does or: does not accurately simulate the observed
response of a specific site says little about. the model's true capa-
- bilities; a'good'match,ma&<simp1y be fortuitous, and the model might

- perform: poorly at the next site.];

On the other hand, a bad simulation might be merely due to bad
data.: it is problematic whether, even with a full exploration program,
it is possible to fully delineate a particular geothermal subsidence
system. Thus, the amount of data available in any case history will
probably be only a fraction of what is needed to fully define the
system. It is quite unreésonable'to test a mathematical subsidence
model on such a case. The uncertaintieé in the system could entirely

obscure tﬁe'capabili;ies-of the model.

The.alternative approachJof modeling a purely hypotﬁetical system
would obviate the above difficulties; since the system would be
completely dnderstood. The drawback is that sﬁch‘analyses would not
enable us to assess the validityrof our fundamental theories. For

instance; successfully predicting the response of a hypothetical linear




poroelastic half-space would not mean that real systems will always

behave as linear poroelastic half-spaces.

~In“order to avoid these problems with case histories, the research

program divided the problem into two component parts.

@ . " The first component assessed the individual:attribufes of

~particular mathematical models in their own right (i.e., does

the model do what it is supposed to do and how well does- it do
it?).

¢ The second component determined, through studies of both real
and hypdthetical subsidence case histories, the significance of
‘different mathematical model attributes. (For instance, when
‘could ‘a model which did not couple flows with deformations ﬁer-
form as well as a coupled model? - When was an elastic material
model inadequate? Was the:use of sophisticated models a waste

of time due to the unavailability of suitable input data?)




THE PREDICTION PROCESS

It is not'appropriate to .attempt to assesS'theLutility of a
computational‘model for geothermal subsidence prediction without con-
sidering the place of the model within the overall prediction process.
The geothermal subsidence prediction process is a logical chain, whereby
a physical system is successively represented by field data, a con-
ceptual model, and a computational model. ‘There is ‘o sense ‘in using an
overly sophisticated computational model to simulate the behavior of an
incompletely understood physical system. On the other hand, when good
data are available, the- computational model should be capable of doing
 them justice.',} ey

FoR-

i

Figure 1 presents diagrammatically the structure of the prediction
process and points out the sources of error in each stage. One of the
purposes of the present report is, by reviewing .and’ modeling actual case
studies,  to: assess the magnitude of these errors and thus to attempt to
establish an appropriate degree of model sophistication,

i : :
PP

4
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PHYSICAL PROCESSES OF GEOTHERMAL SUBSIDENCE

A large number of different physical processesfcan'hefinvolved in
geothermal subsidence. They include all the processes occurring in
multiphase fluid and heat flow plus the processes of deformation. A
review of the physical processes involved can be found in Atherton et
al. (1976, Vol. II). | -

o FrOm the point of view of subsidence modelers, the processes are

‘ much simpler. Large numbers of physical processes are lumped together

and described by phenomenological parameters such as permeability,
compaction coefficient, and plastic yield surface. The variables

that are usually treated are relatively few, comprising.

Fluid pressure and composition

Fluid flow B
. Temperature

Stress _

Deformation

Time .

These variables are described and interrelated by equations which
either express balance or conservation principles (e.g., conservation of
mass) or else define phenomenological relations (e.g., stress—strain
relationships). It is Athese latter relations that describe the physical

Pprocesses of subsidence as they relate to the modeler.

Subsidence modeling is usually the domain of two different types of
'specialist: reservolr flow modelers (who may be more interested in the
production of the reservoir'than;in its deformation) and deformation
modelers., The reservoir flow modelers generally consider the relation-

ships between the following variables:




) Fluid pressure and composition
e Fluid flow o
) 'Temperature_

°

Time.

Stress and deformation are of secondary interest to the reservoir

modelers.

The reservoir modeler's output (fluid pressure and composition;
temperature) is the deformation modeler's input. The deformation
modeler then predicts stresses and deformations as a function of time.
'The physical processes considered by the deformation modeler relate
temperature, fluid pressure, stress, strain, and time. They are ’

reviewed in Companion Report 1 (Miller et al. 1980a).




-COMPUTATIONAL MODELS FOR RESERVOIR FLOW

[T

INTRODUCTION.

.y The deformations which cause subsidence are due to changes in
bJNEreservoir temperature and fluid -pressure, and as a result, it is mnot
Evpossible‘to modelxsubsidence,without:modeling theireservoir.,_gnvthe
..other hand, it 1is usually possible tqkadequatelj_model the reservoir
without;considering:deformations_(hy!assuming that;the total Yertical
f_ustress,at:any,point,isiconstant,_or“eyen that the reservoir;is_rigid).
Thus, it is common’practice_toifirst,modelnthe reservoirzoféa‘system and
then use the computed pressure and temperature drops as input to a de-
;.. formation model. This .division.is. not -made because of a lack of
adequate theory to simulate -a fully-coupled system, but rather it is
4, made innordervtovrender the_numerical solution practical. . A. fully—
coupled,fmultidimensional model.is‘almost beyond the capabilities of
r-today's. computers, even when, separated, the individual reservoir. and
’deformation models can:be enormously expensive.
The state—of—the-art of geothermal reservoir flow modeling 15 not a
suitable topic for nonexperts,:and accordingly Golder. Associates re-
“tained Dr. George Pinder (1979) of Princeton University to prepare a
‘E;Acritical4reviewgofﬁexisting:reseryoir models. .This section is. essen-
..tially an abstraction of the.introduction and summary;oprr,jginderfs
TEPATLs i i ey AT eden fvosaie s IR PR ST e

prEntLrd gn bt b mlne s S g e T Tonmre T

... THE PINDER'REPORT‘HHINTRODUCTIONf;tjxr,;:w e e

et e l,m_,t,‘,,,i e b ¥ . o [PI {

Chlp Thexobjective of Pinder s (1979) report is to summarize and .to ‘the
;;Jdegree possible, evaluate the state of the. art. 1n .geothermal reservoir

. ,~modeling. - As used in the report, the term. geothermal reservoir model"
. refers to the representation of the dynamics and thermodynamics of a

:geothermal,reservoir,§without,skeletal deformation,lusing_the,cgncepts

H
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of porous floqunysics7sndftheisubsequent'solutionrof the resulting
assemblage of differential and partial differential equations. Only
those models which have been developed exclusively for geofﬁermal simu-
lation are considered within the scope of the report. Thus models
prepared ‘for the’ simulatiou of steamrinjection processes in oil recovery
(e.g.; Coats 1974 Weinstein et al. 1974) were excluded from the report.
Two- and three-dimensional distributed-parameter models were primarily
considered. It should be pointed out however; that considerable*suc-
'cess has been achieved 1in predicting the performance of the Whirakei
‘gedthermal fleld using zero dimensional “or ‘lumped parameter formulations

(e.g., Whiting and Ramey 1969; Brigham and Morrow 1974).

There are several distinct but interrelated elements of geothermal
reservoir modeling. ' The most fundamental element is the conceptual’
model of the reservoir. While field data are relatively scarce and; at
least in part, are not freely available to the scientific community,
there is nevertheless a general concensus of opinion on ‘the fundamental
aspects of the reservoir. It'iscpelieved, and in some reservoirs
clearly demonstrated, that the primary conduits of energy transport are
fractures. The porous medium blocks, delineated by these fractures, act

as the -long-term‘energy suppliers feeding the fracture system.

GeothérmAI‘reservoirs can be‘classified'on the basis'of their fluid
'coﬁposition.‘“The’noSt common type of field is characterized by reser-
voir fluid which is predominantly water. This type of field, often”
referred to as a hot-water system, is found at Wairakei, New Zealand,
Cerro Prieto, Mexico, and many other locations around.'the world.w*keser-
voirs which primarily produce steam are called "vapor-dominated.” The
major reservoiré of this class are found at The Geysers in ‘California,
at Larderellsé in Italy, and at the Mstsukewe“field"in’japan;” Hot-water
: sYStems‘charécteristically produce from'70’to‘904péfcénf'offtheir“total
mass as water at the surface, while " vapor- dominated -gystems produce dry
',to superheated steam (Toronyi and’ Farouq-Ali " 1977) " The pressures of (-

]




11

vapor—dominated systems are below hydrostatic. Moreover, the initial
temperatures and pressures are very near those corresponding to the
maximum- enthalpy of saturated steam. 236° and 31. 8 kg/eq cm.  The
regional distribution of fluids within a reservoir is essentially
unkanown,

B N S B NS :

The assumptions inherent in the conceptual model of the reservolir
should dictate the framework of its mathematical description. In the
case of geothermal reservoirs, however, the physical and mathematical
,foundations for multiphase mass-and-energy transport through fractured
porous media do not exist. Consequently, all of the existing multiphase
,Amodels assume the reservoir to be a porous medium. ‘When fractures are
_ included they are highly idealized geometrically and, although the
. parameter values may differ (Coats 1977),1they employ the same governing
;equations as the porous medium.“ Fractured reservoir mass-and—energy
transport has been considered in a formal way for hot-water systems

(O'Neill 1977) but this has not yet been extended to a steam—water

reservoir.

jr—

g e f

' Given the theoretical constraint cited above, the governing flow
.‘,and transport equations for geothermal reservoir simulation are obtained

through one of ‘three ways.

o dThe simplest approach 1is essentially a macroscopic mass
s balance.“ In other words, one assumes that the balance laws
:;!;observedJat the microscopic level are, with minor modification,‘
'¢M;vvalid for the _porous medium as well.r This approach does not
‘_;jprovide insight into the microphysics of energy transfer at the
:pepore level but does provide a set of governing equations not

;jgunlike those obtained using more sophisticated techniques.

B B

° A second approach involves the use of mixture theory as

developed in continuum mechanics.' This approach is more




12

rigorous but while recognizing the existence of pore-level
interaction, it does not provide adequate insight into the :

_nature of this interaction.

‘e The most promising approach is through formal integration of
the microscopic balance equations over the porous medium,

i.possibly augmented through constitutive theory.

) _ Having generated an appropriate set of governing equations, ‘one’
;‘is faced with the task of solving ‘a set of highly nonlinear, partial—
hwdifferential equations. In nearly all cases, “this is approached
'7numerica11y. There are several difficulties encountered in the ‘numer-
ical solution of the geothermal reservoir equations. The’ first task is
to select a set of dependent ariables, since several possibilitiesw
exist. One must then decide upon a method of approximation.~ Currently,
finite-difference and finite—element schemes are employed. One'is :
now confronted with the problems associated with the simulation of
convection-dominated transport: numerical dispersion (oscillations) and
diffusion (smearing of a sharp front) Possibly the most difficult
task——the efficient ‘and accurate treatment of the highly nonlinear
coefficients-—still remains, however.' Virtually every geothermal model
handles this problem differently.

From the reservoir engineering point of view, there are two
additional factors to consider. ‘The field application of a geothermal
'code requires a proper representation of the’ well—bore dynamics. This
is particularly important in the case of simulations in the immediate
- vicinity of the well. A second practical problem involves the reduction

bfof the general three—dimensional system to an areal two—dimensional rep-
resentation. This requires formal integration over the vertical. .This
integration should be carried out carefully so that essential elements

of the reservoir physics are salvaged.

C
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THE PINDER REPORT - SUMMARY - S

Conceptualvhodels of éeothermaliReseryoirs"i

. Geothermal reservoirs are difficult_to_catalogue‘physically. They
are relatively scarce and tend to be unique in their éespective“set-'“
tings.‘ Moreover,‘they are difficult to instrument because of the
adverse nature of the geothermal environment.‘ Fortunately, a few fields
are monitored, particularly those at Wairakei in New Zealand The ]
Geysers in California, Larderello in Italy, and more recently, Cerro
Prieto in Mexico.; With the exception of The Geysers, these installa-
tions are publicly administered thus, the field data are generally

available.ﬂjm

4?: ﬁhile there is“still a great deal to learn about geothermal reser-
| ‘ voirs; a knowledge of the physics of the system is gradually emerging.
| Interaction between mathematical modelers and reservoir engineers has
shed light on many aspects of the problem.‘ By and large, this infor—
mation tends to’corroborate concepts formulated by earlier scientists
and engineers working in the field.r Nevertheless, fundamental questions
remain.;«;t‘the megascopic level, there is still speculation on the role
of recharge in the overall system and the source of energy at depth is
incompletely understood. At the macroscopic scale, the role of frac-

tures in mass and energy transport is not well understood and the inter-

action between fractures and ‘porous blocks 1s virtually unknown.

) _! The’conceptual model of the reservoir is particularly important in
fabricating the initial and boundary conditions on the _system and the
source terms.b In the short term, the flux terms are probably of the

, greatesticoncern. As the pressure decline approaches the boundaries of

i , the reservoir, boundary conditions obviously begin to play an important

role.’ Fortunately, or perhaps unfortunately in the case of newly ;
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developed fields, long-term records in conjunction with geohydrologic
information can provide important insight into boundary type and 1oca—
tions. To achieve reliable forecasts of productivity in an undeveloped
geothermal reservoir, new or improved geophysical techniques for the 7

definition of reservoir geometry and properties will be required.

‘Reservoir Physics =

Reservoir physics are those physical phenomena that involve the
transport of energy, mass, and momentum within a geothermal reservoir.
The mathematical realization of these phenomena gives rise to ‘the )
governing equations of the reservoir simulator. Until very recently,
the procedure for establishing these equations was based on analogy, )
with point equations derived using ‘the concepts of continuum mechanics.
In the case of porous media, this approach was extended using mixture
theory. Another methodology which ‘appears to be gaining favor is based
on the concepts of mass and volume averaging. This approach appears to
provide enhanced physical insight into the interaction between the i
various phases encountered in the reservoir. Pinder believes that a
rigorous development of the equations governing multiphase mass and
energy transport in a porous medium reservoir is possible.: The next .
challenge will be to establish techniques for measuring the parameters
arising in these new and more comprehensive equations. While these 7
developments will provide a better understanding of the physical pro—v
cesses encountered in the reservoir, they will probably not materially

'influence the accuracy of long—term reservoir performance predictions.

The role of fractures in geothermal reservoir performance, however,
;is quite a different matter. Wairakei and “The Geysers depend upon frac-
ture permeability to achieve satisfactory mass flows.' To date, little
‘is known about modeling fractured reservoir systems and even less is
qknown about how to accurately determine important properties such as :
fracture permeability, porosity, orientation, ‘and extent. Two schools

of thought exist on how fractured reservoirs should be modeled.
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e The_discrete;fractureaapproachvis a conceptoal,model which .
‘ requiresninfornation;on.discrete fractures.;:The discrete
fractures are subsequently modeled in combination with their
A;neighboring porous medium blocks., . Unless there are major
-...advances in field measurement methodology, it is. unlikely such

- data will even occasionally be available.

;@ . The second approach is based on the_conceptaofaoverlapping
‘;;kcontinua—:one for‘the,fracturesvand‘theiother;for the_porous,

- blocks.. In this approach, several new sets of field parameters
would be necessary.,. These would be volunefaveraged paraneters
similar to permeability. Although thisumay provide a viable
tooi for modeling fractured‘reservoirs, it 1s a rather:recent
concept and probably belongs within the realm of research at

.. .this time, . ‘ *

. Unlike porous-flow physics;;advances.inhfractnre-floypphysicsucould
result in important changes in our ideas about geothermal reservoir

simniation. .

Constitutive Equations

Constitutive theory, though a very important area, is receiving
only token”attention._ Ihe(StanfordaGeothermalaprogram is responsible
for the majority of research relevant to this topic. While_it is

‘ possible to determine a great dealrabont the functional form of con-
%stitutive eqnations arising in reservoir physics, experiments are essen~
tial to verify hypotheses and measure parameters. Fundamental relation~
ships such as relative permeability curves are not available' the
existence or nonexistence of. important capillary effects has yet to be
established; the thermodynamic relationships. for curved steamwater
interfaces are not available' elasticity—plasticity models require addi-

,;tionaiﬁinyestigation. .Needless to,say,,the introduction of fracture
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flow, chemical precipitation, and dissolution further aggravates the

-

problem of an inadequate experimental program ‘in this area.

‘0Of more préSsing importance'to the reservoir engineer is the mea-
"surement of constitutive parameters at the field level. Given various,
rather reasonable assumptions, some of the constitutive knowledge gaps
outlined above can be set aside, at least momentarily. Onme cannot,
however; disregard problems in the measurement of important parameters
such as’ permeability, porosity, and thermal conductivity. Accurate
forecasts which reflect accurate parameter estimates are exceedingly

" “difficult to come by in the geothermal environment.

' Numerical Approximations

The numerical schemes employed in existing geothermal models are
summarized in tables la and 1b. The important elements df the dis-

‘cussion can be briefly stated as follows:

e Dependent variables: those variables solved for explicitly

in the governing equations

= Variables are defined in the list of variables

i

o Well approximation" the utilization of a model of the well

bore

e Equation approximation: the mathematical formalism employed in

obtaining the governing porous ‘medium equations f

- MACRO designates a macroscOpic balance -

- MIX designates mixture theory methodology of continuum
mechanics ' o

= VINT denotes volume integration'from the microscopic level

to the macroscopic level
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TABLE 1b:
NOMENCLATURE FOR TABLE la

The sets of dependent variables employed in solving the flow and
energy transport equations are (pg, Ug), (pf, hf), (pg, Sw),

{pw, T: ps, sg), and (py, T; sy, T: pg, T)e The choice between

(pg, Uf) and (pg, hg) seems rather arbitrdry, since one 1is readily
derived from the other for presentation.

" "The majority of models will accommodate one-, two—, and three-space

dimensions. The notable exceptions are Toronyi and Farouq-Ali
(1975) and Huyakorn and Pinder (1977).

With the exception of the Toronyi and Farouq-Ali (1975) model, all
simulators can handle either one- or two~phase flow.,

. Finite-difference,methods, finite¥e1ement methods, and integrated

finite-difference methods have been used in spatial approximations.

The majority of models employ finite-~difference methods.

All models approximate the time dimension using finite—difference

methods.

-Explicit, implicit, and mixed explicit-implicit schemes are employed

in the representation of the nonlinear coefficients' the majority of
algorithms employ an implicit formulation.

Where an implicit formultion is used, either the Newton—Raphson

method or the total increment method is employed to linearize the
approximating equations.

Thé'only ﬁértically integrated areal model 1is the one developed
by Faust and Mercer (1977a).

_All methods employ some form of upstream weighting for the con-

vective term.

‘The transition across the phase boundary is accomplished in a num—

ber of ways. Most schemes involve some method of numerical damping
which stops the oscillation across this boundary. Only the model of
Voss and Pinder (Voss 1978) completely resolves the phase-change

"problem. The  approach of Thomas and Pierson (1976) deserves addi~

tional study; it was difficult to evaluate based on the available
1iterature.

A well—bore model is included in the models of Toronyi and
Farouq-Ali (1975), Coats (1977), Thomas and Pierson (1976), and
Brownell et al. (1975).
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. Dimensions: :the number of space dimensions employed in example

= .. problems

Phases: the number of phases that can coexist at any given

point in space and time. ;... .

sote

- IFD dendtes integrated fiﬁiteldifféféﬁééf n

Spatial approximation: the numerical scheme used to
approximate space derivatives '

g

-  FD denotes finite difference

- FE denotes finite element

Temporal approximation:,,theupuﬁericalﬁscheme,used to

approximate the time derivative

W

- FD denotes finigebdifferentlwa'

Vertical integration: the formal procedure of integrating the

. .three=dimensional equations :vertically when .generating a

two—dimensional areal model.

.Convection term: . the form in which the convective term appears

"in the model

Convective term approximation;, the numerical scheme employed

in approximating the convective term. . .. . -

.. =..JFD denotes upstream-weighted finite difference
" - UFE denotes upstream-weighted finite elemen:k,,

¢

_ Time integration of unknowmns: the type of time-derivative

approximation employed . .
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'~ @ denotes a general’ formulation 0.5¢ ¢< 1.
- CENT denotes a Crank-Nicolson scheme (i.e., § = 0.5)

- IMP denotes a backward difference épproximation

Time integration coefficients: the location in the time domain

where the nonlinear coefficients are evaluated (nomenclature

the same as previous’ case)

Nonlinear approximation: the method used to linearize

nonlinear equations °
- NRA denotes Newton-Raphson iteration
- 1IMPES denotes implicit pressure, explicit saturation

- TIM denotes the total increment method

Phase change method: the technique used to move numerically

across the phase-change boundary

"= LEX denotes limited excursion technique ,
= At ADJ denotes a modification of At as the phase boundary is .
approached ' '

- TAN denotes a modification of Newton-Raphson to allow the
‘tangent to be taken in a direction away from the phase
boundary

- IMP denotes a formulation accounting for the phase change
with the equations- oL '

- SLA denotes saturation line adjustment

- Solution scheme: the method used to solve the two coupled

governing equations -

=7 SEQ denotes the ‘sequential ‘solution of each (i.e., N

equations are solved twicé‘per iteratién),"'l"' \-j'
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SIM denotes the simultaneous solution of 2N ‘equations at

each iteration

e ~Mat
' equ

rix SOlution:“*the-teéhniqﬁe»used*:o“éblve'linear algebraic

étions

"'ITR denotes an iterative method

“ADI deriotés alternating~direction 1mplic1t procedure -

"D dénotes a direct solution scheme = * ' s

"SSOR ‘denotes  slice successive ‘over relaxation

“IMPES “denotes implicit-pressure, explicit-saturation method
“ BIFEPS denotes: block-iterative, finite-element preprocessed

“gcheme

" e Ava

ilability: the designation of availability of model to the

'pub

e

"“PUB designites models funded through public monies and

" 'tHerefore “available'to the public ' ' :

‘LPRIV ‘designates models developed with private funds which
:”iare thus ! probably proprietary ‘ ’ ‘ '

“The formulation of ‘the approximating equations is relatively"
straightforward. The 'linérization of the resulting nonlinear equations
is rather challenging. The Achilles' heel of the methodology is the
tredtment of the phase change: - For ‘some problems; probably the majority
% iof ‘those ‘encountefred in the field, the ‘problem can be treated rather

erudely,  Forithose:which dre dominated by the phase=change phenomenon,

"i‘an‘accurate

fofmulatién”is~eSSentia1; “Because there 1s no test which is

sifficient tdﬁdemonstrateiﬁhe accuracy of geothérmal reservoir simula-

tors, Pinder could only specilate on'the adequacyfof~thisfe1ement‘of the

development.
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Solution: Scheme -

The flow and energy equations can be solved either sequentially or

~ simultaneously.. The sequential solution employs estimates of the energy
variable when‘soiving the flow equation and estihates Qf,tﬁe flow vari-
able when solving the energy equation. This.uncoupling is desirable
because it is more efficient to solve N equations twice than to solve 2N
"equations once. The disadvantage. is that it 1s.genérallyvneceséary to
iterate between the equations, and;convergence is.not, 1ﬁ general, guar-
anteed. The majority of existing models solve the two .equations simul-
. taneously and employ'Newton—Raphson type schemes to accommodate the
nonlinearity which arises.. The two-dimensional model of Faust and
Mercer (1979b) and the formulation of Lasseter et al. (1975) are-

exceptions to this general rule.

The matrix equations which arise in either approach may be solved
either directly or iteratively. Direct methods are based on Gaussian
elimination and are reliable when applied to a well-behaved system of
equations. Iterative methods tend to be more efficiént for large prob-
lems (e.g., more than 500 equations) but generally require a higher
level of numerical ingenuity .to program and apply effectively. The
majority of iterative schemes are block-iterative and thus incorporate a
ditect.solutidn module in the iterative algorithm. This is true for the
- models considered, with the exception of Lasseter et al. (1975)..

The primary factors to consider iﬁ‘the~se1ection of a solution
scheme are accuracy and efficiency.  Ease of programming will probably
- -play a .secondary role because of the considerable computer costs in-
volved in geothermal reservoir simulation.  Because a comparison of the
accuracy. and efficiency of the modéis~out11ned,1n Table 2 has never .

been undertaken, one cannot select an optimal approach,digéctly,:g,;
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e TABLE 2
~ DIMENSIONALITY OF MODELS

1-D UPDOWN Hand Calcs
- CcCC ’ . CCC
CONSOL3 SAREES

. 2-D ccc BIEM2D
' ' 'CONSOL3 " ' CONSOL3

Axisymmetric gcc "« Hand Cales
- .. .. ..CONSOL3 .. CONSOL3 -

3-p < ‘ecc "~ SUBSID
o o : - NFOLD

DIMENSIONALITY FLOW MODEL DEFORMATION MODEL s
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The complexity of geothermal reservoir physics essentially pre-
~ cludes the verification of existing codes using analytical solutions.
. One can, however, compare solutions generated by a model against other

numerical~solutions or experimental data.

. The Question of Uncertainty

In tﬁis sectieneweiattempt to addfess tﬁe questioﬁ‘ef simulation
uncertainty. In fact, each of the preceding sections has addressed this
problem indirectly. Because the history of geothegmele;ese;voir simu-
lation is very short, we have little experience with which to estimate
the accuracy of our forecasts. Thus, this discussion must draw on per-
sonal experience and studies in felated areas. In Figure 2, we present
a completely subjective estimate of the distribution of uncertainty in
the reservoir simulation process. We wish to emphasize that uncertainty
does not reside within the technoiogy of equation solving but rather
resides in the formulation of the equations and the measurements of

field parameters.

With respect to geothermal reservoir simulation, we are led to con~-
clude that uncertain input data generates solution uncertainty of about
the same magnitude (using the coefficient of variation as the uncer-
tainty measurement). The greatest uncertainty in the solution occurs
during the period of maximum change in the system. As the system
approaches steady-state, the solution uncertainty decreases. The
problem that remains to be considered is the estimation of the input

uncertainty.
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FORM OF
GOVERNING
EQUATIONS
(8 PARAMETERS)

PARAMETER
ESTIMATES

RESERVOIR
GEOMETRY

SOURCES
AND SINKS

. FIGURE 2 |
RESERVOIR MODELS: SOURCES OF UNCERTAINTY




2




27 ¢

- COMPUTATIONAL MODELS FOR - DEFORMATION
' Thére are a number of techniques which can be used to numerically
: model 'geothermsl subsidence. ‘These include nucleus—of-strain tech-
niques, boundary-integral techniques, the_finite-elementlmethod, the
finite-difference method, and analytical solutions. For each technique
there are usually a number of‘diffefént5type5ﬁof.imp1ementation in terms
of dimensionality {one-dimensional,’ two-dimensional, axisymmetric, and
"N three-dimensional), material propetties (linear/nonlinear, homogeneous/
’5iﬁh6mogeneous);“end'sO on,’ In addition, for:each technique and each
type of implementation there are often a numberaof'cbmputer programs,
developed at different institutions, with greater or less sophistication
in tefﬁs*of’debugging;fdoéu&éﬁtatibn;“generelity, usability, etc. The
“f1irst task peérformed in this study was to’ attempt’ to 1dent1fy all of the
major models and then 'to select a number of representative models: for

detailed evaluation.

Sophisticated reservoir models_(reviewed in Pinder 1979) were ﬁot
included in the survey of existingvadels’deseribedfbeIOW. Nor were any
. of the reservoir models tested due to the anticipated difficulty in
acquiring the models, defining test’ problems, and conducting successful
. ~ analyses. This is not to understate the importance of reservoir models
1ﬁ’the?OVerail'subsidenceﬂmbdéliﬁg'proceésiftheyrare'justfes important
as deformation models. Three of the tested models do treat coupled
- flow, but all of them are limited to single-phase flow and’ only one
treats heat flow and thermal effects. S

'

'MODEL SELECTION ' -

A questionnaire was prepared and distributed to a list of model
owners: The ‘1ist was based partly on personal knowledge and partly on
" “models didentified from publications (including Atherton et al. 1976 [27
"ﬁ; » models] and Grover et al. 1977 [10 models]). Each recipient was in turn
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asked to identify any model owners who had not been contacted. 1In all,
25 questionnaires wete-éent outrénd 11 résponseé were réceived. " Figure
2 is a schema which was included with the questionnaire and which was
infended to help elucidate the different types of modeling techniéue and

implementation.

In addition to the models identified by the survey, a number of
-techniques for subsidence modeling were identified ﬁhicb‘were not
- associated with a particular author[or.compdter program. .  These included
boundary-integral techniques, methods of hand calculatiqn, ahd,nuclgus-

of-strain techniques.

’

The selection of models for detailed review was relatively o
straightforward. A majority of the models reported in the literature
-were not developed with the intent of being used by others. As a
result, they were not available, not documented, or were otherwise
unusable. In the end, seven models were selected for detailed review:

° Hand-calculation'techniques
¢ The nucleus-of-strain method (SUBSID)
‘e The one-dimensional Terzaghi-consolidation method (UPDOWN)

¢ The two-dimensional boundary-integral-equation method
(BIEM2D)

o A two-dimensional nonlinear finite-element modelyforv; o
deformation with coupled isothermal fluid flow ( CONSOL3)

e A three-dimensional integrated-finite-difference model for
single phase nonisothermal flow, with one-dimensional Terzaghi
deformation (CCC) S , " \-j
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. ';A,threefdimensional,diSplacementfdiscontinuity method (NFOLD).

Each of these models is discussed in some detail in the following

sections.

It was, _decided that a three-dimensional finite—element method pro=;
gram would not be included in the detailed review _process. Although
such models have the theoretical capacity to produce better results than
'any of the models we selected, that capability is probably not real-'
izable in practice due to the enormous cost of running the models. We
. found that (1) it would be a major expense to. acquire a suitable pro-
lpgram, (2) it would be somewhat expensive to modify the program to accept
bwspecified pore pressures and temperatures as input, and (3) it would be
a further major expense to run the program. It was decided that it was
not appropriate to incur such expenses simply to demonstrate what is
already known--that three-dimensional finite—element deformation models
are forced to use grossly simplistic meshes in order to prevent unac-

‘ ceptably high costs. Had there been a freely available, fully docu—
‘b‘mented, and tested code with the capacity to handle specified pore

‘pressures and temperatures, we would probably have elected to test it.

7 One disappointment of the model selection process was that we were
Aunable to find a functioning model which coupled state—of-the-art reser-
voir flow physics with the full equations of deformation mechanics.

Such a code (AGRESS) was at one time developed at Systems, Science and
Software, Inc., but it was not successful due to numerical .difficulties
and high cost. A two-dimensional singleifluid phasererSionhof such a
_code has been developed by Dr. Alberto Peano (Istituto Sperimentale
ngodelli e Strutture S.P, A., Viale Giulio Cesare, 29-24100 Bergamo, 4
Italy) but was . not available in time for this study (see Borsetto 1979a,
9796,
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A brief description of each of the selected models follows. The
‘models are described in more detail in Companion Report 2 (Miller et
al. 1980b). Table 2 summarizes the dimensionality of the models.

Hand-Calculation Techniques

'It:is‘possible'to use a number of techniques to compute the
one-dimensional compaction of the reservoir materials., Thrée‘techniques
were selected for testing. a one-dimensional poroelastic theory using
specified temperature and ‘fluid pressure changes, a one~dimensional -
poroelasticity theory using specified temperature and volume of fluid
removed, and the Terzaghi e—log p consolidation equation. ' The propaga—
tion of'the reservoir compaction to“the ground surféce uses'a'technique

developed by Geertsma (1973) for a disk-shaped poroelastic reservoir.

1-D Terzaghi Consolidation Méthod UPDOWN

- The model selected in this case is that developed by Helm (1975)
while with the U.S. Geological Survey. The model is intended for use in
a horizontally layered system and computes the time—dependent compaction
~of an aquitard (clay or shale layer) due to water-pressure drops in the
adjacent aquifers. The program assumes one-dimensional compaction with
Terzaghi~type e~log p behavior and with Darcy flow of constant-density
- water. Due to‘aquifer production, the'program was designedvfor modeling

subsidence rather than for geothermal subsidence.

Nucleus-of-Strain Model SUBSID

Variants of the nucleus-ofvstrain method have been developed by a
number of investigators (e.g., Geertsma 1973; Gambolati 1972) Essen-
'rtially, all the models rely on an exact solution to the problem of a

uniform pressure or temperature drop within a spherical region in an
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isotropic, homogeneous’elastic'half—space;' In SUBSID, irregularly-"
shaped reservoirs are modeled by superimposing the effects of a number

of spheres.

The" computer program used was developed by~ Golder Associlates for
the purpose of the study and ‘is’ reproduced and documented 'in Companion
 Report’' 2 (Miller et al.’ 1980b). The solution was based on the Mindlin
and Chen (1971) adaptation of the’ Goodier (1937) solution for a’ point

temperature change in an infinite’ ‘spaces

2-D Boundary-Integral—-Equation Method BIEM2D

The program selected in this case'was originally developed by 'John
W. Bray at the University of London. The version used in the study was
tagen“from'the book, Underground Excavation Engineering, by Hoek and .

Brown (19807) ‘and was modified to incorporate fluid pressure and temper-
dture effects. ' The method ‘models a- two-dimensional homogeneous ‘elastic
isotropic space in plane strain and is defined by linear ‘boundary ele-

ments along the ground surface, around contours of pressure and temper—

ature drop, and around any underground excavations.

2-D Finite-Element Coupled Flow-Deformation Model CONSOL3

VThis is a fully-coupled two-dimensional (planar or axisymmetric)
‘model for Darcy flow Of.water and nonlinear deformation, The program
was developed by Roland W. Lewis at the University of Wales at Swansea
and has been used in several simulations of subsidence induced by
groundwater extraction (Schrefler et al. 1977; Lewis and Schrefler
19782. For problems where the fluid pressures were known (from field
observations or from a reservoir model), it was intended to specify the
fluid pressures as boundary conditions and use just the deformation

agpects of the model.
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.

3-D IFD Model for. Reservor Heat and Mass Flow CCC

This code was developed at Lawrence Berkeley Laboratory (Lippmann
et al. 1977). it’consists of an IFD (integrated finite difference)
model for flow in systems of any dimensionality (one-dimensional,

: two-dimensional, axisymmetric, or three-dimensional). The vertical
strain in each element is computed based on the Terzaghi assumbtibns of
constant total vertical stress, no lateral strain, and e-log p or e-p
behavior. The flow model incofpprates singléfphgse fluid and heat .
flow.

3-D Displacement-Discontinuity Model NFOLD

_ This model was developed by Krishna Sinha while at thevUniversity
of‘Minnesota.(Sinha 1979). It is designed for analyzing the three-
dimensional stress énd displacgmgﬁt fields(induéed by mining activities
in thih'seams'in an isotropic homogeneous elastic medium. It can also -
model. induced movement of faults. It was modified for this project. to

incorporate the effects of pressure and temperature drops.
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PROFICIENCY ASSESSMENT

INTRODUCTION

_ When _seven models had been selected for detailed review, the next
step was to make proficiency assessments of the models.' This involved
reviewing the usability'of'each*model and testing its ability to perform
its calculations "as advertised.” 'Usability.included such items as the

’ quality of documentation, the programming style, the -ease of input, and

the comprehensibility of . output.

Testinggoffthe'modele!tehility:to perform their calculations was
done by using»a.series«of standard test. problems. Not all models were
suitable. for all of the test problems, which, although simple, were
designed to exercise a number of modeling aspects. A brief review of

the six test problems follows.

SAMPLE PROBLEM DESCRIPTIONS

For simplicity, a constant pressure drop in the reservoir was

‘ assumed in each problem. Material properties are also conmsistent

between problems. The reservoir material was assumed to be linear
elastic, described by constant bulk modulus K and Poisson's ratio v.
For problems  in which flow to the reservoir from confining layere was

permitted, the confining layer material properties were represented by a

nonlinear e-log p compressibility‘relation. Unless specified (as in the .
case of the e-log p material), the material surrounding the reservoir is
assumed to have the same material properties as the reservoir interval.

Material properties are specified in Table 3.

The six problems are discussed in general below. A summary of

pertinent factors for problem definition is given in Table 4.
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- “TABLE 3
MATERIAL PROPERTIES

'LINEAR ELASTIC E-LOG P COMPRESSIBILITY

e

= 1.44 x 106 Ce = 0.15 (compaction coefficient)
(bulk modulus) g . I
. e = 0.3 (void ratio)
U =0.25 "~ my = 1.111 x 1076 psf
(Poisson's ratio) e o =
Cy = 1.736 x 10-6 £ft2/sec _
(coefficient of consolidation)’
k = 1.208 x 10-10 ft/sec

‘(hydraulic conductivity)
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e TABLE 4
SAMPLE PROBLEM SUMMARY

PROBLEM

NO. ' DESCRIPTION -~ - -
1 Uniform linear elastic material properties throughout
. half—space.A
Rock mass saturated from surface downward.
Reservoir interval bounded above apd beidw by‘impermeable
boundaries:_
Inrtial,pore preeeqre,drstributiop ae,ehown‘ip Figure 3.
Uniform pressure:dropqu 5.04vx710€_psfpinireEervoir.
2 Linear elastic reserveir and elsewhere except shale layer;
infinite reservoir. :
Shale layer‘ejxqgipﬂepﬁpreesipiliry;\f
Impermeable‘boyndery‘below reservo;r.
Cons:anglheed boundary at._top of shale layer.
Uniform pressure drop of 5.04 x 104 psf maintained in
reservolr. :
Init{al and final pore pressure distribution as shown.
3 finite;“rhin reserreir«of diskrshape;;j

Impermeable bbpnderieevaropnd‘reeervgit..
Uniform linear elastic material properties throughout.

Initial pore{pressere‘@gstriburion as shown.

- Uniform pressure dt?p of 5.04 x 104 1n~reéervo;r.
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TABLE 4 (Cont.)
SAMPLE PROBLEM SUMMARY

PROBLEM-

. NO. DESCRIPTION
4 _ Same geometry as Problem 3.

Properties of shale layer above reservoir: e~log p
compressibility..

Impérmeable boundary below reservoir.
Constant head boundary at top of shale.
Besides shale layer, material linear elastic.

Uniform pressure drop of 5.04 x 10% psf maintained in
‘reservoir.

Initial and final poré pressdre’as shown.

5 "Thick, cylindrically shaped resgf#bir.
Uniform elastic material properties'thrdughout.
Uniform preséure drop of 2.16 x 104 psf in reservoir.
Impermeable boundaries surrounding résefvoir.

Constant initial pore pressure gradient of 61.92 psf/ft from
surface downward. .

6  Wedge-shaped reservoir.
Uniform elastic méﬁerial propérties~throughout.
Uniform pressure drop of 2.88 x 104 psf in reservoir.
Impermeable boundaries surround reservoir. |

Constant initial pore preséure,gradient of 61.92 psf/ft.
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For problems 1 to 4 the assumed hydrostatic gradient from surface
to a depth of 500 feet was 61.92 psf/ft. From 500-foot to 570-foot
v’depth the head is assumed to increase linearly from 61.9 to 100.8 psf/
ft. Below 570 feet, the gradient 1is constant at 100.8 psf/ft. In
problems 5 and 6, a hydrostatic gradient of‘61.92 psf is assumed for the

entire depth represented in the problems.

In problems 1 and 2 (figures 3 and 4) the reservoir interval is
infinite in lateral extent and thin relative to its depth. A uniform,
instantaneous pressure drop is assumed over the entirerreservoir. No .
fluid~-flow calculations need .be done for-problem 1. Problem 2 is one-
dimensional in fluid flow because vertical flow to the sand from the
overlying clay is allowed. After the’ initial pressure reduction, the

.

pressure is held constant in the reservoir.

Either problem 1 or problem 2 can Be solved by,allfof the candidate
programs except NFOLD and SUBSID:“‘Exaét‘analytié“éolutibns can be
obtained for these problems to provide checks on program solution

accuracy.

The finite reservoir problems 3 and 4 (figures 5 and 6) represent
the next step in geometric complexity in that both are two-dimensional.
Depending on ‘the program, these problems were run in either planar two-
dimensional or axisymmetric mode. (For example, program CCC could
accommodate either axisymmetric or planar geometry; and so both geomet-
ries were run.) The BIEM2D program, on the other hand, could accommo-
date only planar two-dimensionalzgeometry.‘ Problem 3 is similar to .
problem -1 in that the reservoir 1is confined. Flow into the reservoir
from the confining layer is allowed in problems 2 and‘4. Surface dis-
placements for the finite—confined‘axisymmetric-reservoir problem can be

compared for accuracy with analytic solutions obtained by Geertsma
(1973).
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39
Ground Surfgce - ST SN
initial Pressure
Final Pressure: ———
] 61.9 pst/ft.
(43 psi/ft) -
500 P
ft
L 2 I ‘ ‘ *  Constant head
.__—T_—_-_:::i—d.‘:ie:—: =
0ft—— o gty -
SO #fiR ‘
S EEGEE TV TR HOCACHY ORI GH
- Impermeabl

200 - 400 Pore Pressure, psi

L. , 5
Pore Pressure
™1 T 1 1 b,(l T QE) pstlOS’

FIGURE 4
SAMPLE PROBLEM 2
" INFINITE LEAKY RESERVOIR




40

Ground Surface A
< L

€1.9 psf/ft.

500 (.43 psi/ft.)
/\,

701, ' - Impermeable
. % - : A\
50 o s, RAD Py 00
¥

i I Y
(o] 200 400  Pore Pressure, psi
L .

VT T T Pore Pressure
O ' 20 ' 40 ' €0 ' go Pore Pressure,

FIGURE 5
SAMPLE PROBLEM 3
FINITE CONFINED RESERVOIR '




41
.
’ Ground Surface : A~

1 Initia!’ Pressure wmmmm———

(\ » Ftngl?rpssuro ———

™ BUS . 61.9 pst/ft,
o (.43 psi/ft)

" Constant Head
. N m— eIy A -

ot = T SC _Bhale= — = =t = 2=

impermeable O 200 400  Pore Pressure, psi
71711717 T 71T 1 Pore Pressure,
(o] 20 40 €0 80 psf X103

 FIGURE 6 .
" " SAMPLE PROBLEM 4 ~
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Problem 5 (Figure 7) repreéents a thick reservoir surrounded by im-
permeable boundaries, 1t was run in both the axisymmetric and planar
mode. The problem is identical to problem 3 except in Ehe,ra;io of
depth to reservoir thickness;_‘ln problem 3 this ratio is 11.9, whereas
in problem 5 the ratio is 1. This problem permitted evaluation of pro-
gram capabilities for solution of ﬁroblems,in which horizontal displace-~

ments and stress changes in the reservoir become significant.

A wedge-shaped reservoir was used in problem'6 (Figure 8) to repre-
sent a three-dimensional problem. Again, fluid-flow calculations were
avoided by making all reservoir boundaries impermeable and by main-

taining a uniform constant pressure drop in the reservoir.

MODEL ASSESSMENTS

After the selection of the seven models and the definition of the
six test problems, it remained to attempt each sample problem with its

appropriate model. The resdlts of this process are summarized below.

Hand Calculatioﬁ ﬁethoﬁs

Theory and Computationél Method

One-dimensional compaction of aquifers and aquitards may be calcu-
lated by hand. The tempefature change-and either tﬁe:voiumé of fluid
produced or the pressure change in :He of interest must be specified.
Surface subsidence is determined using the Geertsma thin?disk»solution,

superposing a number of disks if necessary. .

Capabilities

Either linear-elastic or e-log p constitutive relatibnships can be

assumed. As the reservoir is assumed to be one-dimensional, the
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" compaction is laterally wmiform. The overburden material must be
linear—elastic, isotropic, and homogeneous. Although the subsidence
profile due to an arbitrarily shaped reservoir could be calculated by
hand, determining the combined effect on nonconcentric disks can bé a

tedious job.

Usabilitz

A hand-calculation méthpdffét determining compaction and subsidence
is described in Section 2.0 of Companion Report 2 (Miller et al. 1980b).
The information required is tathetrrudimentgry. Elastic and thermal
properties of the reservoir fluid'andfmaterial muét be known to computé
compaction. Poisson's ratio for.ihe’overbu:déh ié specified in the
subéidence computation. Ease beéa1Cu1ation could be improved by
extension of the table of 1ntegraié; which 1é used in Geertsma's (1973)
disk solution.

Performance On Sample Problems

All sample problems were solved by hand. Where necessary, simpli-

fying assumptions were made. The aquitard in problem 3 was assumed to

have the same lateral extent as the aquifer. The prismatoidal reservoir

in problem 6 was modeled into a cylinder of equal volume to approxi-
mately determine surface subsidence. In all cases, the calculation of
Eompaction”and subsidence was straightforward and the answers compared

well. to those found by using the six computer programs.

\Nucléus;of48train ModelrSUBSID;

Theor§ and computational method

SUBSID models the propogation of stress and displacement induced in
a homogeneous, 1sptrop1c;linear half-space by pressure changes at spher-
‘ical nuclei of strain within the half-space. '
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The solution to the case of pressure changes in spherical inclu-
sibus’is°ouire‘genera1,fsinée”ifAéllows'modeling‘in three dimensions and
since any shape of pressure change sohefcan‘be‘modeled'by'Superposition

]

of spheres.

" Pprogram Capabilites

SUBSID does not model geothermal reservoirs themselves but rather
models the propogation of stress and strain from the reservoirs. A
reservoir is represented as a pressure-change'regioh“made'up of an array
"of spheres. ' The pressure change chosen for the spheres must represent
both thermal and’ pore-pressure effects ‘within the reservoir due to the
» extraction’ of ‘geothermal fluid. 'The reservoir and the surrounding
| material are assumed to be made of the same homdgeneous;'iSOrropic
linear elastic material desoribed by Young's modulus E and Poisson's

ratio U.

Program Usability

SUBSID is an easy program to use. Documentation for the program,
which ‘is included in Companion Report 2 (Miller et ‘al, 1980b),
thorough and straightforward. Input to the program includes only
material properties E and VU and sphere radii, location, and pressure 1
drops. Output of induced stresses and displaoemeﬁts is available at any
user-specified observation point. The progrem;ithoughjrhree~‘4
dimensional, is 1uexpensive, it requires less than 9 CPU seconds on a
CDC Cyber 75 computer for 208 source spheres and 484 observation
i'points. e ‘ ' o

Performance on Sample Problems

‘ SUBSID'could'%e‘1mp1emehreo oh semple problems which:
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e Are reasonably three-dimensional
e Could be represented by regions of known pressure drop in a

body. with no pressure change,’\

SUBSID was used to solve sample problems 3, 5, and 6. Sample prob-
lems 1 and 2 are essentially one—-dimensional and are therefore inappro-

priate for SUBSID. Sample problem 4 includes a shale aquitard of

.unknown pressure drop.

- Coding of sample problems wasietraightforwerd,‘end threej)
dimensional results were obtained at moderate cost (l.to 9 CPU seconds).
Results from the axisymmetric problems 3‘and 5 were compared with
Geertsma's t1973);ana1ytic solution for a uniform pressure drop within
an infinitely thin disk. The Surfaee verticel and horizontel disblace-

ments are generally within 2 percent of,enalytic solutions.

One-Dimensional Consolidation Model UPDOWN

Theory and Computational Method

UPDOWN calculates one-dimensional coneolidation according to
Terzaghi theory. Solution is achieved bypapplication of the finite

difference method in space and time.

Program Capabilities

UPDOWN performs only one-dimensional flow and deformation calcu-
lations. Its strength lies in its ability to handle material properties
which are weakly nonlinear and inhomogeneous and boundary conditions

which vary with time.

- Terzaghi consolidation can be described in terms of effective
stress p, hydraulic eonductivity k, and specific storage s. Both k and
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s can be specified as functions of . stress or location. Boundary condi—
tions are expressed in terms of effective ‘stresses above and below the
zone of flow. Effective stresses on, the -boundaries can be specified at

any desired time.

' -, Program Usabiiity¢,,¢

T , , T ‘ , S

The theory of UPDOWN is straightforward and is explained well in
the literature, Application of the program could be hampered by inade-
quate explanationsiinvthe,available input manual and by bugs in the
program.. . . . . o . o

The preparation of input for UPDOWN requires iittle effort._ Only a
small number of parameters are required, andrinput is organized in a 7
logical, concise manner. Compaction is output at any user-specified
time interval, and effective stresses are output at every grid point
within the aquitard, If nonlinear modeling is required, profiles of
virgin andzeisstie specific storageVand.oﬁ,pydraulie3conductivity;are

also,output. ..

The solution cost of UPDOWN is very low—under 6 CPU seconds for

‘the sample problem run to test the program,. . - .

.. Performance on Sample Problems

Only one—dimensionsl problems with flow-through porous media can be
modeled by UPDOWN., Use of UPDOWN was therefore restricted to sample

problem 2. All other sample problems except sample problem 1 are either

‘two- or three-dimensional. 'Problem ]l does not allow flow. . -

. Fiév,resultsfftom,UPDOWNfagresdfWith‘FhOéefObtained»byathe;more
sophisticated-flow_progrem‘pcc,;with;steadyfstate,reached,at approxi-
mately 30 years. . Ultimate consolidation,agreesfwith the analytic solu-
tion obtained using hand calculations and the Terzaghi theory.v
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‘Boundary Integral-Equation Method BIEM2D

" Theory and Computational Methods

, The boundery integral-equation method is a low-cost technique for
modeliﬁg the effect of regions of stress or teﬁperatﬁre change :within a
homogeneous, isotropic linear elastic space. The particular method used
is based upon a solution by John W. Bray of Imperial College, with
modification by Golder.Associates. The solution uses superposition of-
closed-form solutions of stress and displacement fields for strip loads
within elastic media. Pore-pressure and temperature-change effects are
both modeled by applying strip loads around contours of pressure or tem-

perature drop.

Program Capabilities

" Only two-diménsional plane strain propogation of stress and dis-
placement are modeled by BIEM2D. Mass flow, heat flow, and time-
dependent phenomena are ignored. All calculations are performed at °

equilibrium.

Anisotropic or inhomogeneous spaces cannot be modeled. Pressure
and temperature change contours may occur at any location within the
elastic space, at any orientation, and with any magnitude. The presence

of the ground surface is‘incerporated.

Program Usability

A new users' manual, including reeent program enhancements and an
improved discussion of input parameters, is given as Appendix B of
Companion Report 2 (Miller et al. 1980b). With the users manual and a

rudimentary understanding of the program, éémplexvmodels fot‘geothermal

‘feservoirs can be coded in approximately 1 hour. Geometries and

&/
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material property assumptions are simple and can be:coded in a straight—
forward manner. Specification of stress or temperature change boundary

elements is aided by automatic element generation.

Program output includes stress and displacement at each boundary
element and at any user-specified grid points. Output is self—

explanatory. . ;i, L P Soope

~:- Due to the efficiency of ithe eode,.the:cost“of modeling for well-
formed, straightforward problems is generally under 1 CPU second.

Performance on Sample Problems

o BIEM2D is one of the most facile models:studied -and was used to
model every sample problem .in vhich pressure~change contours were

known (sample problems.l, 3,~5;;and 6).57
.. All :sample problems excep;psemple pioblem 6 were solved‘in'iess-
than 1 CPU second. Sample problem 6, in which a three-dimensional ..

geometry was approximated in two dimensions, fequired 1.2 CPU seconds.

The ground surface subsidence in sample problem 1 was within 3

,percent of the analytic solution.-;

2-D FiniﬁefElement Coupled Flow—Deformation Model CONSOL3

Theory and Computational Methods

CONSOL3 has the mosn epphiefieate&ﬁdefornaﬁionAnheery of.the monels ‘
tested. It uses the finite elenen;Amethqq;withuieoperanet:ie.eiements
to model the coupled flow and defonnaﬁion of heteroéeneous, isotropic,
eiastie-plastic_materiale.,.Problens can be two-dimensional: (plane

strain, plane stress) or axisymmetric.. In the time domain, an
7
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adjustable implicit finite-difference scheme is used. ‘A full set of
matrikx equations is formed and solved using a Gaussian solvétiat each

time step.

Program Capabilities

Up to 200 elements and 300 nodes can be used and up to 100 time
steps can be taken (these limits depend on computer memory size). A
number of stress-strain models are available. Single-phase, isothermal

flow of an elastic fluid is considered.

Program Usability

" - The documentation for CONSOL3 is poor. Explanations are limited
and there are eérroneous and misleading stateﬁents. Input to the program
has some convenience féatures but could be greatly improved. Output
includes effective stresses, displacements, reactions, and flow rates.
The:program is not particularly efficient and is expensive for large

problems.

Performance on Sample Problems

Sample problem 2 was modeled using two quadratic finite elements,
and the steady-state solution matched the exact solution. Problem 4 was
modeled with 42 quadratic elements and produced very believable

results.

Multidimensional Heat and Mass Flow Model CCC

“Theory and Computational Methodé.-

According to equations developed by Lippmann et al. (1977) and -
other researchers, CCC models the flow'df'hegt and fluids through porous
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media on the basis of conservation of mass, momentum,  and energy.‘/The
solution is achieved by application of enyiﬂtegrated finite~-difference
technique. ‘The’iﬁtegrated finite?differenee technique allows solution
to be' achieved in either ome, two, or three dimensions, Coupled stress/
heat-flow/massflow calculations are achieved by an iterative technique

which alternates heat-flow and fluid-flow calculations over time. -

~CCC'models~deformation as either a linear or a nonlinear one-
diménsional consolidation: Even where flow calculations are three-
dimensional; deformation cdalculations areréne—dimeneibnalil ‘ ‘

CCC performs effective stress calculations and assumes ' constant

total vertical stress at the upper boundary.

- Program Capabilities

CCC is an extremely flexible program. It can handle any dimen-

" sionality of flow (but only one-dimensional deformation). Material
propertiesfcan‘beiinhomogeneouSVBut‘hotfahiébtrOpic; ‘Both' fluid and
rock properties can be temperature dependent. Fluid viscosity, density,
thermal expansivity, and heat capacity can’be’temperature dependent.
vInrrinsic permeability, specific heat, and thermal conductivity may be
temperature dependeénts Permeabiiityfmay also be' a fﬁhétion‘of void

ratio for nonlinear materials.

‘Boundary‘cbﬁditioﬁs*cah<5e*speeifiedfas”maes~or heat flow or as

constant pressure or temperature. ‘Boundary conditions can be imposed at

i

any point within the space, as well as to the edges ‘of the region being
modeled. , ATl e k

‘A1l of ‘the capabilities of CCC have been tested by Golder Associ-

ates, and all perform adequately., e R i
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Program Usability

~The flexibility of CCC .makes it difficult for the user_to. under-
stand and code input parameters. Although the input manual is feirly
comprehensive, there are many parameters which cannot be-determined X

without the éxpeﬁditure of considerable time and effort. -

in addition, the iteration scheme used by.CCC depends on several
empirical factors. These factors are difficult for an inexperienced
user to deduce and yet control the efficiency of caiculatiohs. ~With
properly selected factors, efficiency can be an order of magnitude
greater :‘than with default values.

Output from the prog;am, including stresses, temperatures, and
changes at all nodal points and boundaries, is. comprehensive. Control
of printout time intervals is inexact becausé the program chooses its

own time steps.
. ‘The cost of the program is dependent on three. factors:
Y ) Size and dé;ail of modeled region .
¢ Time frame .
e Iteration input parameters (discussed above).
For simple, one-dimensional problems, solution can be achieved in a
few CPU seconds, while three-dimensional, nonlinear models may require

hundreds or thousands of CPU seconds.

Performance on Sample Problems

CCC could be implemented fbr any problem in which flow occurred.
It was used for sample problem 2 (one-dimensional) and for sample

problem 4 (two-dimensional).
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“ % - 'Coding of sample problems was moderately difficult.: Even though
simple material properties were assumed -and ‘thermal effects were

ignored, iteration parameters took considerable effort to determine.

%)

-#17 The 'efficiency of CCC for'the sample problems was reduced con-
siderably by 'the’‘fact 'that even though thermal effects were ignored,’
CCC still performed coupled heat-flow calculations. ' Sample problem 2

‘took 3.5 CPU seconds, while sample problem 4 took 18.3,CPU seconds.
~1ir pore=pressure changes' predicted for sample problem 2 ‘agree with
“tresults obtained with hand' calculations and one-dimensiénal consoli~-
dation program ‘UPDOWN. Pore-pressute changes predicted ‘for sample
problem 4 are identical to one-dimensional results -over the reservoir

and decrease rapidly at distance. This conforms with expectations.
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% Three-Dimehsional: Displacement=Discontinuity Model NFOLD - "+ ' -

R

ETTY .

wii7vTheory and Computational Method™ -#¢- - -

NFOLD models the propogation of stress and displacement from thin
rectangular elements within an elastic épace. NFOLD uses "a’.three-
dimensional displacement-discontinuity approach developed by Sinha and

“-Crouch (Crouch 1976):" This approach allbws considerable savings in time
and- expense, since only the discontinuity elements” thémselves must- be

T

modeleds v o

‘et NFOLD acéepts as' input’ prescribed values of reservoir compaction
and cannot model flow or boundary condition changes with time. 'Reser-
voir compaction has to be computed by a model such as CCC.
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NFOLD does all calculations in three dimensions and: therefore is

not efficient for one- or two-dimensional analyses. One- or
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two-dimensional analyses can be performed using NFOLD by apptoxiﬁating'

their conditions in three dimensions.A~»

NFOLD models the rock mass as a homogeneous, isotropic linear elas-
tic whole space or half-space, It cannot handle multiple materials. It
can, however, model nonlinear and stress~-free discontinuities and .is

therefore ideal for modeling fault zones.

Geothermal reservoirs are modeled by vertical;disblacements
(compaction) only. . This limifs applicability where substantial hori-
_ zontal movement occurs or where reservoir. displacements cannot be calcu-
lated. NFOLD can be used in conjunction with hultidiﬁensionalfflow_

programs such as CCC.

In its present form, NFOLD cannnot compute deformations other than
at elements, although the equations for this calqulation are known. - As
a result, we ﬁére force&-to use eleménés ﬁd model thé“grbund surface
(rather than using the half-space ‘option in the progrgm), which greatly

increased the cost of analysis.

'Program Usability

"NFOLDmis designed for ease of use. Input is simplified by a.clever
automatic. element generafion scheme. - Output is évailable,invcléarly
labeled tables and on printer plots. Documentation of the program
theory is available in pubiished papers. (Crouch 1973; Crouch and
Fairhurst 1976) and in a thesis (Sinha 1979).; The program users' manual

is adequate.

NFOLD is considerably more effiéient'than othef‘three—dimensional
models based on finite elements or finite differenées. ;Egtensive three-
dimensional models can be run for under 300 CPU seconds, including

nonlinear. fault elements.

C
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Performance on Sample Probiemsfi‘

As a three-dimensional model, NFOLD is inappropriate for most of
the case studies, which are one- or two-dimensional. NFOLD was used to
model sample problem 3 which is two-dimensional by use of-a large
width to approximate a-two-dimensional condition.. The model produced
tesults within 25 percent of the Geertsma analytic solution at a cost:of
130 CPU seconds and accurate results at a cost ofvabout 300:CPU seconds.

The high cost is due to the necessity of modeling in three dimemsions,

When used for a simple three-dimensional case study, the. cost was

- only 20 CPU seconds.

- SUMMARY OF MODEL ASSESSMENTS

A1l of the selected models_were able to eccurately perform their
calculations. ;There were, however,,major differences in thecusehility
of the models. The two largest models, CCC and CONSOL3, werevinade-

- quately documented for novice users and consumed a large emoﬁhts;of:time
in trial-and-error experimentation-to understand:input perameters;>-None
of the models‘hed pfogrammetS'documentation (lists of variables,~flow~‘
charts). None of the programs produced plotted output (except NFOLD,
which produced printer-plots of stresses and displacement). 'Table Sf
presents a qualitative summary of the results of the proficiency

assessment.

usability were- the fault of the model developers. Most of the models
were developed with the intention that they would be used only by their
creators. Also, the cost of making a: program highly usable and fully
docomenting it usually exceeds the cost of developing the program in the

first place.
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TABLE 5
RESULTS OF PRDFICIENCY ASSESSMENT

: : ' : USABILITY '
MODEL EFFICIENCY DOCUMENTATION -INPUT OUTPUT PROGRAMMING

Hand Calcs LW ¢ NA  NA NA

: Nucleus-of- ' S )
Strain SUBSID R ) - G (2) G . G .. F.

Terzaghi S |
Consol. UPDOWN G - F G G F

2-D Boundary-
- Integral-
Equation Method '
BIEM2D UG G (2) VG G F-G

2-D Cdupled : '
FEM CONSOL3 P P F F P

3-p IFD _
Flow Model CCC PG (1) P-F (2) F  F-G P

3¥D:Displaée—
ment Discon-
tinuity NFOLD = F 6 6 G F

VG = very good
good
fair
poor

not applicable

G
F
P

‘NA

1. CCC efficiency was highly variable, depending on selection of
some input parameters.

2. The original documentation was upgraded by Golder Associates.r
Users' manuals for BIEM2D and SUBSID are included in Companion
Report 2 (Miller et al. 1979b). The improved manual for CCC is-
available from Golder Associates.
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CASE STUDIES

INTRODUCTION - ’ : R SR S R R

ifhe objective "of the case ‘study phase of this research wag to
assess subsidence prediction capabilities through simulation of ‘selected
case histories. Selection of the ‘mathematical models used ‘in these
.sinulationsﬁwas'desctibed'earlierf"In this section, the selection of
 three acceptable case histories is’ described and the results of the

various simulations are discussed.

SELECTION OF CASE HISTORY
“Two "real” subsidence case histories and an “idealized” case -

" History were selected. The ‘two real-case histories ‘were ‘to be modeled
as accurately as possible ‘with available data. Candidate sites were
Wairakei, Chocolate(Bayou, and The Geysers. From these;-wairakei and
The Geysers were selected. The idealized—case‘sfﬁdﬁ;'thodgn*based on a
real site, was to be more generalized and hypothetical in nature than
‘the real-case ‘studles. Candidate ‘s1fes ‘were Austin Bayou Prospect, East

Mesa;'and'Raft‘River. Austin Bayou Prospect wds selected ‘as the

: Sy ey Eecd e v g B LT .

' These case histories were sélected based on ‘three criferia: " "
1. Relevance or similarity to. other geothermal systéms:
2. Quality and quantity of available data

‘'3, Diversity of geohydrologic environmént represented.

Each criterion is discussed further in the following section,

RN
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Selection Criteria

Similarity of Environment

- The most relevant of the hva;l#bleJSubs;den¢e case histories are
obviously those for geotﬁgrmal sites, - Unfortunately, there'are_very few
such sites wbrldwide. Therefore,rother subsidence sites having geo-
hydr&logic characteristics analogous or similar-to geothermal environ-
ments ‘were also cdnsidered. One example is the Chocolate Bayou oil and
gas field in Texas (part of which is geoptessu;ed), which 1s analogous

. to Gulf Coast geopressured geothermal sites.

In selecting a case to use as a model for the idealized case
history, additional sites currently being explored and tested for poten-
tial geothermal power development were considered. Some of these sites

have the potential to develop subsidence problems.,

Data Availability .

.. Availability .of detailed, aCCuratg’ﬁgﬁa was a critical criterion
for case history selection.  Defining input data for simulation of a
case using the more sophisticated models would require extensive know-
ledge of the geothermal system, including its geometry, fiuid and solid
~ properties, and history of development. Both input data and data on
reservoir and overburden respohse to production were required as a check

-of the modéls.,

To assist in comparing candidate sites, desired data were sub-

divided into the following categories:

e System definition

e Reservoir development
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e Reservoir response .
e Overburden response
e Physical-mechanical parameters
Typical data requirements corresponding to each of these categories are

3

summarized in Table 6.v,;‘;¢,

Consideringithe ahauﬁé of‘date“and:detsil required, it is not sur-
f prising that none of the case histories reviewed yielded ‘a satisfactory

'J

rdata set.

. Diversity of Enviropment

.. An effort has been .made to select case histories .representing the
spectrum of geohydrological ‘environments. There is obviously a limit to
the diversity which can be incorporated into three case“studies.. Never-

theless; an attempt was' made to select cases exhibiting variations in

: the following factors."' o

e Reservoir fluid type (one or two phases)
¢ - Reservoir and overburden geology
.o - Fluid pressures (e.g., geopressured or normally pressured).

Diversity is also important as sa check on the range of applica-
bility of the models. Models which accurately predict subsidence in one
;environment may be poor simulators of physical processes in another
environment. For example, the assumption of a linear relation between
volume change and pressure may be valid in one case but inaccurate in a
case which involves larger pressure changes. Thus, a goal of our pro-
gram was to determine the limitations of models with respect tq simu-
‘lation of the various different asoects of'reservoir and overburden

behavior. A parallel goal was that of developing an understanding of
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TABLE 6 -

DESIRED DATA FOR CASE HISTORY STUDIES

CATEGORY

TYPICAL DATA REQUIREMENTS

>Sys£ém béfinitioﬁ

Reservoir Development
Reservoir Response
Overburden Response

Physical-Mechanical
" Parameters

Geology of reservoir and overburden,
geohydrologic boundaries, faulting, inftial
conditions (temperature, pressure, stress),
heat-flow conditions (convective, conductive)

'Number and location of wells, chronology of well

placement, depth of completion, production rates
and magnitudes, reinjection

Changes in temperature, pressure, flow rates;-
pressure changes in interburden, compaction of
reservoir

- Pressure changes, deformations below and on

surface (subsidence medsurements)

Permeabilit&, porosity, compfessibility of

-interburden and adjacent overburden, material

constants (moduli, etc.)
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the relationship between accuracy of modeling of certain physical pro-

cesses and accuracy of subsidence préediction.

Discussion of Selected Sites

The process of ease history seledtlon'was made significantly easier
by a previously completed study, "Case Histories of Subsidence Areas”
(Grimsrud et al. 1978). In' the Grimsrud study, 34 subsidence sites
worldwide were evaluated and four were selected for detailed review.‘
The criteria for- selection of these four sites were essentially the same
as the criteria diScussed above. Thus, it was not"necessary to |
‘re-evaluate the same 1nitially large number of candidate sites. Tne
four subsidence case histories presented in detail in the Grimsrud ]
report were reviewed with respect to the specific requirements of this
stud&, and two e&ditional sites were'eValuated’for possible use es base
cases for the idealized—csse stndy. As a result of this review process,
three candidate sites for real-case histories were selected (Wairakel,
The Geysers, and Chocolate Bayon),andithree candidate sites:for the
idealized-case study were selectedb(Austin Bayou Prospect,iRaft River
Basin, and East Mesa). These six sites are reviewed in Conpanion Report
3 (Miller et al. 1980c). o o |

Table 7 is a summary of data availability and presents a quali-
tative ranking - of the data availability for each candidate case history.
Included in the rating is an evaluation of how well the data represent
“in situ conditions.k For example, permeabilities ‘determined from well
tests are much more representative of in situ permeabilities than per-
meabilities measured: from intact rock core. - This 1s particularly true
in cases’ where flow is fracture-influenced or- fracture-controlled (e.g.,
The Geysers ano;Wairake}). From Table 7 1t 1s inmediately clear that

there 1s mno available case where all required data are available.




TABLE 7

‘DATA AVAILABILITY OF CANDIDATE SITES

Austin

Thermal Properties

Otherwise

Chocolate East Raft
’ Wairakei Geysers Bayou Bayou Mesa River
' Stratigraphy Good' Fair-Poor Good-‘Excellent Good~Excellent Fair Fair
System Geologic Structure Good Fair-Poor Good-Excellent Good~Excellent to to
Definition Hydrologic Boundaries Fair Fair Good Good Poor - Poor
Initial Conditions Good Good Good Good
Heat Flow Poor Poor Poor ~ Poor
) Drilling History Excellent Excellent*
Reservoir Fluid Production
Development History Good Fair Good* NA NA NA
Reinjection/
Recharge Poor Fair
Pressure Excellent Fair - Good*
Reservoir Temperature Fair
Response Interburden None None NA NA NA
: Changes
Reservoir ~ None None None
Compaction .
o Surface Excellent Good Fair i
Overburden Subsidence NA . NA' ‘NA
Response Subsurface Movement None None None .
" Permeability ,
- Physical Porosity Fair Poor Rg:::v::: Rg:2$§g: :i?‘::tﬁgir ‘Poor
Mechanical = Compressibility to to Poor ’ Poor ’ . §one ’ to
Parameters ‘ Deformation Moduli Poor None Otherwise Otherwise None

*scsumed available at. Texas Railroad Commission

_ NA = Not Applicable

29
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There are three reasons for incomplete ‘or unsatisfactory data.

‘e -Usually, data”are ‘gathered to meet objectives other than subsi-
- dence’ prediction. (For instance,’ in the oil fields there is
‘detailed information on the' reservoir rocks but little informa-
,‘tion on interburden and ovetburden,)

‘e 'The'complexity of wmany systems precludes obtaining a precise
understanding of their characteristics. ' The influence of
intricate fault networks on reservoir flow patterns is an

" example of the” ‘type of - system complexity commonly found and
incompletely understood. : SRS N
o’"'It'is"&ifficult:to obtein’f%aliétié‘physicalémeChanicalfpara-
meters’and design  laboratory or field experiments which will
yield parameterS'truly indicative of mass behavior. This is
“often’'a ﬁrobiem(offscele;xthé“siie of ‘the’ sample tested is too
small to be reoresentatire;o%”thezeﬁtiréiﬁéss} This problem of
realistic parameters is not restricted to the cases selected in
this study;’ {t’ will be met “whenever subsidence prediction is

- e,

“attempted. T -

" ‘The problems of unreliable parameters or system complexity are
partially circumvented by models which require little" detail for system
definition and few input parameters. Generally, such models are con-
“”sidered’to‘Be'iessiéccurste’theoreticeliy;’though”tﬁey’may in fact
provide resulté @s accurate as those of more coiplex ‘models. Thus,
there are tradeoffs between data completeness, model complexity, and
“eccurac§'of pfeaiééicﬁé. ‘Ofe of the objectives of ‘this study has been
to assess these tradeoffs.” ‘ :

-From the three candidate’sites; Wairakei and The Geysers were

selected for real-subsidence case histories.
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There were two primary reasons for these selectionms.

Wairakei represents the most complete subsidence case history.

. In addition, it is a—caseiingwhich the withdrawal of geothermal
- fluids has definitely. been related to.surface subsidence.

- The Geysers is an important case to study because it is the

only one of the six candidate cases with a vapor-dominated

- geothermal reservolir.

Chocolate Bayou had the second most. complete data set and is also

located on the Gulf coast, a region from which a case study was desired.

However, rather than use Chocolate Bayou as a real-subsidence case

history, much of the data from Chocolate Bayou was incorporated into the

data base for the idealizedécase'stndy.described below.

The primary reasons for selectihg<AustinﬂBayou‘PrQspect-for the

idealized-case study are listed below.

- Austin Bayou Prospect ie represeptative'of a region (Gulf

Coast) where there is potential for geothermal development., .

Due to abnormal pressures, there is a potential for,significant

subsidence.

The sedimentary geolegy‘of-sands.and shaleedis.differeﬁt.ftom
the geologic units of Wairakei and The Geysers.

,The sediments are more nearly‘reﬁresentative of a'homogeneous

porous medium than other sites and thus . may be more amenable to

modeling by continuum methods.




65°

e With the addition of data from Chocolate Bayou, Austin Bayou

has a more complete data baseé than the other candidate

i{dealized cases.
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REAL-CASE STUDIES

INTRODUCTION

The two real-case studies afforded the opportunity to use available
modeling techniques and information to simulate the behavior of real :
geothermal systems. The first real—case study was ‘The Geysers geo-"
thermal field in Northern California, which has been ‘in production for
almost 20 years. The second which is perhaps the best-documented case
of geothermal subsidence, was the Wairakei geothermal field in New

Zealand.
Real-case studies provided answers to several important questions.

° How well do current models and available information approxi-

bmate real behavior?

- o ‘zHow can the appropriate modeling approach be determined for a
| lgiven case?
.
’ 1§:n What type of information is necessary for different modeling

approaches?

orr How applicable are the various models and their underlying

: assumptions?

In each case study, we will first present a brief description of
the site which has been abstracted from Companion Report 3 (Miller et
al. 1980c). We will then describe the development of various models for
the case from the point of view of the information requirements of the

AN

. model. Finally, we will discuss the results of the modeling. '
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THE GEYSERS

Brief Site Description

The Geysers geothermal field is located in the Coast Range of
Northern California. The reservoir rock is Franciscan Graywacke, and
reservoir overburden includes soils, volcanics, shales and sandstones,

~and assorted igneous rocks.

Structurally, The Geysers area is extremely complex and incom—
pletely understood with a series of fault blocks and thrust plates.

The area is tectonically active.

The Geysers' geothermal resource is primarily in the form of steam.
A hydrogeologic boundary to the northwest is provided by a fault, but
other boundaries, including vertical boundaries, are unclear. The
lateral extent of The Geysers' field has been estimated at ‘15,000 feet
by 15,000 feet.f The Geysers 1is relatively deep, steam has been re-
covered from wells to 10,040 feet and the bottom of the reservoir has
not been established. The Geysers' depth is therefore of a magnitude
similar to its extent. Thermal gradients ‘and temperature changes due to

pumping at The Geysers appear to play an important role in behavior.

The Geysers has two reservoirs. a relatively thin, shallow reser-
voir and an extensive deeper reservoir which was discovered later. The
two reservoirs are nartially connected. The nature of the hydrothermal
flow system at The Geysers does not appear to be definitively under-
‘ stood._ The reservoir is steam—dominated but water appears to be pres-
. ent at all depths. One hypothesis is that steam rises from a deep
lboiling pool (at a depth of perhaps 15, 000 to 20 000 feet), migratesa
'upward, condenses in the upper part of the reservoir, and then trickles

“

back down to the pool.
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Although a large amount qf,data‘may have been collected at The
Geysers, most information is proprietary and was not aVailable to us.
Reservoir ‘deformation information is completely unavailable., Surface

subsidence from 1973 to 1977 is known to be 0.45 feet, however.

A more detailed description of The Geysers;can‘bé found in Com-—
panion Report 3 (Miller et al. 1980c). '

Models Used in Simulation

Simulations of The Geysers were conducted using axisymmetric hand

calculations, the two-dimensional boundary-element method, and the

three-dimensional nucleus-of-strain method. Only deformation models
were‘deveioped"as:insufficient information exists for development of
-flow models. " Since temperature effects appear to be 1mportant, special

‘attention was given to thermally—induced deformations.

- Two-dimensional modeling of The Geysers wés perfdrmedlusing the
boundar}-element method rather than the displacement-~discontinuity
method>because'the‘thiékﬁesé of The Geysérs' field made the use of
displacement-discontinuity elements impractical. The boundary-element
method can handle thick reservoirs. It is limited, however, to a homo-

. geneous linear ‘elastic mass. Two-dimensional modeling could have been
done equally well, if somewhat more expensively, with the CONSOL3 finite-

element model. -

' Three-dimensional modeling of The'Geysers was performed with the

nucleus-of-strain method. The nucleus-of-strain method can be used to

‘represent complex, three-dimensional geometries such as that at The

Geysers.
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Development of Requiréd Information

Information required for calculations includes the following:

e Material properties
® Pressure changes..

° Temperature changes.

Material properties were difficult to determing; ~No .measured
values for elastic or thermal deformation properties are é;ailéble for
The Geysers. ‘The rock type of the reservoir region is Franciscan
Greywacke, which exhibits elastic moduli in the range E = 2.1 to 2.8 x
108 psf,'U = 0.1 to 0.6 (Wuerker 1963). A value of 2.6 x 108 psf was
selected as a representative value for E, and-.2 was selected as a-
representative vélue.for V. These represént Lame parameters G = 1.1 x
108 psf and A = 7.3 x 107 psf. For the sake of simplicity, the inter—
action coefficient was chosen as 1, although a value of 0.8 might be
more reasonable. Thermal deformation properties vary little between
geological materials and are generally in the range 5 xAIO"6 to 1.1 x
10‘5?0'5 (Clark 1966). A value of 1 x 10-5°C~! was assumed as a con-

servative value.

A Subsidence information is available only for the period 1973-1977,
-and accordingly the simulations.only covered that period. Historically,
development of The Geysers occurred in two stages: prior to 1968, pro-

duction was only from the shallow reservoirs, while subsequently it was

primarily from the deep reservoirs. In the time period modeled; defor-

mation from production of the shallow reservoir is assumed to have

stopped., . : ‘

Pressure Changes

The pressure changes were developed by extrapolation of values

presented by Lipman et al. (1977), who determined that the initial
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pressure field for the hydrothermal system is an almost uniform pressure
of 514 psi (7.4 x 104 psf). They also preserited pressure contours

in the deep reservoir as .,of 1977 for a sea-level datum (Figure 9).

Lipman et al. (1977) presented a pressure history at one locatian
in the geothermal system (Cobb Mountain) which showed that about 75 per-
cent of the totalireduction’in pore pressures from initial conditions to
1977 occurred prior to 1973. The.assumed pressure change profile with
depth (Figure 10) was deveioped“from'Lipman's result as follows. Ini-
tial preSSures were takenfdirectly;fnom Lipman's observation of initial
pressures for the system;‘ fhe’pressure'profile as of 1977 was then
developed by projecting Lipman s sea-level pressures to the level of the
well bottom at 8000 feet below sea 1eve1 (neglecting the weight of the
‘steam) and then assuming a linear gradient to 12 000 feet below sea
level, where pressures are again assumed to have their initial values.
The pressure change from 1973 to 1977 15 assumed to equal 25 percent of
the total pressure change from initial conditions to 1977.

The two-dimensionai_variation in thé'pressure'change was developed
by combining a simplified version of the one-dimensional pore-pressure
profile (Figure 10) and Lipman's (1977)‘¢on¢6afs at sea level (Figure
11). The resulting“two-dimensional pdre-pressure change profile for
initial conditions to 1977 1s shown in Figure 12. Again, pore-pressure
change from 1973 to 1977 is assumed: to be 25 percent of that from ini-

tial conditions o 1977.';n ]Al',,i;

" Temperature :Changes :

gre e e T

Estimates of temperature changes at depth due to geothermal pro-
duction are not available. Most of the available information on thermal

,behavior at The Geysers is summarized in Garrison (1972).

Garrison (1972) presents six pairs of data on pressure and tempera-

ture for some shallow wells. This relationship might be construed as
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. Steam pressure isobaric contours in psi at mean :
- sea level datum: : o

. sDx224
ERE b

caeek

nDXi2

103-16
CMMC 3

sLF

-~ Scale, feet . oy ,‘v‘z-zo-

400
After Lipmqn etol. 1977,

. FIGURE ‘9 -. o
THE GEYSERS CASE STUDY =
STEAM PRESSURES IN DEEP RESERVOIR, 1977

Reproduced with permission from Union
011 Company of California. ‘
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- THE GEYSERS CASE. STUDY -
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indicating that temperature is dependent on pressure. If, in its
initial state, the reservoir is essentially uniform in pressure and
temperature, these observations may all represent points on a single
pressure—~temperature curve. The data, which form an approximately

'straight line when plotted, result in the equation:

AT=493) x l07aP

where AT = temperature changé in«dégfées centigrade :

Ap

pressure change in pSf°,,v

An alternative method for predicting theitgmpérature-changé profile
is from therﬁodynamic considerations. Aséumihg:a constant enthalpy
expansion of the steam from the point of maximum enthalpy produces a

AT-AP relation very close to that given abbve,

Truesdale and White (1973) propose a model for vapor-dominated
reservoirs where there is a temperature drop as pressures decrease and
pore water boils, draining heat from the rock. (Eventﬁally, however,
the pore water boils away and the ﬁnderiyingApool starts to boil, As it
boils down its salinity incréases} and so AGeé the teﬁpérature of the

steam it produces.) : R C A

Even if the above expression for steam temperature drop is essen-
tially correct, there is no way to know whether the rock will remain at
the same temperature_as‘thé steam{ Assuming‘thgf it does, it 1is pos~
sible to compute the éffécts bfrtherﬁai.conﬁraction based on the pres-
sure drop. As set out in Companion Report 1 (Miller ét_al. 1980a), the
effect of a temperature change of AT for an isotrOpic'material is equiv-
alent to a pore-pressure change of 30KAT divided by the ﬁore-pressure‘
interaction coefficient (unity in this case). In the above expression,
o is the coefficlent of linear fhermal expansion and K-is the bulk
modulus. Combining the effects of pressure and temperature drop into an

equivalent pressure drop AP* gives:
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*_ y
AP —AP(I+3XIO xtw—+><|o Xa.31 X 10 )
o E:ES(DE>£§F’ Co e -=ﬁ\ siitg o : ;

foy ciodian
Thus :it appears- that ‘temperature effects at The Geysers- are over four

times as important as pressure -effects. - -

" Resume ‘of Models -

‘Hand -Caleculations = «ri - i;

- S . S . LS .o £
IR : o0 P LT EE A ) ; ot St . g

Hand,caiculations‘for*ThekGeyserS<case,stﬁdy'usedwthe”thermo—poro-
elastic theory developed in Companion. Report: I-(Miller et al, l980a) and
in Companion Report 2 (Miller et al. 1980b)

[ I Y

For a pore pressure drOp of 5904 psf and Cn - 3.462 x 10f9

‘.4psf71,ﬁthe compaction.of the: approximately 10,000-foot=thick reservoir

iintérﬁalfis*u\ Cronndmas meldesires Lo ke oo Lo

(s %z X uo“‘)“(s oa x sqoq)(so ooo) |c>5 f'ee‘t‘

In a one-dimensional system this would result in a uniform subsi-

~ dence qf~1.03 feet:at the surface. el it S emenph

B T R EEAh A E o TER RS S T TR PR O T S O TP
Modeling the reservoir interval as a single disc at .a depth below
the surface of B000 feet and a radius of 6150 feet gives a surface sub-

sidence profile {(equation [8] 4n Companion Report s e
‘ eU?'_ - 2- (4005) (v&>A\( P,'-ao)a A s ;( E“,\'J T - ‘_’s“,'t

Substituting-values;pf1A-frdm»Tablegl‘ofbcoppanion,Repdrf;Zs(Miiler

:*et‘alx-l980b),;thExéubsidence profile éhownvihwEiguren6fwas,combutedf

The maximum subsidence 1is 0.344 feet.
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Considering fhe'greatAvefﬁical extent of the réservoir and the
horizontal and vertical variation of pressure and assoéiated tempera-
ture change, a more accurate 12-disk model of the reservoir was
developed (Figure 13). The pressure drop on each disk was 2452 psf;
thus, where two coaxial disks overlapped, :the total pressure drop was
5904 psf. Disks 1 through 5 had 8600-foot diaheters and disks 6 through

12 had 16,000-foot diameters. Disks 1, 2, 6, and 7 were 1000 feet thick

while the remaining disks were 2000 feet thick. The surface subsidence
due to this stack of disks can be calculated by adding the effects of
the 12 disks. The maximum subsidence for the 12-disk model~-0.410
feet——1is 19 percent greater than that for the single-disk model. Figure

16 compares the predicted surface subsidence profile.

Two—Dimensional Boundary-Integral—-Equation Model BIEM2D

¢ Two-dimensional (plane strain) modeling was.performed with BIEM2D,
a two-dimensional boundary-integral-equation method (boundary element)
model. BIEM2D is an inexpensive, easy-to-use model. Although the con-
ceptﬁalzmo&éi of fﬁe Geyseis'is éiisymmétfic, BIEM2D was forced to treat

it as a planar problem.

Figure 16 shows the subidence computed by BIEM2D. The maximum dis-
* placement is 2.68 feet from initial conditions to 1977, or 0.67 feet
" from 1973 to 1977.

Three-Dimensional Nucleus=—of-Strain Model SUBSIDf",

Nucleus—-of-strain model SUBSID was usédffor three~dimensional
(axisymmetric) modeling of The Geysers. Pressufe-change values were
assumed based upon ‘simplified versions of the pressure contours: shown in
Figﬁré"lz.: Temperature-change effects were ‘handled as they were in the

other models.
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) FIGURE 13
'THE GEYSERS CASE STUDY -

HAND-CALCULATION MODEL USING 12 DISKS
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Two nucleus~of-strain models were developed. Thé first used two
spheres to model the pressure drop and the éecond used 72 spheres. The
" nucleus—of-strain models are illustrated in figures 14-and 15. The max-
imum computed surface subsidence was 0.54 and 0.42 feet, respectively,

from 1973 to 1977.

The Geyers Summary

The strongest impression gained from The Geysers case study is of
the lack  of data; As a result, a véry simple concgptual model was de-
veloped, and as a result of that even the simplest subsidence models
were reasonably‘appropriaté.' waever, none of the models predicted the
east-west'tilting'shbﬁn in Figure 16 (whichvmight be tectonic) and mone

predicted the localized natﬁre of the region of maximal subsidence.

It is our opinion that the_rather'good match»befween predicted and
observed subsidéﬁce«(Figure 16) 1is lafgeiy'foftuitous. Our model of The
Geysers contained a number of quité gratuitous assumptions, énd we could
just as easily have developéd‘a model with half or fwice the

éubsidencé{
On the other hand, it is interesting to speculate on the amount of
additional data that would be required if one wanted to significantly

decrease the uncertainty in the model. It appears to us that it would

take a major investigative program to achieve this end.
WATRAKEI

Brief Site Description

The Wairakei geothermal field is located on the North Island of New
Zealand in the island's central volcanic district. This region is
‘heavily faulted with highly variable stratigraphy, including sandstone,

N

kﬁ;
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Section A-A

Observed : Lofgren (1978)
Disks : hand calculation
Spheres : nucleus of strain
Planor * boundary element

PLAN OF THE GEYSERS

. Surface subsidence (fset)
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FIGURE 16

' THE GEYSERS CASE STUDY
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siltstones, and igneous intrusives. The field is clearly bounded
hydrologically, but there is no evidence to indicate hounding of

deformations.

Most hydrothermal production is from faults. Production wells are
generally 450 to 3000 feet in depth, though some extend to 4000 feet.
Substantial pressure and temperature variations are found within the

geothermal field.

A more detailed description can be found in Companion Report 3
(Miller et al. 1980c). -

Models Used in Simulation

One-, two-, and three4dimensiOnal simulations of_Wairakei were
attempted using hand calculations, Lewis CONSOL3 model, and nucleus-
of-strain method SUBSID. Models were studied only for subsidence, 80 noO

flow models of Wairakei were attempted. '

One-dimensional hand calcnlations have the advantage of simplicity
and the ability to handle thermal effects and variations in material
. properties., CONSOL3 allows two-dimensional plane-strain finite-element
analysis of stresses and deformations with multiple materials. It
cannot, however, model thermal effects. The reservoir geometry at
Wairakei is complex and may play an important role 1n subsidence. It
cannot be represented adequately by either one- or two—dimensional
models., The three-dimensional nucleus-of-strain model SUBSID. allows a
sophisticated representation,of the-geometry,bnt requires the material

in the half-space to be homogeneous.

Readers interested in hydrogeologic modeling of the Wairakei
reservoir are referred to Pritchett et al. (1976) and to Mercer and
Faust (1979).
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Resume of Model Simulationsv

One-Dimensional Hand Calculations

One-dimensional hand celculations for Wairakel utilized the same
thermo-poro-elastic theory as was used in The Geysers case study; Due
to the large lateral extent and the shallow depth of the Wairakei sys-
tem, it was assumed that reservoir compaction would be fully reflected
‘at the ground surface. The tinevperiod over which pressure information
is available at Wafrakei is 1955;1976,-and7that 16 the period used in
this study. Subsidence data were obtained from Pritchett et al. (1978)
for the period 1956-1971. |

For hand calculations,ithe followiﬁg’one-dinénsional information

was required:

e Material-property profile

e Pressure-change profile

. Temperature-~change profile

: Material Properties had to be specified for two formations at
:'xWairakei, since significant changes in stress and temperature occur in
;e both formations. The aquifer at: Wairakei consists primarily of the
'Waiora Formation. Overlying the Waiora Formation is the Huka Falls
aquitard. Values for thermoelastic properties of the Waiora Formation
and Huka Falls were obtained from Hendrickson (1976).

A - G a

o (psf)  _(psf) - _(°c-1)
Huka Falls 2.09x106  3.13x106 8.2x1076
Waiora Fm., .,  2.09x107  3.13x107 8.2x10-6

The stretigraphic“orofile of Wairakei varies over the entire cross

section (figures 17 and 18).‘ For the purpose of one-dimensional
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analysis, a cross section with a maximum of the Waiora Formation
{borehole 59) was selected (Figure 19)

Scant data are available for establishing vertical pressure change
profiles in either the Waiora Formation or the Huka Falls Formation. 1Imn
the Waiora, the only available pressure change information is a pressure
drop of 4.75 k 104 psf from 1955 to 1976 recorded by Pritchett et al.
(1978) at an elevation of 500 feet below sea level.: This pressure
change was assumed to represent the entire Waiora Formation. It is
likely that pressures do: vary within the formation, especially consider-
ing the presence of steam in thezupper.part of tne aquifer. However, no

data are available,to:substantiate.that. .

. In the ﬁuka'Falls Formation, monitoring wells recorded pressure
drops of approximately 3.89 % 104 psf near the boundary with the
Waiora. It was assumed that the ‘average pressure drop for the entire
Huka Falls Formation was one-third this value, or. 1.30 x 104 psf.
Pressure drops assumed for the Huka Falls and Waiora formations are

shown in Figure 19,

Temperature change profiles were based .on Bolton (1970) Below an
elevation of =1000° feet,‘Bolton found no temperature change. At +600
feet, a drop of 29 degrees centigrade occurred between 1956 and 1969.
Using aplinear interpolation between those.two points, the temperature-
change profile shown in Figure '19:-was developed. It was assumed that

additional temperature drops?from;periodi1969-1976 were not significant.

Using the expression for linear elastic compaction,

H
At26

C = AP + 3K AT,

the compaction of the Waiora and Huka Falls formations due to the

assumed pressure and temperature change profiles was calculated for the
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Waiora Formation as C = 1.138 + 0.249 feet and for the Huka Falls

Formation as

C= 0776 + 0.00| feer

The total compaction is 2.16 feet, with 1.91 feet due to the pres-
sure drop in the two‘formstions and .25 feet due to the temperature
drop. As the reservoir is shallow and has a large lateral extent, this
compaction is assumed to directly result in a uniform subsidence of 2.16

feet at the surface.

Two-DimensionalnCONSOLS Finite Element Modelﬁg;J -

The variability in geologic cross section cannot be adequately
modeled in one dimension, where uniformly thick layers must be assumed.
The two-dimensional finite element model CONSOL3 was intended to allow
the modeling of a cross section with varying thicknesses of material for

the Huka Falls and Waiora,formations. .

Figure 20 shows the cross section snd‘finite element grid used in
the CONSOL3 model forVWairakei. ‘The cross section is based on that
shown in Figure 18 and on further information. contained in Companion
Report 3 (Miller et a1.11980c).~ Materialrproperties for the Huka Falls
and Waiora formations are the same as those assumed iIn one-dimensional
hand calculations. Material elastic properties for the surface pumice

and breccia, rhyolite, and Wairakei ignimbrites are as follows.

sf)  _(psf)
Surface pumice and breccia | 3.99x10° , 1.60x106
Rhyolite | - s.22x107 7.87x107

Wairakei ignimbrites 5.22x107 7.87x107
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- FIGURE 20
WAIRAKEI CASE STUDY
CROSS SECTION USED IN 2-D FINITE-ELEMENT MODEL
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These: values were assumed such that surface pumice and breccia

‘would be considerably more deformable than the Huka Falls or Waiora

formations while the Wairakei-ignimbrite and rhyolite intrusive would

ﬁe less deformable.

Pressure-change values assumed were the :same as those for the one-

"¢‘dimensiona1 hand calculations:  1.30 x'fIO4 psf in the Huka Falls
‘Formation and'4.75‘~;x~104 psf in. the Walora Formation. This pressure

change was limited to the central 18,000 feet of the cross section.

“ 1" CONSOL3 'doe's not: perform thermoelastic deformation calculations s, SO

" temperature change data were not used.

The CONSOL3 model failed to solve the system. The computed ground

. gurface deformations were erratic¢ and not believable.  Even when no

pressure drops were specified, there were substantial deformations.

i . Presumably, the reason for this failure is an unresolved bug in the

" ' code~-a relatively common occurrence, Unfortunately, with the program

authors overseas, it was not possible to resolve the problem in time for

Three-DimensioﬁalxNucleus-of¥Strain Model SUBSID

g / ; . .
The advantage of the nucleus-of-straiq model is that it can repre-

- 'sent the?spatial*vatiability.of the Wairakei Geothermal Field in three
- dimensions.: It is 1imited, however, to an isotropic homogeneous elastic

© ~half=-space.:

The nucleus-of-strain model requires as 1npht the specification of
material properties for the half-space, and the pressure drops in the
nuclei of strain which represent the Huka Falls and Wailora formations.

Because this method requires a homogeneous material, the material
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properties of the Waiora Formation were used for the entire half-space
~and the actual variationain material properties was approximated by in-
creasing the pressure drops in the Huka Falls Formation by a factor of

10, the ratio of the elastic moduli.

' The distribution of nuclei. of strain was determined using the
three-dimensional description of the field developed by Bolton (1970)
-and structural contour maps by Grindley (1965) and Mercer and Faust
(1979).

- Figure 21 shows the plan of the pressure~drop region modeled by
SUBSID. Part of the neighboring Tauhara Field was included because a
significant hydrological connection appérently exists between the two
fields (Pritchett et al. 1978). Temperature changes were not incor-
_porated into this model, but could easily have been added as the.equiva-
lent pressure drops, AP = 3KaAT. |

Contours of surface subsidence predicted by the three—dimensional
nucleus-of-strain model are shown in Figure 22. The maximum subsidence
is about 2 feet. Based on results from the one-dimensional hand calcu-
lations, the inclusion of temperature changes in the model could be

expected to increase the predicted subsidence by 13 percent.

Wairakei Summary

While the computed deformations agree reasonably well with the
average of the observed values (Figure 22), the observed values are much
less regular than the model predicts. The source of this heterogeneity

is not clear, but presumably it lies in one or more of three areas:
-o .. Inhomogeneity in reservoir pressure drops

e Inhomogeneity in geology (local thickening of beds, facies

changes)




93
> = z =
g £ 3 .8
e . A 1 [ T
30,5 -
I ,Main
R ~ |Bore Field
315.5 -} 1 *
o R B . : 1 - Power
5 : 11 —1 House
s20s-| || ] | /|
oI ' - ' | __IWagikato
. River
3;25.3“ . ‘ / =
$colé represents coordinates with
respect to 1949 Maketo Datum
. (see Case Study Data Base)
-330.6~ = ‘

; - FIGURE 21"+
sl WAIRAKETL CASE STUDY -
PLAN OF GRID FOR NUCLEUS-OF-STRAIN MODEL

e




94

I3P.w l2|0.W IICI).W IO'O.W 90|W

— — = = Nucleusof-strain subsidence 19551976, f1.
Observed subsidence l9\56—|97l‘,ﬂ.\

300.5 - - - .«
k 7 ammmmm———e—] S N
. '\’bq’/ g 4 /'5"‘s~‘ NN //ev
305.5- ’\ "/ ,_’.,”,— --\I/B_;- \\v\» 2 \\ \\
(T memm———iyg Sl N Z.oL N
/ 4 _,/ - AL T . \\ \ e
/ ,, - ——— i e [ = NN ™,
/ ’ ’/ 0N - - - \\ \ \: \\
3l0.5- ! - Ry -- N ,\‘ \\ N
¥) o N
! "~ . 2'0 Y N \\ A N (o] \\
. : : v S ‘r(.\ \ ‘| \ \‘ \‘
s- 1 RN ‘
315.8 : .‘l v s » \\ \ N
- '\ l\ P \ ‘\ h
- i A
3205- | \ NN
] q S \‘ \\ \\ )
\\ Y ,\‘ \\. YR “
325.5- AN ‘ ,( N \\‘ l' ;
: \ \ L ) SO !
\ \ N/ I\ P
. » — !
330.5- 2ty Y
\\ - ey ’, 4 ?
M. =~ $: - '}II /’
N - ' : ~"-' - (’ /’
335 S ' . \,/32 : . ~ :’ «'fcuhurg .’."6 '(
. : RN YS—oiReservoiry” 7
~ _ . Mabhahny’ )
: . N Lake I "
340.S: g, Taupo S Ry

FIGURE 22
WATRAKEI CASE STUDY
OBSERVED AND PREDICTED SUBSIDENCE ‘CONTOURS




95

e Inhomogeneity in material properties such as compaction coeffi-

cients or maximum previous loading.

The date that were available were much too limited to define the
- inhomogeneities 1in the real system, and as afreSult‘the‘more cOmplex
' models did not perform appreciably better than the simple hand -

calculations.

Pore pressure drops are the dominant source of ‘compaction at

Wairakeil, but temperature effects are still significant.,

 DISCUSSION OF REAL-CASE STUDIES =~ « = '~ = = 0 oo

_ In this'section“we,shall'discoss the result’ of model simulations of
the real-case studies. The results of the simulations are summarized in
figures 16 and 22. ' ’ R '

The real-case studies provided answers to several important

questions., = . T ; o

e . How accurately do current models and available information

- approximate real behavior?

e How can the appropriate modeling approach be determined for a.

particular real case? = - - il

o What type of ‘information is necessary for different modeling

approaches? -

e How applieable are the verious models aﬂd_their underlying

assumptions?

t

“,3 : Each of the above questions 1is discussed below.
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.Accuracy of Model Predictions .

Considering the questionable method by which temperature and
pressure-drop data were obtained, simulations of The Ceysers fit overall
observed behavior sufprisingly wellk(figure 16). It should be noted
thatvdiffgrent-a;sumptions,for{pressure or témperature changes from 1973

rto 1977 would produce markedly different model predictions which could
be in error by a substantial factor. Temperature effeéts, for example,
may be lower than. assumed due to the amount of time required for steam
‘temperature'changes,to be reflected. in rock temperature changes ‘through-
out the reservoir. As should be expected from the geometry of The
Geysers, two- and three-dimensional results are considerably better than
one-dimensional results., It should be noﬁéd; however, that while two-
-dimensional model predictions are substantially better than one- .
dimensional predictions, the difference between two- and three-
dimensional results is small. None of the.models, however, predicted -

the details of the subsidence bowl with any precision.

For Wairakei the modeling was not so successful., Although the
models predict the median behavior reasonably well, they are totally
incapable Qf,matching;the areas of local subsidence which dominate the
responsé'at Wairakei (Figure 22). It is our opinion that this modeling
failure lies in the data rather than in the models.

Relationship Between Real Case and Choice -of Model

A model will never be able. to accufately describe all aspects,qf a
geothermal reservoir. However, the selection of the best model for a

given reservoir requires matching of the follo&ing:

e Model and real-case dimensionality
e Model information réquirement and available information

‘¢#. Model constitutiye’relations and real behavior. . - ﬂ.,
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‘Model and Real-Case Dimensionality:

The geometry of a real case can be used to deterﬁine the appropri-
ate dimensionélity for modeling. If vertical e§tent is insignificant
with respect to lateral extent in:both length and width, one~dimensional
modeling may be sufficient. If :all dimensions>are<c6mparab1e, three-
dimensionalrmodeling'is probably necessary. This 1s the case at The
" 'Geysers, where depth, length, width, and thickness.are of comparéble

- scale. " Results from The Geysers one-, two-, andtthree-dimeﬁsional
simulations vefify the fact*that;three-diﬁensional'(agisymmetric)
results are superior to either one- or two-dimensional results. How-
ever, the improvement from:one to two dimensions is substantially
greater than from two to three dimensions. At Whirakei;‘depth is small
“‘relative to lateral extent, and- there is little difference ‘between

‘maximum ‘subsidence predicted by .one--and ‘three-dimensional simulations.

-Model Information -Requirements and Available Information

It is a waste of effort to.use a:model:which is .substantially more
sophisticated than available information. At The Geysers, no infor-

_.-mation is available on the-flow«regime‘ so .1t would have -been fruitless

:to: implement ‘a sophisticated:flow,ﬁodel such as CCC. At the same time,
results from one~dimensional mpdelé which cannot -utilize information
‘available -about ‘the two—dimensibnal‘nature~of;thé-pore:pressure,changes
£ ére~1nferior to:two-dimensional models which utiiizewthat“information;
r:At Wairakei, ‘spatial variability data- which were available :could only be
used completely by the three-dimensional model. i :oi c=ul .,

o

~'Model -Constitutive RelétionS*andrBehavior

Ideally, model constitutive relations should provide a reasonable
representation for behavior. At The Geysers, where 80 percent of de-

formation is attributable to temperature changes, a model which ignored
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thermal deférmations would be inappropriate. On the other hand, only 13
percent of deformation at Wairakei is due to temperature change, so its
inclusion is not essential. ‘It is important for model constitutive
relations to represent all important factors affecting behavior. How-
ever, the sophistication of that»representation‘must be tempered by
available information. In the case of The Geysers, where information
quality is so low, assumptions made about temperature ‘and pressure
 changes are more critical than assumptions of constitutive relatioms.

- Use of constitutive relations which were more complex than elastic

relations Would therefore be unjustified.

Information Requirements of Modeling Approaches

The modéls used for The Geysefs were all homogeneous, isotropic,
linear thermoelastic. Therefore, they all required the same type of
information: thermoelastic and elastic properties, pressure changes,
and temperature changes within the modeled region. The three models
used different solution techniques, but the only real difference between

the models was that of dimensionality.

‘None of the modeling approaches used at Wairakei applied truly
homogeneous material properties. Two-dimensional finite elements re-
quired a complete two-dimensional description of the variation of
material properties in a cross section. The three-dimensional model »
assumed homogeneous material properties for the elastic half-space, but
material properties for both Huka Falls and Waiora had'to‘be'known to
calculate equivalent pressure drops used to represent variations in
material properties. Other than spatial variation of properties,
however, Wairakei models required.the same information on thermoelastic
parameters, pressure changes, and'temperature changes as for The

Geysers.
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Applicability of Model‘Assdmptioﬁs

Constitutive relations were the same in all models, so the appli-
cability of all models depended upon the same assumption of isotropic
linear thermo-poro-elasticity. This assumption 1s approximately true
for some geologic materials, but 1is not velid-for most. Geological
materials tend to be inhomogeneous, anisotropic, nonlinear, and inelas-
tic. However, the magnitude of error due to the‘approximation of elas~
tic properties may be small felative to uncertainties in model para-
meters. In the case of The Geysers, model constitutive relations appear
to be adequate. Note, however, that isotropic, homogenecus'properties
and symmetric pressure-change profiles could not predict the asymmetric
behavior actually observed (Figure 16).
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h ¢ IDEALIZED-CASE STUDY = -

:studied otherwise.-

INTRODUCTION

Lot

The use of an idealized-case study allows us to avoid the problems

‘ﬂintroducediinto‘realfcase~stﬁdiesfby*1néufficient or inaccurate data.

-In the idealized-case study, ‘the siteis: assumed to be known and is

;fépresenfed:by:a-cdnceptual'model: "This allows -the study of many
~aoiiimportant ‘aspects of subsidence ‘modeling: which could: not ‘be properly

vy

- +AUSTIN -BAYOU PROSPECT *:

Q:prediction ‘fora: geopressured gltiesi . = woel wni

¢ .Brief: Site. Description: -/ <

-1 Austin BayouzProspedf?is'thé'idealf:ed-casefsfudyifJIt is‘more
generalized .and hypothetical than ‘either The Geysérs or‘the Wairakei
case studies. The data used in this site model is based on actual’data
from Austin Bayou and Chocolate Bayou; however, there has been no pro-

duction ‘of geothermal fluids at ‘Austiri Bayou:and théreforé no subsi-

7 dences: :‘For the purposes ‘of ‘this case study; ‘whére mateérial ‘or fluid
- .properties were ‘unknown, reasonable ‘assumpticns were made so “that com-

"o+ .-puter models of the site ‘could ‘be’ genérated. This case study sérved to

determine thereffects of different modeling~assumptions ‘on - sdbsidence

K . 1 - L P oy TR
AR NN R E TR RS SIUIFSEI SRR IS ER LIRS -5 RE N I

_sAustin Bayou Prospect is:a geothermal exploration ‘site in the -
Brazoria Fairway, a 200-square-mile strip of land on the Texas Gulf

. Coast - identified as an'area of potential gecthermsl developmént. The
- geology of the area: is characterized by'chiékﬂsequéﬁééEVOf interbedded
.~ deltaic 'shales and: sandstones with a complex system “of faults 'dividing

the sédiments. into blocks: .and wedges. : The pay sarids -at depth have -
abnormally;highwfluidﬁpfessuresedﬁeitorthefhydrologicﬁbarrierS'provided
by the faulting and the bedding of impermeable material.
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A more detailed site description is presented in Companion Report 3
(Miller et al. 1980c). ’ o

Conceptual Model

Using the available information on geology, material properties,
and. pore fluid pressures. and temperatures, a conceptualtmodellof Austin
Bayou Prospect was develobed. ‘A cross section 6f the model, parallel to
the bounding faults, is presented in Figure 23 and:indicates the assumed
geology and pore-fluid pressure variation. A plan view of-the reservoir
interval at a depth of 15,045 feet is presented in Figure 241 Figure 25
" shows the assumed repetitive pattern of sandstbne'and shale in the ver-
tical within the reservoir interval. Overburden material properties and
the .properties of the sandstone and shale layers -are preseﬁted in tables
8 and}9, respectively; A vertical thermal gradient of .01°C/ft was

assumed. -

\ ~ Clearly, .the model presented in figures 23 through 25 ddes not
'rgp:eseﬁt»thefreal geology of the Austin Bayou Prospect. There -are no

, data available describing the extent and interconnection of individual
“sand and shale layers. Our model has assumed that the sands are several
rkilométérs,in.extgnt and have no direct interconnection, If we had
assumed that they were less extensive or-better.connecfed,‘our results
might be different. This emphasizes the hypothetical nature of the.
Austin Bayou case study. Its purpose is to study modeling, nqt’to.sﬁudy
the Austin Bayou. We have tried to méke the modei réalistic only to the

extent that it is similar to-a'reai Gulf Coast geopressured system.

The pay sands in the reservoir interval were assumed to be produced
by three wells whose positions relative -to the bounding faults are. shown
. in Figure .24. The rate of production out of the sandstone.was held con-
stant at 8.87 x 1011 ft/sec pef cubic foot of sandstone. - Each well

. +.was assumed to be completed in each ofAtwo 60-foot~thick: sandstone
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TABLE 8
OVERBURDEN MATERIAL PROPERTIES

(1bm £t °C/sec3) , ‘ 10.85

UNCONSOLIDATED 65% SHALE
PROPERTY CLAY & SHALE - 35% SANDSTONE 107 SANDSTONE
Bulk Modulus K (psf) 4.18 x 106 1.47 x 107 1.60 x 107
Poisson's Ratio v 0.2 ‘ 0.2 0.2
Young's Modulus E (psf) 7.25 x 106 2.65 x 107 2.88 x 108
Saturated Specific - - o -
Weight o (1b/ft3) 1.44 1.44 1.44
TABLE 9
. RESERVOIR SANDSTONE ,
AND SHALE MATERIAL PROPERTIES
" PROPERTY . - .~ SANDSTONE SHALE
Constitutive Relationship linear e-log p
Initial Void Ratio e - 0.25 0.25
ay (psf-l) - 1.866 x 10-12
Ce S : Co 0.077
Permeability K (ft2) - 3.187 x 10-13-. - 1.062 x 10-18
~Saturated Specific Weight o
(1b/£t3) : 144 , 144
Specific Heat (ft2 °C/sec) 2.150 x 10-13 2.150 x 103
Thermal Conductivity ‘
7.23
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“layers. The total production was 2.93 ft3/sec = 45 000 bbl/day (2 7
“ layers x 60-foot thickness x 10, SOO-foot width x 26, 246—foot length x

Investigation Plan

“The 1dealized Austin Bayou case “study allowed the investigation of
several important” issues. This study focused on modeling assumptions.
The ‘regional’ geology, material properties, and geothermal production
were all assumed to be known. 7 o ' '

’fTheﬁissues,addressed*in‘tﬁefAustin Bayou éase‘scué§‘wéré as
follows: Cmie e Dror s N

-

,o‘ The applications of different flow models?forfthe“geotﬁermal

reservoirs
.'.',’THe“impOrtance‘of'fIOWIdeformation cousiing'
e A comparison of different types of constitutive relationships
e The importance of dimensionality "
¢ The implementation and accuracy of models incorporating only a
portion of the total system - ' o
0 ’The effects of faults in regions of geothermal production

@ 'The sensitivity of ‘surface subsidence to variations of
- material elastic properties . aE . ,

o' The ‘effects of geothermal waste-water reinjection.

Computer models of Austin Bayou Prospect were developed to study
these topics. Reservoir compaction computed ‘by CCC served as input to
NFOLD and BIEM2D, which were used to calculate the resulting surface
subsidence based on average overburden properties. The program CONSOL3
was used to model the entire system, including the reservoir interval

and the overburden.
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In addition to the computer model, a simple hand-calculation model
‘was used which fepresented the reservoii as a disk and,compdted,surface

Subsidénce based on the quantity of fluid removed.

Resume of Model Simulations

The conceptual Austin Bayou modei was the basis for generating
compﬁter.models of Austin Bayou‘which:were one-dimenéionai, two~-
dimensionalnpléﬁaf and axisymmetric, and three-dimensional., Material
properties'wefe adjusted to conform to. the limitations and input
requirements of each program. Portions of the Ausﬁin Bayou conceptual
model were extracted and modeled, with appropriéte boundary .conditions,
to determine the uséfulness of such partiél models.

rd

Hand Calculations

The compaction of the reservoir interval and the resulting surface
subsidence were calculated by hand using the methods presented in
Section 2.0 of Companion Report 2 (Miller et al. 1980b).

To compute one-dimensional compaction, elastic material properties
for both sandstone and shale were assuméd., It yhs éiso assumed that the
pore pressure decrease in the shale was equal to that in the sandstone.
As the reservoir interval was 60 percent shale and 40 percent sandstone,
an equivalent compressibili;y for that heterogeneous interval -was

calculated as

Cm

eq 0.6 Cmgy, + O Cmss

= 2.19 X 1078 psf
The total volume outflow of water after 1000 weeks of pumping was -

AV, = G.437 A 3

~
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where the volume of the sandstone is 120A ft3 and A 1s the area of
the aquifer. Calculating compaction from equation [5] of Companion
Report 2 (Miller et al. 1980b), ignoring temperature effects, givesﬁ

C =53

The surface subsidence was calculated using Geertsma s (1973)
formulation and modeling the rectangular reservoir as a disk ‘of

equivalent area. The_disk radius was:
Req = QEGG f

With Poisson's ratiohequal to,0.2 and'the'reservoir at a depth of 15,000
feet, the subsidence was calculated and is plottedfin Figure 26. The
‘maximum subsidence predicted by this method "is 1.29 feet.

s

ccc, NFOLD, BIEM2D

The portions of Austin Bayou ;rOSpect:modeled*in one, two, and
three dimensions by CCC are shown in plan and cross section in Figure
27. Due to program-size limitations, the region modeled in three dimen-
sions was considerably smaller than that included in’ either of the two-
dimensional models. In the axisymmetric model, pumping at the central
wall was found to produce a nearly uniform pressure drop throughout the
sandstone layer. This demonstrated that the fluid production ‘for the
planar flow ‘and ‘orie-dimensional’ formulations could be modeled as being
evenly distributed,across~the aquifer.

The reservoir interval compaction calculated by CCC was used as
input to the plane strain BIEM2D.and the three-dimensional NFOLD

programs.

As both programs required the overburden to be homogeneous and

isotropic, an average value of Young's modulus, based on a composition’
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of 20-percent sandstone, 80-percent shale, was determined as 3.20 x

107 psf. Poisson's ratio was taken as 0.2.

The attractiveness of the NFOLD program lies in its abiiity to
model the bounding_faulfs at Austin Bayou. However, subsidence results
from NFOLD are suspect because (1) horizon;al effects of the reservoir
pore pressure decrease are not modeled and (2) thefe are unresolved dif-
ficulties in_properly representing a free surface in an infinité space.
Different horizontal-to-vertical stressvratids were tried with a fric-
tion angle ¢ ?‘25° for the fault to determine the conditions necessary
for fault slip due to reservoir compaction. The NfOLD half-space geo—
metry is shown in Figure 28. 4

The program BIEM2D is essentially a two-dimensional version of
NFOLD with no fault modeling'capability. It is a simpler and more
efficient program than NFOLD and is useful in regions without faults
where a plane-strain formulation provides a good description of the
system. Because the bouﬁdary element method prediCts relati#e dis-
placements only, a fixed point must be chosen to determine absolute
disﬁlacements. In Austin Bayou Prospect, it was assumed that the ground
surface displacements were zero at l@rge distances from‘the reservolr,
The geometry of the cross section modeled by BIEM2D is shown in Figure
29.

CONSOL3

Flow-deformation coupling and the effects of elastic material para-
meter variations were studied using the program CONSOL3. Both plane
strain and axisymmetric formulations of the Austin Bayou conceptual

model were developed. All materials were taken to be linear elastic.

The importange‘of flow-deformation'coupling’was determined by com—
paring the "extended” Auétiﬁ'Bayou model with the "limited” Austin
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Bayou model. The "extended"” Austin Bayou was made of two 65-foot-thick
~ sandstone layers separated by shale, as shown in Figure 30. This system
was sandwiched by layers of impermeable material and layers of composite
40-percent sandstone, 60-percent shale and was embedded in the half-
space described in Figure 23. The equivalent "limited” model consisted
of half of a sandstone layer and half of.a shale layer, with constant-
stress, impermeable boundaries. The Austin Bayou reservoir interval for
the/"limited“-model boundaries are indicated by dashed lines in Figure
30. Plane strain conditions were. assumed for both models, and fluid

outflow occurred from the sandstone 1ayers at a centerline well.

For the purposes of the elastic parameter variation study, a full
half-space axisymmetric Austin Bayou model was developed with the reser-
voir interval geometry, as shown in Figure 31.» Away from the producing
aquifers, the sandstone and shale blocks were modeled as composite 40~
percent sandstone, 60-percent shale. Limitations of the axisymmetric
" version of CONSOL3 required that outflow be distributed horizontally

within the sandstone layers and not simply removed from the well at
radius zero, - The half-space“geometry and material properties outside
. the reservoir interval are as ‘shown in Figure 23 and Table 8.

P T T

DISCUSSION OF IDEALIZED-CASE STUDY

The Austin Bayou conceptual model and the derivative computer
models described in the previous section were used to answér the

. ‘questions posed in the investigation plan. : ,

Flow Modeling

The use of flow models allows ‘the prediction of reservoir com-
paction and reservoir_poreepressure decrease due to the removal of geo~-

thermal fluids. Flow at Austin Bayou was modeled with the integrated
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finite difference program CCC and the finite element prograﬁ CONSOL3.
In CCC the viscosity and density of the fluid varied with temperature

and pressure, while constant fluid parameters were assumed by CONSOL3.

The predicted pore pressure in the aquifer at 1000 weeks was
940,200 psf in the‘CONSOLS "limited"” Austin Bayou model and was 920,500
psf in the eqﬁivalent CCC planar flow model. The respective compactions
for the 75-foot-thick sandstone-shale layer were 1.36 feet and 1.33
feet.

Since the pore pressure drops and compactions for the two cases
differ by less than 3 percent, it'is.apparent,thatlin this case fluid
viscosity and denSity variations with tehperature and pressure were not

important.

The effect of‘allowing-permeabiiity to vary was determined by
running the CCC one-dimensional model with an e~log k/c relationship in
the shale layer. ‘During the 1000 weeks of pumping; tﬁe shaié void ratio
decreased to 50 percent of its initial value. The rate that water was
removed from the reservoir was constant and was the same in both cases.
In the variable permeability modél, a somewhat smaller proportion of
that water came from the shale and a larger proportion came from the
sandstone. The increased sandstone compaction almost balanced the
decreased shale compaction so that the total compaction at any time was
only 1 percent less than in the case of constant sﬁale permeability. 1In
reality, it would be diffiéult to maintain a constant pumping rate as

the reservoir permeability decreased. -

Because the Austin Bayou resefveé are'at‘great depth and high
pressure, single-phase flow was maintained within the reservoir.
- Extrapolation of the CCC results indicates that, after about 3Q years of
pumping, pressure would be reduced sufficiently to induce some phase
change. Ne;ther CCC nor CONSQOL3 is capable of handling multiphase flow,

o
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S

and computer models which can do this-are quite complicated. However,
this study shows that even in cases where single-phase flow models are
appropriate initially, phase change may occur after pressures have been

reduced. Such a case would require that further study be conducted with

a multiphase model.

Flow-Deformation Coupling

The case studies at The Geysers and Waikrakei-attempted to predict
* the observed surface subsidence by representing the results of reservoir
fiuid extraction as pore-pfessure changes or as reservoir intervel com-
pactions. In the Austin Bayou case study, we addressed the question of
the appropriateness of this separation of flow with deformation. Both
CCC and CONSOL3 couple flow with deformation; ‘howeyer, simplifying
assumptions afe made in CCC when,calculating the induced deformations.
CCC- assumes tﬁst ‘horizontal displacements are negligible‘and'that the
upper boundary" of the reservoir is a constant .stress boundary. The
validity of these assumptions was’ tested by comparing the "extended" v
'CONSOL3 Austin: Bayou model with its "limited” model (which 1s equivalent
to the‘Cccipléssrfflow model). In the “extended” model the total ver-
tical stress at the 15,000-foot level could vary from its inital value
as fluidfﬁés remq&ed'from“theqreservoir,and;the systesfdeformed. In the
"limited"” model the ovetburdenpis not esplicitly included and the total
vertical stress at that 1eve1 remains constant and equal to the overf
burden weight. The stiffness of the overburden in the “"extended” model
could be expected to restrain ‘the compaction of the shale~sandstone
layers, while in the "limited“‘hodel only the stiffness of the layers

themselves affects compaction.

In Figure 32, the resuiting'“extended” Austin Bayou total stress
profile at 15,000 feet is compared to the constant stress boundary
assumption. Note that the maximum difference between the two analyses

is less than 5 percent while the average difference is only 1 percent.
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Comparative plots of vertical compaction for the 75-foot shale-sandstone
layer are presented in’Figure 33. ‘Some horizontal compaction occurred
in the "extended” model, while horizontal displacements in the “"limited"
model were constrained to be zero. The difference in total volume

change of the reservoir interval for the two cases was 2 percent.

The "limited” Austin Bayou model, which apparently does a very good
job of representing the reservoir portion of the Austin Bayou system,
validates the assumptions made by CCC. The plane-strain version of
CONSOL3 and the combination of planar flow CCC and BIEM2D, with appro-
‘priately chosen homogeneous material properties for thefoverburden,
should supply eduallyﬁgood%models of-the'entirejAuStianayou Prospect;
The cost to run the CCC~BIEM2D conhination model was 208 CPU seconds
(206 for CCC and 2 for BIEM2D), while the cost to run the CONSOL3 model
was 318 CPU seconds. ‘ '

Constitutive Relstionships»

Two types ot,constitutive'stress-strain relations were used in the
Austin Bayou casefstudy. In the CONSOL3, NFOhD and BIEMZD models, all
materials were 1inear1y elastic, while in CCC models an e~log p law was
usually used for shale layers.’ The elastic material parameters were
derived from the e—log P parameters using secant values. The shale com-
paction was quite nonlinear, ‘with the instantaneous compaction coeffici~
ent at the end of 20 years being only about 35 percent of the initial
* value. The effect on subsidence is only about 10 percent, due to the
fact that we specified the quantit} of fluid produced from the reser-
voir. Had we specified the pore pressure drop, the compaction (and the

amount of fluid produced) would have decreased.

Dimensionality

As one-dimensional models are much simpler than two- or three-

dimensional models, it is important to understand when higher
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dimensional models are required to adequatelyfdescribe a system. Sig-
nificant factors that must be considered are boundary:conditions and the
‘ relative magnitudes of reservoir depth width thickness, and length.
These factors were studied by modeling one-, two-, and three-dimensional
portions of the Austin Bayou conceptual model with CCC combined with
either BIEM2D or NFOLD for propagating deformations to the Surface.

Fluid extraction from Austin Bayou occurted from wells within the
sandstone ‘layers. If flow to the wells were radial, a three-dimensional
flow model would be necessary because: each radial path would be through
different amounts of sandstone and shale (Figure 34). However, in the
Austin Bayou model, pumping from .2 central well (a: three-dimensional'
boundary condition) was functionally equivalent'to extracting fluid
uniformly across the sandstone layer (a one-dimensional boundary
condition). This is because the high sandstone permeability causes
.. pressure drops in the pumped layer to equalize rapidly (Figure 35) so
':that flow in “the. shale .aquitard is essentially one-dimensional toward
f%‘the sandstone (Figure 36).

f The reservoir'depth, width, andzlength {n the Austin Bayou .concep-
tual model“tlS,OOO ft, 10,500 ft, and.26;500 ft, respectively) require
that aAtwo—for»three—dimeﬂSional‘model be used to predict surface sub-
sidence. (In the Wairakei‘case stud}, the reservoir depth was substan-
tially less than the lateral extent and a one-dimensional model was more
reasonable.) A one-dimensional Austin Bayou model would predict a sur-
face subsidence ‘0f 5,31" feet, equal to the compaction of the reservoir
interval. The plane-strain BIEMZD program takes lateral strains into -
account., For the same reservoir compaction, BIEM2D predicted surface
*‘subsidence ranging from’ 1 67 feet over the center of the reservoir to
1.45 feet at  the edge: of‘the ‘reservoir (Figure 37) ‘The maximum subsi-
dence predicted by the three—dimensional NFOLD program is 1.73 feet. A
contour plot of NFOLD surface subsidence is presented in Figure 26. ’
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Modeling Portions of a System

In order to minimize computatiqnal costs and to maximiie detail, it
is desirable to include in a computer'mbdél only the signifiéant por-
tions of a system. To model a portion of a system, the effects of the
regions not explicitly included must be represented és Bgundary con—~

ditions on the partial model.

In the Austin Bayou conceptual model, a repetitive geometry within
the 2500-foot-thick reservoir interval wasvassumed'(Figure 25). This
allowed that portion of the system to Be représented by .a single 75-
foot-thick sandstone-shale unit with 1mpermeab1e horizontal boundaries.
From the planar flow CCC model it was found that the shale laterally
adjacent: to the sandstone aquifer acted essentially as an impermeable
barrier. Therefore, in the CCC one-dimensional, axisymmetric, and
three-dimenéipnal formulations, only the sandstone and vertically adja-
cent.shale layer wexe explicitly modeled, with the laterally adjacent

shéie lafer-repreéénted as an impermeable vertical boundary.

One~, two—, and three-dimensional CCC models, which repreéented
different portions of the reservoir 1n¢erva1 of the Austin Bayou con-
ceptual model with varying amounts of detail, were found to produce
similar results. Comparative plots of vertical profiles of pore pres-
sure change at 1000 weeks are presented in Figure 38. Pore-pressure
change for the different models is ﬁlotted'as a function of time in
Figure 39. The relationship between reservoir interval compaction and
fluid—production volume is shown in Figure 40. Horizontal profiles of
compaction at 1000 weeks for the representative 75-foot—thick layer are
plotted in Figure 41. '

This study indicates that a simple, Qne-dimehsional 75~foot-thick
sandstone-shale layer provides a good model for the 2500-foot-thick
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reservoir interval. Regions not explicitly inclu_ded are well repre-—
sented by boundary conditions. The use of more costly and complex

models for the reservoir interval 1is unwarranted.

Faults

The role of faults in geothermal subsidence was explored By use of
the program NFOLD. The fault position, the friction angle, the shear
aﬁd normal stiffness of‘the_fault material, and the initial stress field
in the half-space are all specified by the modeler. The induced fauit
movement and assoclated surface subsidence due to reservoir. compaction
can then be predicted. As the faults in the Austin Bayou conceptual
model sérve as reservoir'boundaries, shear forces and slip along the

fault could be significant.

The NFOLD model that was developed proved to be inadeqﬁate, how—~
ever. The extrémely large number of elements thét would be required to
provide an adequate three—dimensional NFOLD model of the fault and
reservoir system forced the implemehtation of a plane-strain model
using a two-dimensional displacement-discontinui;y program, DDJZD,‘
developed by Golder Associates (based on an original version produced at
the University of Minnesota), With DDJ2D it was féasible to develop a
much finer representation of the region near the fault-reservoir inter-

face, although three-dimensional effects had to be ignored.

The DDJ2D representafion'ofrAustin Bayou is illustrated in Figure.
42. The system was modeled with two different initial stress fields.
In onevcasebthe‘ratio of horizonfal—tb-vertiéal total stress was 1.0,
while in the other it was taken as .94, which corresponds to the lowest
pﬁysically realizable ratio of horizontal-to-vertical effective stress.
Slip along the fault occurred in both.cases. For the horizontal-to-
vertical stress ratio of 1.0, the fault slipped 2.1 feet downward_above

the reservoir and 2.1 feet upward below the reservoir. However, the




131

2 ’:‘; :
|
SURFACE |
SR
L RESERVOIR' ;
' i 5253 feet
: |forced compaction ..
' reservoir
FAULT v ,| :
? i 1 : B
|
7 4 S ' :
‘ 1
b B

T B SR B S T SN B R R TARE RS L I iy

<. oo - FIGURE 42.. .
- AUSTIN BAYOU CASE STUDY

DDJZD TWOQDIMENSIONAL DISPLACEMENT-DISCONTINiIITY MODEL

Gaglllrl T FOR AUSTIN ‘BAYQU -




132

region of slip extended only 120 feet vertically in each direction. For
smaller normal stresses on the fault (horizontal~to-vertical stress
ratio of 0.94), the slip was 2.3 feet at the reservoir and propogated
320 feet,  In neither case did the fault slip affect surface

subsidence.

The faults in the Austin Bayou conceptual model‘proved to be rela-
tively unimportant. This result should not, howevef, be generalized to
other reservoilr systems. Each case must be considered separétel& with
initial stress and fault parameters chosgn to best repreéent the actual

system,

Elastic Parameter Study

The sensitivity of the dependence of surface subsidence on elastic
material properties;was studied using an axisymmetric CONSOL3 model of

the entire Austin Bayou system.

The effect of varying the (drained) bulk modulus‘of'the materials
while holding the ratio of bulk to shear modulus constant at 0.75 was
first determiped, This amounted to chaﬁgi@é;thé‘ovérall stiffness of
the'system while holding the drained Poissdn's'fétio constant at 0.2.
The material properties of the surface unconsolidated layer were not
varied. Material elastic properties for the three cases considered are
listed in Table 10, and thé'resulting surface subsidences at 1000 weeks
are shown in FigurévhS.ﬁ Over the center of the reservoir, the abrupt
deqrease 1ﬁ subsidence 'is not‘reél, but is an artifact of the axisym-
metric formulation. Although the small peak in subsidence over the edge
of the reservoir may be associated with the modeling, the cause is not
known. Note that for the drained bulk modulus increased by a factor of
10, the surface subsidence only decreases to 70 percent of the original
value. This can be explained by the fact that the overburden materials

do not drain appreciably as the reservoir is pumped and that their
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TABLE 10

K VARIED WITH G/K = 0.75

BULK MODULUS K

SHEAR MODULUS G

Sandstonej

'13.800

(psf x 108) (psf x 108)
- - Case ' Case .
MATERIAL 1 2 3 1 2 3
Unconsolidated Layer .418 314
65% Shale -

35% Sandstone .267 1.45 2,62 .200° 1.090 1,97
90% Shale = o B , .
107 Sandstone . «231 . l.27 © 2,31 .173 .953 1.73
60% Shale : e :

Shale 1,200 1047 2,09 .57 . .780 .57
3,340 - 18,40 33.40 25.10
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elastic behavior is dominated by the pore-fluid stiffness. Varying the
drained moduli therefore causes relatively small changes to the effec-

tive stiffness of the overburden.

Three cases were then considered in which the drained bulk modulus
was -held- constant and- the shear modulus to drained bulk. modulus ratio
varied.* This corresponds to the varying of Poisson s ratio. Again, the
effective hulk modulus of the undrained overburden is actuslly largely
due to the presence of pore fluids. The shear modulus of the materials,
however, is not affected. The effective Poisson's ratios for the over-
burden for specified Poisson s ratios of 0.1, 0.2, and 0;45 were: about
0. 46 “0.47, and 0. 5, respectively. The drained material’ properties are
listed in Table 11 and the surface subsidences at 1000 weeks are plotted
in Figure 44, For material relatively weak in ghear (G/K = 0,10) the
 surface subsidence is. quite large; for higher shear strength-material,
hoyever,‘thepsubsidence{is only weahly dependent on the agtualiG{K

value.

Reinjection of Geothermal Fluid Wastes

- Reinjection of geothermal waste-water has been proposed as a solu-
tion to subsidence problems and problems of waste-water disposal.‘ The
conceptual model for Austin Bayou can be used to study waste-water rein~

jection without recourse to mathematical or compute models.

Compaction of the Austin>Bayou'reservoir has been shown to be
directly related to the extraction of geothermal fluids (Figure 40). It
is therefore logical to assume that reinjection of fluid will produce
heave sufficient to largely neutralize subsidence. 'Reinjection of
fluids can be performed at different.levels of the‘stratigraphy (Figure
45). The 1eve1~atrwhich reinjection occurs can be expected to determine
its effect upon geothermal energy recovery and on subsidence. Below, we
shall discuss several possible reinjection schemes and the insight that

can be gained from the conceptual model.
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- TABLE u .
* PARAMETER STUDY, K CONSTANT G/K VARYING o

SHEAR MODULUS G
ool R P - (psf x 10:):
o - BULK MODULUS K __ ___G/K ..
' MATERIAL ' o (psf X 10 ) ’ 1.09 .75 .10

R

_ Unconsolidated Layer ’i o .418 ;v D :;314: L

<. -65% Shale Lo : SRR TR S RN o © BRI
, 3SZ Sandstone = )  1.47 e ‘A1.6O>‘ 1.10, _ .14Zﬁ,

-90% Shale

10% Sandstone . 1.60 L7 120 .10

A

60% Shale . e oo K
407 Sandstone ‘ . 2.28 2,49 1.71 . .228

... Shale : 1,46 1,59 - 1,100 -.146

Sandstone  14.60  15.90  11.00° "1.460°
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FIGURE 44
AUSTIN BAYOU. CASE STUDY
COMPARISON OF SURFACE SUBSIDENCE OBTAINED WITH CONSOL3
WITH DIFFERENT VALUES OF ELASTIC PARAMETERS G/K =1.09, 0.75, 0.10
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Reinjection in Upper Layers

Recharge to an upper layer is attractive for several reasons.
Recharge to shallow layers requires lower pumping pressure than
recharge to deeper layers. In addition, the cooler recharge
fluids do not decrease energy recovery because they are iso-

lated from the production zone.

The value of recharge to shallow layers for reduction of subsi-
dence 1is: questionable due to. the inelastic stress-strain prop-
erties ‘of ‘the . shale. in which most deformation occurs, The

| production-reinjection stress-strain curve for shale is shown
schematically {n Figure 46. Because initial! reinjection volume
equals production volume, subsidence is effectively neutralized
by reinjection. However, as time passes, pore pressures return
to their initial values and the same net subsidence occurs as
would have occurred without reinjection. In addition, the
reinjection of fluids ‘to a ‘ghallow layer may produce hydro-
fracturing if the pressure required to reinject exceeds the

strength of the rock mass, L »

ﬁeiujection:in5ProduciuénLayer

Reinjectiou in the producing layer has -the advantage that
reinjected fluids can be used to force geothermal fluids out
(Figure 47). Some of the energy expended to pump in the
recharge fluid is thereby recovered. In addition, recharge in
the producing aquifer will completely eliminate subsidence,
since no: net pressure: change will ‘occur ‘in the linear elastic
sandstone aquifer. However,-reinjection in the sandstone aqui-
fer will prevent extraction of fluid'from the shale aquitard,
as reinjected fluids will reach the well before the shales
drain (Figure 36). According to our results, 90 percent of
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-4 Initial condition in shallow layer.
1 Initial condition in production loyer.
1-2" Loading in production layer.
4-5 Unloading in shallow layer.
2-3 “Recharge ‘of production layer. -
\ 54 Dissipation at shallow layer.

Loading curve

. d Recharge
\ag I o

unload ~reload
curve

Log stress  (log &)

... . . FIGURE 46 .
, AUSTIN BAYOU CASE STUDY = =
NONLINEAR, INELASTIC STRESS CURVES
FOR REINJECTION INTO SHALLOW LAYERS
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the geothermal fluids at Austin Bayou are produced from the

shales.

® Reinjection in Sands Above and Below the Producing Layer

Reinjection in layers above and below the producing aquifef
(Figure 48) could avoid the problems of both of the other
schemes, provided there is, in fact, no high permeability
connegﬁion,bétween producing and reinjection layers. Although
our conceptual model shows no connection, it is not khown how

wellithé idealized geology approximates real conditions.

Provided n&fhigh ﬁéfmeability ﬁathééxists, fluid flow can be
expected toﬁoccur as diagrammed ih%figure 36. No{subsidenée
would occuft However, ptessures ﬁééeséary to pump iﬁto aqui-
fers at deﬁth may be too large (2 x"106 psf) for reinjection to
be feasible. i o

CASE STUDY - CONCLUSIONS

e In every case, the lack of basic physicél data was the limiting

factor in the accuracy of the modeling.

e The basic physical processes of subsidence appear to be well

understood and correctly modeled.

e The dimensionality of the modélv(gne-dimensional, two—-
dimensional, axisymmetric, three-dimensional) was an' important
factor in its suitability. ‘

e Accurate knowledge of either the reservoir pressure and tem—

_perature drops or the rate of fluld extraction was important.
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Accurate knowledge of stress—strain properties was of little
importance at The Geysers, was somewhat important at Austin
Bayou (due to nonlinearity of shale behavior), and was very

important at Wairakei.

Depth of the reservoir compared to its extent is an important

parameter in determining subsidence.

Temperature effects were important at The Geysers, of minor

importance at Wairakei, and unimportant at Austin Bayou.

The use of a stress—-dependent permeability had a modest effect

on the rate of pressure dfop and little'effecc on compaction.
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REVIEW AND RECOMMENDATIONS

The research documented in this report attempted to find}answers to

the following questions:

e How adequate are existing models for estimation of land subsi-

dence and lateral ground deformation?

e What additional development, if any, is desirable in geothermal
modeling? - ' RERRE T e

In the course of our research ‘we have learned that, as discussed
earlier, mathematical models cannot be evaluated without reference to
the entire subsidence prediction process,irThe_following is a review of
what has been learned ebodt:subsidence models in the context of the

overall prediction methodology.

OVERALL SUBSIDENCE PREDICTIONi§ROCESS é

1

5

The subsidence prediction ‘process can be viewed as a three-stage

process, as was discussed in the beginning of this report.

e  Data collection.end organization
e Development of conceptual model
‘e Implementation of mathematical flow and deformation models

based on concentuel model

Etror and unéertaint&'ate fntroduced at each stage of the pre-
diction process. It is important that the level of accuracy of each
stage be compatible, as it is pointless to use precise models where data
are only approximate. - Figure 49 presents schematically our estimates of

_the sources of uncertainty in subsidence predictions.
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Experience: gained from the case studies indicates that the level of
etror-aﬁd:uncertainty due to data dinsufficiency is.considerably greater
than that introduced by using even the most rudimentary of deformation
models.

. It.1s our. opinion that, due to-the.physical impossibility of fully
characterizing a 'subsidence system,ssubsidence:modelsvw111~never be able
‘to -predict subsidénce with great precision. .. It“ls ;reasonable to expect
to predict the general nature andfmagnitude of the- deformations, but the
‘prediction accuracy. will never be-great and there will often be

"anomalies” such as those as Wairakel.- . .%o mooe

As a result, the sophisticétion of current: deformation models
appears to be adequate, as they do not significantly increase prediction

@rror, il o Lm0l

- 'RECOMMENDATIONS . =~ - - =

' Overall Approach

i It appears that the development of highly sophisticated,
~coup1ed,models{for,reservoir flow:and.defofmatidn is not desir-
- able at this'timé.:iNot4on1y 1s'the§use?ofzover1y sophisticated
--models not- justified bygavailaﬁleidata,rbut ~as. was shown in
" the ‘Austin Bayou case study,icoupling of flow and deformations

-increases cost more! than it does accuracy.::

. Conceptual,models;should-be developed to:as great a level of
. -sophistication as ie permitted by available data. Mathematical
models should be selected which;are»appropfiate;to,the sophis—

tication of the conceptual model.
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. In some :cases; where production can be ‘assumed known, reservoir
flow modeling - may not be necessary. - This was the case at

Austin’Bayou.

o The level of sophistication of the model should suit the level
. of data availablé.a’Thus, simple hand calculations and one-
"dimensional models .are appropriate for feasibility-study:.
computations, whilenmore‘complex,‘multidimensional,models’WOuld
*. be justified for situations where a large body of data was
- available. It should;be;poinﬁed out, however, thatfin»all of
the case studies we.reviewed the data was: much too limited to
allow the complex models to perform measurably better than the

simpler models.

e The type of model must suit the type of reservoir; one-
dimensional models are not suitable for irregular reservoirs,
and nucleus-of-strain models are not good for shallow, exten—

silve reservoirs.

Reservoir Flow Models

e _Further theoretical development of reservoir flow models
appears to be appropriate. ' At present, lack of adequate reser-
<voir flow theory represents a significant limitation to predic-
tion of the subsidence of geothermal reservoirs. Current
theories have not, in.general, been  adequately tested. In
addition, further theoretical work might be appropriate in the
fields of multiphase and :fracturé/porous.media flow. We antic-
ipate a rapid evolution in the state-of-the-art of heat/fluid

flow over the next few years.
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”;Two types of mathematical models should be developed for

'reservoir flow. '

""" - Models utilizing state-of-the-art theoretical developments

- Models utilizing simplifying'assumptionsmso that they can be

used by nonspecialists.

Possible simplifying assumptions include lower dimensionality,

restricted physical processes, and limitation of calculation to

' static equilibrium conditions.

iy

Deformation Models

" Current theory appears to be adequate for all practical defor-
q mation modeling problems. Although assumptions of homogeneity,
‘ isotropy, and linear elasticity are frequently gross, they

often appear to be adequate considering the level of inaccuracy
introduced by lack of ‘data. ' ' '

‘ None of the models we' reviewed considered the time-dependent

nature of the material's stress-strain behavior. While this is

~ a real phenomenon whose effects ‘are often apparent in case-~
: history studies, we do not consider that its inclusion would
N have significantly improved our models.

There is another time—dependent phenomenon which is more
:importsnt., This 15 the time—lag required for pore pressures in

low-permeability/high—compressibility materials to equilibrate.
When clay beds are contained in or adjacent to a reservoir this
effect could be significant. The capability to simulate this
time-dependent behavior was available in two of the models e
tested: ‘UPDOWN and CONSOL3.
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Somewhat to our surprise, we found that thermal contraction
effects were of consideféble 1mpor£ance in one of the case |
studies (The Geysers). Fortunately, it is possible‘to do a
simple modification of the isothermal poroelastic theory which
will allow inclusion of thermal effects'whéré necessary. This

theory is despribed in,Companion Report 1 (Miller et al. 1980a).

Much to our Surprise; we fouﬁd‘that for shailow:reservoirs the

surface subsidence was considerably greater than the compaction
~ (by a factor of 2 [1 = u]). Accordingly, it iS'impbrtant when

"doing hand calculations to usé an analytical ;echﬁique (such as
Geertsma's disk solution) to‘bropogate'defofmatioﬁs to the

surface.

There is no single model which is superior to all others. We
tested six different modelé and found that each was valuable in

some situatiqns and that none was good in all situations.

The range of mathematical models now'available (Tabie 12) is
sﬁfficient for most reservoir deformatibn problems. What is
needed is not newer, more sophisticated mathematical models,
but more uséble versions oflcurrent modeis. Some criteria for

models are as follows:

- To be availabie.ip the public dom;in“ k

-~ To be well-documented both &ith regard tbrtheory and to
usage ' B ,

- To have simplified,inpﬁt‘and automatié eiemeﬁt genefation

- To produce clear, comprehensive,butput and,:wheré appropri-

ate, feature plotting caﬁabilities
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: : TABLE 12 .
MATHEMATICAL MODELS FOR DEFORMATION -

TYPE OF MODEL DIMENSIONALITY  TESTED VERSION COMMENTS

Hand Calculation - 1-D : Geertsma ~Simple, easy to use
chuec o mat o DAk symmetric : -Very useful
e EAET -Disk reservoir
N solution needs

further development

Boundary Integral ‘2D BIEM2D -Simple, cheap,

Equation _ e .. .. .. powerful _
N ~Axisymmetric
version would be
valuable

-BIEM2D worked»well

Terzaghi ~ <77 .- 1=D UPDOWN ~Invaluable for
Consolidation == - e __.problems involv-
ing highly com—
pressible layers
-UPDOWN works well
for linear problems,
poorly for non-
linear (e-log p)

Nucleus of Strain Axismmetric SUBSID ~Versatile solu-

3-D tion for 3-D
s problems ' -
~Inexpensive, easy
_to use

' -SUBSID works well,
input/output could

be improved
Displacement . 3-D “NFOLD -Only feasible
Discontinuity < - method for
: ‘ nodeling faults in
3-D . '

~Less expensive
than 3-D finite,
but still expensive
~NFOLD needs fur-
ther development.
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TABLE 12 (Cont.)

TYPE OF MODEL DIMENSIONALITY _ TESTED VERSION COMMENTS
Finite Element 3-D 'None " -Essential for

(Nonlinear) _ . A inhomogeneous/ -
: ‘ . nonlinear problems
-Moderately expen-
sive, difficult to
use
—CONSOL3 has many
" drawbacks, improved
program suggested :

Finite Element . 3D None -Method useful in
(3-D) . : ’ ' , ' complex situations
. -Expensive

-Usable version
needs to be
developed




= To have improved efficiehcy ,
= To allow increased flexibility by incorporating a variety of

current techniques in a single model.

Availability in the public domain might be facilitated by de-
velopment of a public library of well-documented mathematical

~models.,
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