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PREFACE

Thomas W. Doe and Werner J. Schwarz

The goal of the LBL invitational Well Testing Symposiums has been
to encourage the interchange of ideas and technology between the fields
of Reservoir Engineering, Hydrogeology, Civil Engineering, and energy
related Earth Sciences. The initial symposium in 1977 included papers
of a wide variety of interests in geothermal well testing. For the
second symposium, the subject of injection of fluids underground was
selected to focus the symposium proceedings.

Following the precedent of the second symposium, a topic was chosen
focusing the proceedings of the third symposium on the testing of low
permeability rocks. Unlike the previous symposiums, which were
primarily geothermal in nature, the testing of low permeability rocks
is a problem common to waste disposal, fossil energy resource develop-
ment, and underground excavation for civil or mining purposes as well
as to geothermal energy development. The development of well-testing
in some of these fields has proceeded somewhat independently of the
others, hence an interdisciplinary symposium on this topic was felt to
be most appropriate.

During the last decade the need for low permeability well-testing
has increased significantly. Within the energy resource field tnere
has been the development of hot dry rock geothermal systems, exploita-
tion of tight gas sands, and the development of in situ processing for
0il shale and coal. The waste isolation area has seen hoth radioactive
and toxic non radioactive waste disposal in tight formations become an
urgent national concern. In the civil and mining areas the use of
underground excavations for housing power structures and deep mining
for increasingly scarce resources are requiring more and better ground
water flow information.

The basic challenge of low permeability well testing is the
performance of a test within a reasonable length of time, within the
sensitivity of the instrumentation, and affecting a significant volume
of rock. Although the governing equations for fluid are not greatly
changed by the low value of a rock's permeability, well test techniques
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developed for production of fluids in high permeability rocks may not
be appropriate due to such factors as the time required for the test
or well bore storage. The instrumentation needs are also important as
flowmeters and pressure gages need greater reliability and sensitivity
for injection tests, interference tests, and other technigues.
Although there is much work yet to be done in low permeability well-
testing, the papers presented in this volume are a fair representation
of the significant progress that has been made in the last few years.

The Earth Sciences Division selected a third symposium organizing
committee, under the chairmanship of Professor Paul A. Witherspoon.
Members were Thomas W. Doe, T. N. Narasimhan, Ron C. Schroeder and
Werner J. Schwarz. The symposium and the proceedings were edited by
Thomas W. Doe and Werner J. Schwarz.

The symposium provided a forum for the over 130 participants in
which to exchange ideas and present new information on Jow permeability
rocks. The emphasis was on reviewing existing capabilities, identify-
ing current limitations, and generating new ideas for meeting the
Department of Energy/Division of Geothermal Energy goals. The opening
session was chaired by Ron C. Schroeder and Professor Paul A.
Witherspoon who gave the keynote address.

The participants represented the major national laboratories,
federal and state governments, industry, utilities, independent con-
sultants, 9 major universities, Canada, England, Germany, Mexico, ard
Sweden.

Abstracts and papers from non Lawrence Berkeley Laboratory authors
are being reproduced unchanged. Lawrence Berkeley Laboratory papers
were reviewed by the Earth Sciences Division's Publications Committee
and by the Technical Information Department.
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ABSTRACT

PERMEABILITY OF DENSE ROCK WITH PARTICULAR RELATION
TO THE ISOLATION OF HAZARDOUS WASTE

S. N. Davis

University of Arizona
Tucson, Arizona

Curing the past decade, the determination of the permeability of
very dense rocks has been of increasing importance owing to activities
such as 1) the geologic isolation of hazardous wastes, 2) the storage
of hydrocarbon fuels, 3} the design of dry-rock geothermal schemes,

4} the study of the distribution of ore deposits, and 5) the
investigation of the generating mechanisms of earthquakes.

Hazardous wastes must be isolated for periods of time ranging from
a few years to more than 10,000 years. Rock permeability, which con-
trals the rate of redistribution of the waste by groundwater, is not
entirely a predictable property over the longer time spans. As a
consequence, geochemical techniques of dating water and secondary
minerals are being considered as a means to reconstruct the history of
permeability changes within a rock with the objective of trying to
predict the nature and possible magnitude of future changes.

-1-



ABSTRACT

ROLE OF MASSIVE HYDRAULIC FRACTURING IN THE EXPLOITATION
AND DEVELOPMENT OF OIL AND GAS RESERVES IN
LOW PERMEABILITY FORMATIONS

Ram G. Agarwal
Amoco Production Company
Tulsa, Oklahoma

Massive hydraulic fracturing (MHF) appears to be a proven
stimulation technique for commercially developing natural gas resources
contained in low permeability formations. This paper briefly reviews
the locations of major tight gas basins in the U.5. and points out the
limitatons of the conventional analysis methods (normally applied to
high permeability formations) in predicting reserves for tight gas
wells, Methods are discussed to evaluate and predict the performance
of Tow permeability gas wells stimulated by MHF. Field examples are
included to demonstrate the applicability of such methods. Portions
of this talk are taken from Reference 1.

Reference

1. Agarwal, R. 6., Carter, R. D., and Pollock, C. B.: *Evaluation ana
Performance Prediction of Low-Permeability Gas Wells Stimulated by
Massive Hydraulic Fracturing," J. Pet. Tech. (March, 1979)
362-3720; Trans., AIME, 267.
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THE ROLE OF WELL TESTING IN C./IL ENGINEERING

Don Banks
Chief, Engineering Geology and Rock Mechanics Division
U. S, Army Engineer Waterways Experiment Station
Vicksburg, Mississippi

Civil engineering involves the application of art and science to the
investigation, evaluation, design, construction, operation, and maintenance
of worthwhile projects. Projects on which well testing results are important
to the civil engineer are obviously those in which the subsurface flow of
water potentially impacts upon safety and economical considerations. A few
exaﬁples include: flow of water (a) through foundations and abutments of
dams, (b) within slopes, or (c) into subsurface excavations and underground
openings; development of underground water supplies; and leakage from reservoirs
and canals. Closely akin to the cited examples are control! measures to
prevent flow (i.e., grouting) and to reduce pore water pressures (i.e., drains)
and construction techniques. To the above-~listed, more traditional examples
of civil engineering projects, new projects of national interest with new
needs are being identified. Projects requiring a renewed Interest in the
nnderstanding of underground flow of water are exampled by needs for under—
ground storage of radioactive or other forms of hazardous wastes; underground
storage of energy-producing products; development of alternate ferms of energy
reserves (1.e., geothermal); and concern over pollutant migration. Significantly,
experience has shovm that the most successful approach in solving the more
traditional projects, thereby indicating a similar approach to the more newly
identified projects, has been when the civil engineer works as a team member

with engineering geologists, hydrogeologists, and groundwater hydrologists.
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The purpose of well testing is to derive a value of the permeability of
the geologic medium or to directly measure the velocity or quantity of
fluid flow. In the former situation, a change of the in-hole water pressure
is created and the resulting response of the system is measured. Through
Interpretation of the response measurements by means of appropriste cemceptucl
nmodels, the permeability of th¢ medium can be derived. In the latter situacion,
borehole velocity meters or tracers, as examples, are used to measure the rate
at which water is flowing in the medium. Once the tests are analyzed, a site-
gpecific, boundary-valued problem 18 solved to permi: design decisions to be
made. Past civil engineering interest has generally focused on flow in the
near~surface environment (or, in the case of tunnels, iIn the new-bore environment).
Thus, equipment and procedures were generally developed to opzrate to nominal
depths — say 200 to 300 ft. Secondly, because of traditional Interests,
pertinent tests have been conducted iIn the more pervious zones with the result
that test equipment has been relatively simple. Thirdly. because the usual
use of the data was to make a design decision (e.g., whether cr not to grout:
the type of drailning or dewatering sclieme to be employed; sizing of pumps,
etc.), relatively simplistic models have been employed. The inherent variability
of geologic media and the general application of the results from well testing
have given the civil engineer some degree of comfort in satisfying the oft:n
quoted "criteria" of determining a measure of the permeability "within an order
of magnitude." Perhaps with new nrojects and more stringent needs, the civil
engineer must now work even more closely with the engineering gcologist or
hydrogeologist to letter define the medium In which the tests are being
conducted and to improve equipment and analysis procedures for use in geologic

media exhibiting much lrwer permeabilities than were previously of importance.
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Civil engineering projects are quite varied by nature, and thus, without
the interjection of stte-specific considerations on personal preferences,
cause a veriety of techniques to be employed. The types of tests (with
attendant depth of iavestigation limitations) typically employed om civil
engineering projects are:

. Simple borehole tests

--Water gain/loss ducing drilling

-=Variable or constant head tests in open borcholes
. Prcker or pressure tests in boreholes

~-Single packer asaembly

--Double (or at times multiple) packer assemblages
. Permeameter " »5ts

~-Sealed individual pilezometers

~~Continuous borehole piezometers
. Well pumping tests
» In-hole tests using well flow meters or tracer teats

While general, good practice requires records to be maintalned by the
drilling inspector or on-site geologist of water losses or gairs during
drilling, the understanding of subsurface flow of water is .nuch more
complicated than would be fadicated by total reliance on this type "test."

In fact, except in cases where there i3 a total loss of water into cavernous
limestones, the observations can lead to an incomplete and erroneous picture.

Variable or constant head tests in open boreholes are frequently conducted
in near-surface settings. Generally, these tests are limited to the most

pervious of nmaterials. In the case of water flowing jato the media, fises may
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clog cunduits to cause an vider-estimate of the permeability of the media; in
the case of water flowing from the media, fines may wash from the conduits
to cause an over-estimate of the permeability.

Packer tests are normally conducted, either with single, double, or
multiple assemblages when (a) distinct stratification of materials is
indicated, (b) the number of borings is limited, or (c) the depths of
interest indicate that the conduct of interference-type tests (i.e., well
pumping) may be exceedingly expensive, In the packer test one or more
packers are Inflated to isolate the section between the packer and the bottom
of the hole or between successive packers. A standpipe, elther free or
connected to a pump, and a source of water are used to elevate the pressure
in the isolated sectlon. Observations of the relationship between the
quantity of flow aad the active pressure in the isolated sectiun, along wih
assumptions regarding the geologic media, lead to an estimate of the perme-
ability of the zone being tested. It is often thought that if a sufficient
number of tests are conducted, along with detailed geologic observation of the
rock core or of the borehole wall, then meaningful, relative information
can be obtained. However, it is well known that the test results are strongly
Influenced if fines In the Injected water tend to clog the fractures. Similarly,
it is known that the results.can bs completely misleading depending upon the
location of the borehole and packer with respect to-the Joint system present
in the rock mass.

Generally, in civil engineering practice (with variations depending
upo.: the purpose of the project), if the average permeability as deduced

from the simple tests describei above does not vary over an order of magnitude,
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then further teating and definition ls not considered to be required. The
completion of the project will gemerslly be made with occasional single
plezometers ingtalled in selected boreholes to indicate geasonal changes in
the groundwater flow or construction related changes as caused by excavation
or drainage or as retarded by grouting measures.

Where the results indicate strata of ‘extremely high or low permeabilities,
then multiple piezometers are many times installed. These multiple piezometer
installations can be of single piezometers located In a close cluster of bore-
holes, each to a different depth, or several pilezometers installed in a single
borehole,

Most plerometers are carefully installed with a protecting filter or
screening matericl placed around the tip. Permanent seals are placed both above
and below the screen. The plezometer will be developed by bailing, pumping,
znd surglng before being declared operational. Generally, a falllng head
or rising head test will be performed t., glve yet another measurz of the
permeability of the strata in which the piezometer tlp is placed. Observa-
tion of the plezometric levels with time gives detalled Information of the
response of the geologlc media to changes in flow as caused by excavation
or drainage or as retarded by grouting measures.

These type tests are recognized as affecting only & local volume of
material and, on projects in which an interpretatlon of the mass characteristics
1s sought, may be supplemental or used in conjunction with well pumping tests
or tracer tests. When well pumping tests or tracer tests are employed,
generally near-surface flows are of concern. Deeper flows are determined only

on projects of major importance.
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While these types of tests are usually employed, test equipment, test
conduct, and interpretation of results are almost as varied as the number of
people conducting the tests. A review of the literature will indicate numerous
papers describing adaptations or variations of traditional tests purportedly
to meet site-specific requirements but at times, it is suspected, to meet the
personal preferences of individual engineers. By themselves such adaptatlons
should not be eriticized, but where unnecessary, adherence to established
guldelines would greatly ai. in. the portability of data or in establishing
meaningful data bases for use in slmilar situations. Detailed descriptlons
for various tests can be found In the Earth Manual of the formerly—known
Bureau of Reclamation; in the U. S. Army Technical Manual TM 5-818-5

(April 1971), Dewatering and Groundwater Control for Deep Excavations (alsc

numbered NAVFAC P-418 and AFM 88-5, Chap. 6); in Time Lag and Soil Permeability in

Groundwater Observations by Rvorslev, WES Bulletin No. 36 (1951); in the

suggested procedures of the International Saciety for Rock Mechan_cs Commission
on Standardization of Laboratory and Field Tests, "Suggested Methods for
Determining Hydraulic Parameters and Characteristics of Rc:k Masses" (Part 5)
and "Suggested Method for Determining Permeability by Water Injection Out of
Three Cells Separsted by Packers in a Borehole"” (Part 6).

Such standardized approaches to obtaining a measure of the flow of water
through geologic media have generally been sufficient in past civil engineering
applications. However, with new needs, such as previously described, the
civil enginear and his coworkers must critically reexamine past approaches.

The reexamination must cover the areas of:

a. Flow phenomena.

b. Test equipment and equipment control.
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<. Teet procedure.

-9

. Interpretation of test results.

. Mumerical modeling to extend the results over the volume of interest.

o

f. Well-documented case studies indicating successful applications and
importantly, unsuccessful applications with stated reasons.

To a large extent, continuation of symposia, such as this one, will
provide the forum for researchers, practitioners, equipment developers,
and modelers to assemble and discuss the results of reexamination and
improvement in describing fluid flow in geologic media.

New problem needs by their nature imply a determinatlion of flow charac-
teristics at greater depths than generally involved in civil engineering
practice and in materials of low permeability. Work being performed by the
groundwater hydrologlsts, engineering geologists, hydrogeologists, ecivil
engineers, petroleum engineers, geothermal engineers, theoreticians, and
numerical modelers all have a significant place to play.

If it can be assumed that the fluid flow in the deep, low permeability
environment will be dominated by flow through discontinuities, then problems
of accurately defining the presence and characteristics of the network of
discontinuities are immediately evident. Oace descriptions are obtained from
cate or borehole gbservation techniques, a major problem involves the extrap-
olation of the information to unexplored regions of interest, l.e., a descrip-
tion of the heterogeneity of the flow system. Then superimposed upon this
boundary description is a description of the response of the system to changes

in pressure, temperature, possible mixed fluid flow, poasible unsaturated flow,
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and possible variable flow laws, i.e., laminar, transitional, and turbulent
flow, These conaiderations must precede the design and selection of equipment,
decermination of test procedure, interpretation of test results, and application
of results to obtaln a successful solution of the engineering problem.

The tasks are many. Coordinated reexamination and continued development
by many workers ir several disciplines will be required to successfully come
to grips with the solution of fluid flow in low permeability environments.
I, for one, applaud the efforts of personnel at the Lawrence Berkeley Laboratory
as individual workers and in hosting this symposium. I am looking forward to

hearing of the advances described in the technical papers.
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HOT DRY ROCK GEOTHERMAL RESERVOIR ENGINEERING

R. Lee Aamodt
Los Alamos National Laboratory
Resource Engineering, G-5
Los Alamos, NM 87545

History

The Los Alamos Hot Dry Rock Geothermal Energy project is locates on
the Jemez plateau, in northern New Mexico, about two miles (3.2 km) west
of the ring fault which bounds the Valles Caldera. Two wells, GT-2 and
EE-1, were originally drilled to a depth of 9600 ft (2.93 km) and 10,000
ft (3.05 km), respectively, and, after some difficuities, including re-
drilling of the bottom portion of GT-2, a good fracture connection was
made between EE-1 and GT-2B, as the modified GT-2 was called. Water
entered this fracture from EE-1 at a depth of 9020 ft {2.75 km) and
eme;ged fro? several exits in GT-2B. The main exit was located at 8760
ft (2.67 km).

This circulation system was studied extensively for the purpose of
establishing a number of fracture properties. Technigues were developed
tc determine orientation, geometry, heat exchange area, voilume, flow
impedance and impedance distribution.

A much larger fracture system was then created from a depth of 9620
ft (2.93 km) in EE-1. Similar studies are underway or have been com-
pleted on this system. Figure 1 shows schematically the system as it
appears today. The techniques used and results obtained in the study of
the new and 010 fracture systems are discussed below.

Fracture Creation

A1l fractures created in EE-1 and GT-2 by hydraulically pressurizing
the wellbore appear to have been weakly cemented natural fractures, as
no breakdown-pressure peak has been seen. The fractures may not be
criented at right angles to the least principal horizontal earth stress.
They appear to stay partially open after their formation, possibly because
of 2 shear component in the earth stress acting on the fracture, with a
resulting displacement of the faces relative to one another.

When the gradient in earth stress is considered, normal hydraulic
fracture equations usually do not apply. Quasi 3-D machine calculations
by A. Vollan and T. Wacker of Dornier System GmbH, West Germany! show that
with a fracturing fluid such as water, fractures will generally assume an
elongated pear shape, eventually running away in the upward direction.
Pumping at high flow rates reduces this effect, maximizes shear displace-
ment of the fracture faces, and opens up the maximum number of joints of
various orientations.

-



Fracture C:ientation

Seismic signals accompanying fracture growth delineate regions of
high pressure. The signals are observed with a downhole seismometer
having three sets of four seismometers oriented at right angles. Signal
direction can be determined, with 180° ambiguity, from the first P-wave
tycle, while distance is deduced from the time difference between P- and
S-wave arrivals. A pressure sensor at a different point in the wellbore
can remove the directional ambiguity.

Geometry

Information about joint systems can be derived in a single well by
borehole televiewer and dipmeter logs. Correlation of logs in nearby
wellbores is also informative. Spinner and temperature logs taken under
flowing conditions identify the major entrance and exit points. The top
of the fracture can be located by passing sound waves between wellbores,
if the fracture lies between them. Since temperature rect fery in radial
geometry is faster than in plane geometry, the bottom of the fracture can
be]}ocated after a few weeks of no flow, if it is close enough to one
wellbore.

Heat Exchange Area

Figure 2 shows the fit obtained between calculations and observations
of temperature drawdown in the old fracture system during the 75-day test.
The new fracture is now undergoing a flow test. The heat exchange area
is one of the most reliable numbers obtained during a flow test.

Volume

Fracture volume is obtained by injecting a slug of concentrated dye
into the reservoir. Figure 3 shows results for both the old and new frac-
tures. The new volume is ~32,000 galions (122 m®), if the volume at the
peak of the returning dye concentration is used. This is about ten times
the volume of the old fracture.

Flow Impedance and Distribution

Flow impedance is defined as the difference in pressure between the
exit and entrance points of a flowing well-pair, divided by the flow rate.
The overall impedance requires a correction for the difference in pres-
sure of water in the hot and cold legs of the reservoir. An entrance
and exit impedance may be derived from the prompt change in pressure
when the welis are shut in.

Reference

1.  MAGES, Report submitted to the Executive Committee for the Program
of Research and Development on Man-Made Geothermal Energy Systems
under the auspices of the International Energy Agency, 1979.
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ABSTRACT
WELL TESTING IN TIGHT GAS SANDS

L. A. Rogers
Institute of Gas Technology
Chicago, I1linois

Department of Energy tests of geopressurad-geothermal wells in
Louisiana and Texas are providing data from which reservoir analysis
and potential production can be made. IGT is participating in the
geopressured-geothermal program in obtaining the reservoir data, making
laboratory measurements on core samples, and performing computer
simulation of the well production. Computer modeling of the Edna
Delcambre well test provided an understanding of the anamolous excess
free gas above that dissolved in the brine. Projections based on test
data are providing information from which production and economic

analyses can bde made.
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SOME EXPERIENCES FROM WELL TESTING IN PRECAMBRIAN
ROCKS OF SWEDEN

K-E. Almen, L. Carlsson, and K. Hansson

Geological Survey of Sweden
Uppsala, Sweden

BACKGROUND

The Swedish Stipulation Law requires that before starting new
nuclear reactors it must be shown how and where the high level
waste can be handled and stored in a safe way. The KBS:s pro-
posal (KBS 1977, 1978) for final storage of the high level nuclear
waste comprises a repository at a depth around 500 meters in
Swedish crystalline rock. A great number of drillings, well tests
and other investigations were performed to show the existence

of sufficiently large volumes of rock with very low groundwater
flow suitable for a repository. The well tests performed also
gave relevant values of the hydraulic conductivities to be used
in model calculations of groundwater flow and transport times
(Stokes and Thunvik 1978, Stokes 1979, Axelsson and lzrlsson
1979).

In total about 12,000 meters of boreholes were drilied and in-
vestigated within the work of KBS. In the two areas Fiansjon
and Sternd, see Figure 1, almost 7,700 meters of boreholes
were investigated and the results formed the basis for the

KBS safety-analysis for a repository in crystalline rock in
accordance with the requirements of the Stipulation Law (KBS
1977, 1978). In this paper a brief review will be presented of
the hydraulic well-test performed and some experiences from
the testing and the results.

AREAS INVESTIGATED

Finnsjon
The Finnsj¢ area is Tocated in northeastern Uppland, about
120 km north of Stocknolm, see Figure 1. The topography is
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very flat, characterized by a Subcambrian peneplane formed
more than 570 million years ago.

The bedrock is made up of different rock-types found within

the Sveco-Fennian area in Sweden. Granodiorite with an age more
than 1 800 million years is the dominating rock type. Other rock-
types to be found are leptite, granite, metabasite, pegmatite

and aplite. The area has a high frequency of fractures, 3 - 4
fractures per meter on the rock surface.

In the area seven fully cored bore-holes with a diameter of 56 mm
were drilled to Yengths varing between 494 and 691 m. A1l the
bore-holes were core-logged and hydraulic well tested. Some of
them were also geophysical well-logged. The location of the
bore-holes and major fracturezones is shown in Figure 2.

The Sterng area is a peninsula in the Baltic Sea, about 400 km
SSH of Stockholm. The peninsila is about 1 500 m wide and the
highest point about 50 m above the sea level.

Near the surface the rock type is a fine-grained gneiss, called
Coastalgneiss, intersected by veins and bodies of pegmatites

and granites. At depths the rock type turns over to a gneissic
granite and to a granite called Karlshamnsgranite. The transi-
tion from gneiss to granite is gradual and not characterized

by any tectonic or other structural zone. The fracture frequency
is low, about 0.% per meter on the rock surface. Through the
area a 150 - 250 m wide dolerite-dike runs in north-south direc-
tion.

-16-



Five bore-holes with lengths between 577 and 803 m wer2 drilled

in the area. The same kind of investigations as in the Finnsjo
area were performed in the bore-holes in Sternd. The location

of the bore-holes and major tectonic features is shown in Figure 3.

HYDRAULIC TESTING

Method

Two types of hydraulic tests were carried out with respect to
equipment used, single- and doublepacker water irjection tests.
Due to the large number of tests to be carried wut during a
limited time (Carlsson et al 1979) a rather simple method was
applied. Water was injected at constant head into a tested sec-
tion of fixed length (2 or 3 m), with a pressure of 0.2, 0.4 and
0.6 MPa in excess of the hydrostatic head. The flow was measu-
red at the imposed head difference when an apparent steady
state had been reached. The hydraulic conductivity was calcu~
lated by the formula used by Banks (1972):

k=2 g+l
2neL-pp 2r

When k = the hydraulic conductivity of the test section
Q = injection flow rate
r = bore-hole radius
L = length of the test section
Ap = head difference

Transient methods with constant head or constant water injectian
flow were performed in some sections in order to compare the hyd-
raulic conductivity values aobtained by different methods (Carlsson
et al 1979).
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The values of the hydraulic conductivity thus obtained are values
of the rock mass where the sum of the conductivities of each
individual fracture in the test section is averaged over the
section. With the knowledge of fracture spacing and geometric
data the obtained rock mass conductivity can be transformed to a
hydraulic conductivity of an equivalent set of hypothetical
average fractures .nd of each individual fracture.

Equipment

The equipment used was constructed in 1977 - 78 and the tests
performed until the end of 1979. The same equipment was used

in the two types of test, but the single packer tests were nade
with the two packers placed together and water injected beneath
them, see Figure 4.

The packers used were of rubber-type with a length of 0.3 m. They
were mechanically expanded by using oil-hydraulics. Water was
injected through a stem of steel-pipes with 10 mm inner and 2%
mm outer diametres, each pipe 2 m in length. They were joined
by inside screwthread and O-ring packing. The packer equipment
was held in the hole by the steel-pipes. Water injection flow
was monitored by flow-meters of rotameter type. Six different
flow-meters were used, which overlapped one another. The Towest
measurable flow rate in practice was 0.85 m1/min. The injected
water was marked with Rhodamine which made it possible during
later pumping and sampling to see whether the water obtained
was contaminated by the injection or not.

Results

Double_packer measurements_

Results of the double and single packer measurements given as
hydraulic conductivity versus depth are presented by Hult et al

1978, Gidlund et al 1979, Carlisson et al 1979 and Ekman and
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a decrease in hydraulic conductivity over longer sections
might be seen below 400 m i: the diagrams.

It has sometimes been pointed out that the use of long tast
section will give a mean value of the rock mass hydraulic
conductivity. The length chesen should depend on among other
things the fracture frequercy and distribution in the buretole.
An average hydr~Tic conductivity of each bore-hole both from
single and double packer tests is given in Table 1. Good agree-
ment is obtained for the two types of measurements in Sternd
but for Finnsjon the agreement is poor in spite of higher con~
ductivity values.

Table 1. Values of the hydraulic conductivity for each borehole
from single packer measuremeni and from caleulations
based on doublfe packer measurements vased on 3 meters
Zesl scetions.

Borehole section m beiow Hydrauiic conductivity m/s
ground surface Jouble packer Single packer

Fi 4 52 - 590 5.4-1077 6.2-]0'2

Fi 6 100 - 691 5.8-1077 6.8-10"

Ka 1 3n - 779 9.3-10710 1.3-10710
Ka 2 100 - 576 5.4-1072 8.4-107%

Ka 3 50 - 765 2.6-1078 2.0-1078

Ka 4 48 - 553 6.1-1078 z.9-1078

Ka 5 100 - 578 6.3-1077 2.6-107°
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Gentzschein 1980.

In Figures 5 and 6 the hydraulic conductivities are shown in
groups of half-decade values versus depth together with the
fracture frequency obtained from core-logging. In general the
high hydraulic conductivity values are combined with high frac-
ture frequency. A slight decrease in hydraulic conductivity with
depth is observed for the high fractured zones. The much higher
frécture—frequency in the Finnsjd area compared to the Sternd
area observed on the rock surface are also observed fram the
boreholes.

The bore-holes were placed and drilled to illustrate and con-
firm fracture zones and other geological units or features
within the areas. For instance bore-hole /= 3 (Sternd) was
placed to confirm a fracture zone {tectonic line) and to illustrate
its hydraulic conductivity. The bore-hole crnssed that tectonic
line at the depth of 300 - 350 m which is shown in Figure 6.
Thus the distribution of the hydraulic conductivity along the
bore-holes and between them differs. Despite that it is assumed
that the bore~holes together in each area might show some gene-
ral distribution of the hydraulic conductivity of the rock mass
down to about 500 - 600 m. In Figure 7 zones in a normal distri-
bution diagram are shown of the distribution of the hydraulic
conductivity in the two areas Finnsjon and Sternd, calculated
from each bore-hole, The diagram thus gives an indication of

the hydraulic properties within the areas and a comparison
between them.

Figures 8 and 9 show how much of the bore-holes at different
depth has hydraulic conductivity lower than 10'9 m/s. In some
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of the bore-holes in Finnsjtn no sections occur with conduc-
tivity lower than 10'g m/s. On the other hand some sections
in the bore-holes in Sternt have 100 % of their lengths lower
than 10-9 m/s.

By using up to about 100 times longer test sections in the single
packer measurements compared to the 3 m sections used in double
packer measurement, the measuring 1imit can in theory be lowered
about two orders of magnitude.

Most of the single packer measurements were made by lowering

the packer 50 m at a time in the boreholes. The obtained trans-
missivity values from each test gave base-values for calculation
of the hydraulic condu.tivity for each individual 50 m section.
Figures 10 and 11 show the results from some of the boreholes
both from single and double packer measurements and calculations.
In some of the calculated sections a substraction of two very
similar transmissivities gave negative values and were excluded
in the diagrams of the single packer measurements. The negative
values imply that the difference between the two basic flow rate-
measurements in guestion is within the experimental errors at
the two packer positions.

Figure 11 shows that in Sterné a marked change in the hydraulic
conductivity in general occurs near 300 - 400 meters depth. Above
this change values of 10'8 m/s are found and below it about 10-10
m/s or lower prevail. Such an abrupt change can not clearly be
distinguished in the diagrams from Finnsjon, Figure 10. However
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The influence of test section length is illustrated in Figures
12 and 13 in which single packer measurements are compared with
the calculated values from double packer measurements using 2 or
3 meters sections. For the very low hydraulic conductivity in
shorter sections no good agreement exists illustrated at depth
in Sternd Ka 3. The same disagreement is found for long sections
with high hydraulic conductivity as in Finnsjon Fi 6.

ATl individual single packer measurements and corresponding
calculations from double packer measurements are compared in
Figure 14. In general the hydraulic conductivity calculated from
double packer measurements is higher than corresponding single
packer measurements. It must be kept in mind that the test sec-
tions are picked out without any respect to fractures or other
tectonic zones, and that leakage is likely to occur both within
the rock between the test section and borehole and between the
packers and the bore-hole wall. This leakage affects the calcu-
lated value of hydraulic caonductivity less in single packer mea-
surements than in double packer measurements, because it is spread
over a longer section in calculation and also because a longer
packer is used in the single packer measurement. The differences
showed in Figure 14 might indicate a leakage which corresponds to
a hydraulic conductivity of up to 1072 - 1078 m/s, egquivalent to
6 - 60 ml/min at double packer measurement with 3 meter test sec-
tion and a head difference of 0.2 MPa.

DISCYSSION
The leakages observed as disagreements between the two types of
measurements might in a theoretical discussion be distinguished

in two types. First a very small leakage which probably has to
do with insufficient closure betweer packers and bore-hole wall
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and other imperfections in the measuring system. This leakage

affects the very low conductivity measurements as shown in the
Sternt measurements. Usually this leakage represents the mea-

suring 1imit of the double packer equipment used. For a conti-
nuous set of 75 individual 3 m sections between 350 and 575 m

depth in bore-hole Ka 2 in Sternt this leakage was determined

as 2,23 + 1.59 ml/min at 0.2 MPa excess head.

The second type of leakage occurs in rock with a high fracture
frequency where water might be transported *hrough the frazcture
system as short-circuit flow between the test section and the
untested part of the b-re-hole. As a high frequency of fractures,
which also can transport water, indicates high hydraulic con-
ductivity this second type of leakage occurs in and affects the
measurements of high hydraulic conductivity when using small

test section and short packers. This type of leakage is illustra-
ted by some of the measurements in Finnsjon,

To avoid or minimize the 1eakages mentioned it is recommended

to use longer packers and to use information of the locations
of highly fractured parts of the borehole in order to make sui-
table applications of the instrument and method for measurements
of hydraulic conductivity in these parts.
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Fig. 2. Map of the Finnsjd area
with deep bere-holes and major
tectonic lines.
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Fig. 7. Zones in a normal distribution diagram illustrating the hydraulic
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LAKGE=SCALE PERMERBILITY TESTING AT STRIPA

J. Ce S. Long, P.

A. Witherspoon, C.

R. Wilson, and A. O. DuBois

lawrence Berkeley Laboratory, University of California
Berkeley, California 94720

the maccopurmeabilivy experiment at Stripa,
sweden, is ap attempt to measure the average permea=
bility o a4 very larye volume of low-permeability,
trctured rock. Flow into and pressure surrounding
a 43 m drift will be weasured. This experiment
will alse neip to determine the size of the repre-
sentative elementary volume for the Stripa granlte.
Problems in pressure field characterization include
tne perturoation resulting from drainage into the
rest of the wine and vagaries of the fracture sys-
tem itself. To measure pressure, 15 boreholes have
been drilled from the drift into the surrounding
rock and instrumented with 94 packers and 90 pres-
sure gages., lnflow to the drift is measured hy
evaporating the secpage into the ventilation air
wnile measaring the change in water vapor content
petween :ncoming and exhaust air streams. In order
to measure this change in water vapor content, the
drift has been scaled off and measurements of the
parometric pressure, air velocity in the exhaust
duct, and the wet and dry bulb temperatures of the
inlet and e2xhaust air are taken. A test at ambient
temperaturs hds been completed. Preliminary re-
sulcs estimate a hydraulic conductivity of about
6.5 x 10" g,

1. mMUTIVATIOW FUR LARGE SCALE TESTING

the prospect of geologic storage of nuclear
visge has created a need to determine the hydrologic
material properties of low-permeability iractured
rock. ‘the macropermeability experiment at the
Stripa mnine in sSweden is an attempt to improve perm-
eability characterization techniques for the anal-
ysis of regicnal groundwater flow through low perm—
eabrlity rock in the vicinity of a nuclear waste
repository. The experiment is part of the Swedish=-
amerlcan Coldperative Program on Radiocactive Waste
sterage in Hined Caverns in Crystalline Rocx(1r23,
At Stripa we are monitoring flow into, and pressure
surrounding @ 5 m x 5 m x 33 m long drift czlled
the vent:larion drift at the 335 m level of the
stripa mine (Figure 1). This paper examines the
theorerical problems assoclated with making such a
measurement., and describes the actual experiment
now 1n proyress including preliminary results as of
november 197Y.

‘three problems arise in determining flow par-
ameters for low permeability fractured rock. The
First is to determine the minimum volume of rock for
which the permeability tensor is representative of
a larger rock mass and ia amenable to a porous media
method of analysis. The second problem is to deter=
mine this permeability tensor from field tests. The
third problem is to assign permeabilities to the
volumes of rock that are not directly examined in
the field. '"he macropermeability experiment at
stripa is an attempt to increase our understanding
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of the first two of these problems. The third is

not discussed here.

As the volume of the fractured rock sample
increases from zero, the average permeability will
oscillate as either fractured or solid rock is
added to the sample. When the volume of rock he-
comes sufficiently large that permeability is no
longer sensitive to the effects of individual
fractures, the oscillations will cease. An average
permeability can then be assigned to that volume of
rock which is called the representative elem:ntary
volume {REV). Theoretically, volumes of rock the
size of the REV can be treated as porous media for
regional groundwater flow analyses. Increasing the
volume further may ultimately cause additional
oscillations if a different realm of fracturing is
encountered, When a single permeability measure-~
ment {5 made on an arbitrary volume of rock there
is no way of knowing a priori whether or not tae
measured permeability lies on the osciljating por=
tion of the curve. A series of measurements on
different scales must be made to determine 1f there
is a REV smaller thap the rock mass itself and to
determine the permeability associated with that
volume.

In fractured rocks, where the discontinuities
themselves may occupy areas on the order of 102 m2,
it is reasonable to expect REV's, if they exist, to
be on the order of 104 or 10% m3. The macroperm=
eability experlment at Stripa will permit a measure-
ment of the average permeahility of 105 of rock.
There is no assurance that this volume will be as
large as the REV: however, the experiment, taken
along withk other small-scale tests performed at the
same site, should provide strong indications of the
size and exigtence of the REV.



The second problem is to determine the permea-
bility of these large volumes from in situ tests.
In high permeability soils or rocks, standard well
tests can be run such that large volumes of the flow
aystem are perturbad by the test in reasonable per—-
iods of time. + in low 1lity rocka,
standard well tests may only affact the flow systeas
within a few meters of the well. Detarmination of
large-scale permeability values can thsrefore be
attempted in two ways. The first way is to synthe-
size large scale values from 4 series of small-
scale tests done in boreholes. The sscond way is
to create a large scale sink {(or @ource} which will
perturb a large volume of the flow system, l.e., a
macroscopic permeability test.

small scale borehole tests will probably remain
the mainstay of hydrologic investigations since bore~
holes are the only practical means of extensively
exploring deeply burled rocks. Therefore, reliable
methods for predicting macroscopic permeability
from borehole data are neededs In order to parfect
such methods they will have to be checked by perform=-
ing large-scale in situ tests at the same site where
the borehole data has been collected. The macro-
scoplc permeability test at Stripa represents a
large~scale measurement that will be used to check
the analysis of an extensive series of small-scale
borehole tests(3
Il. MEASURING MACROSCOPIC PERMEABILITY
Any measurement of permeability must be made
on a flow system with specified boundaries. The
potential distribution on these boundaries as a
function of time and the flux through each boundary
as a function of time must be inferred or measured.
Then the effective permeability can be calculated
using Darcy's law. Most in situ tests cannot be con-
structed such that all these conditions are exactly
met. Some assumptions about boundary conditions are
usually made in the analysis.

Theoretically, flow into the ventilation drift
will approach steady conditions, but will never
actually reach eguilibriwms In order to use steady
state analysis the experiment will continue for 3 to
6 months or until there is no discernible change in
pressure and temperature. However, both the defini-
tion of boundary conditions and the measurement of
flow into the drift are problems of some magnitude.

Theoretical Considerations in Pressure Measurement

The ventilation drift can be idealized as a
long, but finite cylindrical sink. The inner boun-
daries of this flow system are well defined. The
location of the boundary is the wall of the drift.
The pressure on that boundary is essentially zero
since the drift is kept dry.

The outer boundaries of the flow system are
more difficult to characterize. Several posaible
approaches can be taken. One is to adsume that at
some distance from the drift the flow field ia
undisturbed and the hydraulic potential is constant.
nowever, the hydrology of the region surrounding
the drift is to a large extent dominated by the
extenslve Stripa mine workings. Piezometric pro-
files in the vicinity of the ventilation drift are

irregular. An assumption of undisturbed conditions
would not be valid,

Another nethod is to define a convenicnt boun=
dary surface and measure the pr ure distributlon
on thls surface. Alternatively, pressure could be
measured at an array of points in space such that
an isopotential surface could be located in space.
In an ideal, homogenous porcus msdium this method
nt little problam. The open interval of

would 1 4 large mmber of
and grains and the pressure measured would be
a physically sveraged p In a fr,
system, howsver the pinznll:lr interval may only
intersect a few fractures. Since the direction of
flow in these particular fractures is not neces-
sarily in the direction of the average gradient as
shown in Figure 2, the fractures sampled will not
necsssarily yield the average gradient. Without
knowledge of the average gradient, the average or
equivalent permeability cannot be calculated. The
problem is equivalent to predicting the permeability
of a porous medium from measurements of pregsure in
only a few pores.

DIRECTION OF DIRECTION OF AVERAGE
LOCAL GRADIENT \"*”::"L’,'f GRADIENT
tystem
N P 4

]
Veatitatian
dreft / T \
i
i

Comparleon of local and average gradients,
j = pressure at point i.

Fig. 2.

As a partial solution to the above problem,
piluzometers can be installed parallel to the theo=
retical isopotential surfaces. Thesz piezometers
can then be open the whole width of the flow zone.
In this case many fractures will intersect the
piezometer and a physically averaged pregsure will
be recorded. Two problens are presented by this
arrangement. The first is that long sections of
open borehole may create a significant leakage paths
and increase the flow into the drift. This will in
turn increage the measured permeability. The closer
the open borehols is to the drift the worse this
problem is likely to be. Another problem is that
this method of pressure measurement allows axial
averaging but no circumferential averaging. The
variability of pressure in the circumferential
direction can be just as erratic as in the longitu-
dinsl direction.

The only way to ultimately insure a given set
of boundary conditions is to create those condi-
tions artificially. This can be accomplished by
drilling a ring of closely spaced boreholes around
the drift and maintaining them at constant hydraulic
head. This method may be difficult and costly to
construct, and it will not provide any information
about anistropy.
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Bressure Measurement at Stripa

At stripa 15 boraholes 30 to 40 m long have
been drilled fram the ventilation drift into the
wurrounding rock {Figure 1). These horeholes are
divided into 3 groups of 5 each. Two groups (the
R-holes) are radial holex and one group (the HG
holes) extend from the face of the drift. Each of
these holes has been instrumentead to monitor pres—
sure. A total of 94 packers have becn installed at
appro¥imately 5 m intervals. Thia pravents the
voreholes from acting as drains into the drift and
creates a 3-dimensional array of 94 zones, 90 of
which are individually connected by tubing to pres-
sure gageS. 20Nes are numbered such that zone 1 in
each hole is approximately D to 5 m from the drift;
zone 2 in each hole is 5 to 10 m from the drift,
and 50 ons

During the experiment air in the drift was
kept at ambient temperature. Presgures in the hare~-
holes and water flow into the drift are monitored
until they are quasi-steady. In further cxperiments
air temperature in the drift will be raised and the
measuréments repeated.

Between constant temperature experiments twa
further experiments will be conducteds The first
will be swmall-scale permeability tests in which each
zone in one or two boreholes will be drained. The
flow rate from sach zone will bo monitored separ-
ately until approximately steady conditions are
reached. By repeating this test after each constant
temperature experiment it may be possible to detect
lacal ch in bility dve to ch in
temperature. These changes can then be correlated
to in bility for the whole

macroscopic test.

The second test will be a pressure shunt test.
At stripa we will not be able to examine aver-
aye pressures parallel to the thearetical average
isopotentials. However, since the average gradient
is not expected to be very large at the outer ends
of the boreholes, we¢ will be able to approximately
examine the effect of zone length on prassure by
hydraulically interconuect’ng adjacent zones through
the pressure tubing and al.owing the system to come
to equilibrium. Bead losses in the tubing will be
known and the pressure in each of the interconnevted
zones can be calculateds Since flow rates between
zones are in most cases expected to be quite low,
the pressure in the zones should be nearly equal.
The average of the pressures will be taken as an
egtimacve of the pressure the zones would have if
the packer between them were removed.

fheoretical Considerationg in Flow Measurement

In most permeabllity tests, the water can be
collected in a tube or pipe and the flow rate meas-
ured in a straight forward manner. However, in the
low permeability rock of thiz experiment, the flow
rate into the drift is 8o low and the gurface area
is so great that a significant proportion of the
inflow would be lost to evaporation and the remain~
der would collect on the floor of the drift too
slowly to measure in a reasonable amount of time.
For example, inflow to the drift of Stripa is cur-

rentliy measored at 45 to S5 cm3d per minuta which

is squivalent to collecting about 0.050 cm per day
ovar the floor area of the drift.

One of the purpe: of this expe-iment is to
examine the utility of measuring these low flow
rates by evaporating all che water inte the ventila-
tion air while measuring the change in water vapor
content batween the incoming and exhaust air atreaas.
To operate successfully, the ventilation syste
should provide an air flow rate and temperature
capable of vcgorizing and carrying away all of the
tnflux watex!®), 1In addition, all parameters muat
La mteady enough to allow identification of the
equilibrium conditions. Also, the 2:ifferential rel-
ative humidity between the alr entering and leaving
the axperiment area must be great enough to provide
acceptable water vapor measurement accuracy. As a
point of refarence, .05 m?/s (100 cfm) of alr flow-
ing at normal atmospheric pressure, 20*C, and 100%
relative humidity will transport about 50 cm3 of
water vapor per minute.

For the bility ri it is
necessary to meapure: {1) the barometric pressure;
{2} the air velocity in the exhaust duct; and {3)
the wet and dry bulb temperatures of the incoming
and exhaust air streams. These measurements allow
us to calculate the lncoming and exhaust mass flow
rates of both the air and the water vapor assoclated
with it. The difference between the incoming and
exhaust water vapor flow rates is the amount of
water which has evaporated from the surfaces of the
drift. The floor of the drift and the surfaces of
the walls can be observed to assure that all of the
water is being evaporated as it arrives, without
significant puddling.

To maximize the accuracy of water vapor trana-
port calculations, one wishes to opsrate with the
exit air stream as near to saturation as possible.
Nomograms have been prepared for a variety of exit
alr temperatures to assist in the selection of air
flow rates and heater power lavels that will main-
tain an acceptable (t 208) level of accuracy. One
of these is shown in Figure 3.

Moximum huot avallable

NG RANGE BASED ON
INLET AIR AT 14,5°C \HD 65% RH
AND 30°C ROOM TEMPERATURE

20 30 [ 50
Heat rafained by alr (KW} x0L 19013005

Figs 3. Plot of heat retained vereus evaporation

rate.

Several months were required to estublish near-
equilibriumn conditions in the rock temperature and
water vapor flow regimes. The experiment was ini-
tiated with a room temperature control setting as
near as possible to the preexisting ambient air
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Soue heat was added to assure that
all available water is evaporsted. Gubssguantly
warmer equilibrium room temperaturss will be asta-
blished to investigate the impact of that tempera=-
ture upon the water influx.

Elow Measurement at Stripa

A aketcn of the experimental setup waa shown
in Figure 1+ An air- and vapor=tight bulkhesd seals
off a 43 m langth of the ventilation drift. This
wall consists of a structural wooden frane covered
with an O« 15mm thick sheet of PVC, as & vapor
barrier, and fiberglass insulation to prevent con=-
densations  The vapor barrier and the structure are
keyed into a 20 mm deep notch on all four gides,
with Foamed plastic sealing in the notch to prevent
the loss of water through the blast damaged aurface
rocks A frozen-food=locker type door providea
access through the bulkhead.

temperature.

The general mine ventilation system delivers
about 1.4 m’/s of fresh air to a point just outside
the bulkhead. The experimental ventilation system
admits a portion of this freah air into the gealed
room to pick up the water (as vapor) which flows
into the sealed roam through the surrounding rock.
“his secondary ventilation sysatem is driven by a
fan located in the exhaust duct so that a slightly
negative pressure exists within the sealed room.
Any air leaking through the bulkhead is into the

for the water will be provided; and (3) the rock
will be heatad. As equilibrium conditions are
approached the third contribution would bacome
negligibla. The 45 kW heater is divided into six

td which are Y leds Five
msctions are under manual control and one is under
automatic on-off control with feedback from a room=
temperature sensor. The heater voltage is regulated
to imolate it from the large voltaga fluctuations
observad in the mine power system.

A 75 mm-deep tranch has becn cut across the
floor of the Adrift just inboard of the bulkhead.
The trench and floor of drift are dry, therafore we
conclude that lateral flow through fractures in the
floor of the drift is negligible.

Preliminary Rewults from the Ambient Terperature
Expariment

Instrumentation of the 15 boreholes was begquu
in June 1979 and completed in November 1979, Be-
fore fitting the holes with packers, the holes
drained the surrounding rock into the drift, A3
such the upgrade holes were dry and the downgrade
holes were filled with water under hydrostatic
pressure. AL each hola was fitted with packers the
pressure in the hole began to rise. Example pres-—
sure recorda for R07, HG2, HG1, and ROt are shown
in Figure 4, 5, 6, and 7 respectively.

rgom and it is the same air as that entering th gh
the inlet auct. In this way, the inlet wet and dzy
bulb are r ive of both the
intentionally admitted air and the leakage air.

The flow measuring station as well as the exhaust
wet and dry bulb sensors are in the exhaust duct.
These sensors sense the total air flow including
leakage.

‘the air entering the sealed room passes through
an electric duct heater. It is then distributed
through an insulated duct with multipla openings
along the length of the room. The air issuing from
these openings is directed preferentially onto any
damp spots on the rock surface (most of the water
arrives by seeping along discrete fractures). The
walls of the drift are maintained in an almost~dry
condition, with fans ueed where necessary to provide
a high air velocity over particularly damp spots.
The arrangement ghown in Figure % will be modified
for operation at higher room temperature. The air
inlet duct will open directly into the room and a
separate fan will recirculate room air through the
heater and the distribution duct. This arrangement
will separate the flow syetem for heating and cir-
culating air within the room, where high air flow
rates are desired, from the flow eystem for room
ventilation {water vapor removal), where very low
£flow rates are reguired for accurate water vapor
flow meagurement.

The climatic conditions within the room are
controlled by manually selecting a suitable air
£2ow rate (by adjusting a damper on the fan exhaust)
and then adjusting the heater power as required to
maintain the desired air temperature in the room.
The energy input from the heater is utilized in
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Fiqure 4. Example pressure gage readings far RO7
Before instrumentation, when ail the holes
were draining freely, hole R01 produced about as
muich water as all the other 14 holss combined.
Earlier injection tests in RO1 resulted in pressure
rgsponles in many of the other holes in the drift.
ly we i RO? last and monitored

three ways: (1) the sensible heat of the
aiy will be increased; {2} the heat of vaporization
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Figu-e 7. Example pressure gage readings for RO1

The effect of closing ROt can be seen in the
pressure records for RO7, HG2, and in Figures 8
Pigures 8 and 2 illustrate the increase in
pressure experienced in the R-holes and the HG-
The dashed lines represent pressures meas-—
ured on October 30, 1978; the solid lines represent
pressures measured on November d, 1373. Instrumen—
tation and pressurization of RO1 began October 31,
The stippled area between the dashed and
solid lines shows the initilal pressure increase ia
each hole dwe to pressurizatlon of R01. No pres-
is shown for R10 hecause it had been
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Figure 6. Example pressure gage readings for HG1.
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dissassembled to fix a faulty packer. HG! was
instrumented just prior to RO1 and had not yet
reached equilibrium when RO1 was installed. Pres~
sure appears to decrease in zones HG33 (i.e., zone J
in hole HG3) and R054 because HG33 and R054 had been
bled during the period October 30 to November B.

The pressure declined in HG41, HG43, and HG44 with-
All other zones throughout the
drift increased in pressure. DSH2, a hole parallel
to the drift was also instrumented. 1In December

and January this hole was reinstrumen“ed twice to

o nagan

Figure 8. Pressure increase {stippled) in the

R~ holes due to instrumentation of RO1.
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fressure increase {smtippled) in the
HG- ;oles due to instrumentation of RO1.

'Laure 9.

repair packer leaks. The effects of these proce=
dures can be meen in the pressure records for HG1
and HG2. The pressure record for RQ1 shows the
couplex, dynamic buildup process in that hole.
These dramatic hydraulic responsaes illustrate the
complex nature of the fracture system at Stripas
The hydrology of this rock may well be dominated by
a few high parmeability fractures. Figures 10 and
11 show the pregsura distributions at tha end of
tne ambient test, tarch 20, 1380.

e

Pigure 1U. Pressures in the - Noles at the end of
tne ambient temperature run.

8L a12-21414

Pressures in the HG~ holes at the end of
the ambient temperature run.

Figure 11.
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Sealing the borsholes with packers decreased
the flow into the drift from about 1000 cm3/min to
20 to 30 ca¥/min. As the pressure in the holes
built up the flow of water into the drift incrsasad
to 45-55 cud/min. (The 1000 cm?/min reprasents
cumulative flow from the open boranoles; after the
boreholes were closed flow was measured with the
ventilation system.) This decrease in flow is much

than was d» In order to maintain
humidity of the exhaust air at 85% we have had to
lower the air flow rate to 0.5 m3/s. This air flow
rate im at the lower end of the linear range of our
airflow measurement system.

The record of flow rate is shown in Figure 12.
Erratic variation at the beginning of the record is
due to changes in operation of ventilation system
and ongoing instrumentation of boreholes. However
a gradual increaging trend can be discerned until
late January when all the holes were inatrumented.
The most data was r after February
26th when the room was consistently kept dry for
almost a month.

100 T T T T
90’— Flow rafe info the drift
8o
0=
£
€ al-
€ 50
o 4
- } -
al- !
All holes Room
ok instrumented dry
!
0 Ll 1 1 i
ocrT Nov ” DEC JAN FEB MAR
xBLeIZ- 202
Flgure 12. Inflow Record.

Ficure 13 shows three separate values of con—
ductivity that were calculated based on the assump-
tlon of steady state flow and using the pressure
records in (1) all zone 4's, (2) all zone 5's, and
{3) all zone G6's. Thus conductivity can be plotted
against the volume of rock represented by the zones
4, 5, and 6, respectively. The calculated conduc-
tivity is fairly stable or about 6.5 x 10=11 w/s.
This may be an indication that the volume of the
KEV 18 at least as small as 5 x 10% m?, but further
analysis may be needed.

Summary

The macropermsability experiment will provide:
(1) a direct, in situ of the il-
ity of 105 m3 of rock on the order of 6.5 x 10=17
m/mr {i1) a potential method for confirming the
analysinm of a series of small scale permeability
tests parformed in surface and underground bore-
holes; (iii) a bettar understanding of the effect
of open borehola zone langth on pressure measure-
ment; (1v) increased knowledgs of the size and
existence of a rep: ve sl y volume in
fractursd rock: and (v) a basis for evaluating tha




vantilation techni for flow

in
large=-scule testing of loww-permsability rocks.
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IN SITU PERMEABILITY MEASUREMENTS FOR AN UNDERGROUND
COMPRESSED AIR STORAGE PROJECT
M. Voegele, R. McCain, M. Gronseth, H. Pratt
Terra Tek, Inc., Sait Lake City, Utah

SUMMARY

Seven injection tests were conducted to deter-
mine permeability as part of a site investigation
for a proposed compressed air energy storage/under-
ground pumped hydro facility Tocated in Maryland.
The tests were conducted in a single NX borehole
to depths of approximately 1000 meters in the Sykes-
ville granitic gneiss formation. Four of the in-
jection tests were single packer tests and were
to determine the permeability of a large section
of the hole. The tests were performed startingnear
the top of the hole and the packers were moved down
the hole for each successive test. Three straddle
packer tests were performed to determine the rock
matrix permeability of an intact zone and the aver-
age permeability of two fractured zones. The
interval tested during the straddle-packer tests
was 28.2 meters long. From these tests, it appears
that the rock matriz permeability is on the order

of 10’]5 cm2 or less, and that the average permea-
biTity in the fractured zones tested is on the

order of 10772 en?,

INTRODUCTION

The typical Toad demand of a power generating
facility tends to be cyclical with peak generation
required only at certain times of the day. During
off-peak hours the plants operate at a much reduced
fevel of efficiency. To enable the generating
plants ta operate at a higher efficiency, Toad
leveling techniques, which store the extra power
generated during off-peak hours in an easily recov-
erable form, are currently under investigation.
One technique, utilizing Compressed Air Energy
Storage (CAES) together with an Underground Pumped-
Hydro (UPH) scheme is presently being considered
for implementation near Washington, D.C.

Compressed Air Energy Storage (CAES) has only
recently become a technique for Toad Teveling in
the power industry. There has to date been no
operating experience on water compensated hard rock
cavern CAES plants, but considerable development
work has taken place and a great deal of design
experience has been gained in hydrocarbon storage
and air storage for other applications. Water
compensated CAES is a system in which the airstor-
age caverns are connected to the surface by awater
column, balanced by the air pressure in the storage
cavern. The water column is then connected to a
surface reservoir of sufficient volume to fi11 the
underground reservoirs when the stored air is com-
pletely exhausted. One of the most important design
parameters for a CAES/UPH facility 1s, of course,
the rock mass permeabitity characteristics. The
permeability coefficient of the host rock mass
chosen for the site is the governing factor in de-
termination of the air 1eakage potential ata given

water compensated CAES site. In addition to per-
meability, in situ stress was measured at several
depths using a hydraulic fracturing technique.

This paper presents a summary of the in situ
permeability investigations at one CAES/UPH site.
Included are discussions of the fluid injection
equipment designed specifically for the project
and the three distinct interpretative techniques
utilized. Also included is a summary of the re-
sults obtained.

The underlying theme of this investigation was
dictated by time constraint and monetary consider-~
ations. Accordingly, the field tests were performed
in as short of a period of time as was consistent
with the quality of data required. The assumptions
required for the adopted interpretative techniques
justified the use of relatively short dataacquisi-
tion times for the permeability test data. However,
it must be remembered that under these conditions,
it is omly realistic to calculate the permeabili-
ties to within an order of magnitude., This level
of calculation effort is also justified in 1ight
of the degree of confidence of the parameters
which must be assumed in order to calculate the
permaabilities.

Fluid Injection Equipment

An expected wide permeability range, together
with very low permeabilities led to the design of
a specia) equipment cart to handle the wide range
of flow and pressure conditions. The two major
design constraints were to be able to either main-
tain a constant injection rate or maintain a con-
stant injection pressure and measure accurately
very small flow rates.

Two air-driven intensifier-type pumps operate
in tandem, with positive pressure on the input side
of the pumps, to provide a maximum flow of approxi-
mately 1.8 gpm at 3000 psi. Pressure and flow on
the high pressure side are regulated and most of
the pump output is circulated back to the tank
through the back pressure accumutator regulator.
Fluid is drawn out of the circulation Toop through
an accumuTator which provides a damping effect to
pulsations inr the circulation Toop.

In the constant pressure injection mode, the
fluid is routed directly through the flow meter
and downhole, and the injection pressure is deter-
mined by the Toop pressure setting. In the con-
stant rate injection mode, fluid is routed through
a metering valve and another back pressure regula-
tor before being injected. Pressure is regulated
to maintain a constant pressure drop across the
metering valve regardless of downstream pressure.
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The system is closed in the sense that the
vent and bypass lines return to the supply tank,
Cumulative flow can be abtained independently of
the flow meter by measurement of the water level
in the supply tank. Also, the amount of fluid
returned when a test is vented can be determined.
The equipment is capable of maintaining or meas-
uring flows in the 0.005 to 0.3 gpm range with a
resolution of 0.001 gpm at injection pressures as
high as 6000 psi. The entire system is light and
compact; it is easily portable on a small truck.

The straddle packer used for the tests was
specially designed by Lynes for hydrogeological
testing. Downhole pressures in the packed off in-
terval were observed at the surface through the use
of a Lynes quartz crystal conductor wire)ine probe
{CHL). To determine if leakage had occurred around
the lawer packer element, a Lynes Dipital Memory
Recorder (DMR)} was included in the tool string.

Interpretive Techniques

Injectivity tests were performed as part of
the site investigation to provide order of magni-
tude estimations of the permeability of sections
of the CAES/UPH test well lacated in the Sykesville
Granite Gneiss Formation. Because the formation
has relatively low permeability and porosity, in-
jection tests using constant injection pressure
formed the basis of the tests ta determine the
permeability.

Discussion of Assumptions. Several of the
permeability coefficients were calculated an the
basis of an assumed value of porosity. It must be
emphasized that the equations used to interpret
flow data are typically derived on the basis of a
homogeneous medium and a radial flow regime. These
boundary conditions are obviously unsatisfactory
for a problem involving flow in a single fracture.
One of the problems faced in this study was to de-
termine whether or not fracture flow was the domi-
nant mechanism observed at the CAES/UPH site. If
it is clear that the flow is predominantly within
the fractures, alternate interpretive equations
must be found.

An examination of the core from the site
suggests that the fracturz frequency has a maximum
ur 1 fracture per foot. The fractures observed
were all tight and, for illustration purposes, it
will be assuied that the average fracture width was
0.1 mm. Using a fracture spacing of 1 ft., the
fracture porosity is seen to be Tess than 7 x 10-4,
Allewing for a cumulative error equal to even an
order of magnitude, the fracture porosity is still

Tess than 1073,

The rock matrix porosity cannot be calculated
easily and must be estimated on the basis of repre-
sentative values. Several authors have tabulated
values for crystalline rocks, (Krynine and Judd,
1957; Brace, 1965; or Farmer, 1968), Typical poro-
sity values for gneissic rocks reported range
between 1% and 2%. It is apparent that an assumed
porosity value of 1.5% is reasonable for the rock
in the CAES/UPK borehole.

The remaining question is, therefore, which
value of porosity should be used in the permeadil-
ity calculations. It should be abvipus that the
mare parmeable portion of the mass, be it the
cracks or the inter-connected pore space, will
allow the flow of fluid more easily than the less
permeable portion of the mass. It therefore seems
likely that the porosity value of 0.015 is Justifi-
able and representative of the conditions encoun-
tered in the CAES/UPH boreholes.

The permeability values can easily be adjusted
for a different value of porosity; for permeability

in the 10712 1 10715 range, equation 3 s essen-
tially 1inear. A porosity value of .5% thus would
Tead to a permeability coefficient one-third of
that for 2 porosity value of 1.5%.

Finally, a comment regarding the validity of
the interpretive techniques themselves s in order.
Flow may be according to Darcy's Law, but the pei-
meability may be 50 Tow such that the equations
typically used do not apply. For example, the
partial differential equation

o

is derived for radial flow from Darcy's law and
conservation of mass. Typically the term (aP/ar)
is disregarded on the assumption that pressure gra-
dients are everywhere small and the resulting equa-
tion is solved. For extremely low permeability,
very large pressure gradients may exist, flow may
be non-laminar, and the above simplification may
not be valid.

At the present time there does not seem to be
agreement within the literature upon how to assess
this problem.

Steady State Cosditions. Ouring these tests,
the boreﬁoie was rapidly pressurized to a given
constant pressure, measured downhole, and the flow
rate required to maintain that pressure was recorded.

If tne test records indicated that conditions
of relatively constant flow had been reached, an
equation of the type presented by Snow (1968} was
used to estimate the permeability.

K= 0778 x 108 Wwin (M) )

aPL

Where: 2

K = permeability, cm

q = flow rate, gpm

u = viscosity, cp

AP = injection pressure, psi

L = interval length, ft.

Dw = hole diameter, in.

Curve Matching for Transient Conditions. For
several o e tests it was not possible to reach
and maintain steady flow or pressure conditions.
In transient cases such as these, especially when
the time of the test is short, the permeability
coefficient s typically estimated using the type-
curve matching technigue developed by Jacob and
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Lohman and reported in Earlougher {1977). This
method was developed for a single well in an infi-
nite system.

The permeability coefficient is determined
by making @ log-log plot of flow and time and
comparing this plot with a dimensionless iype-
curve given in Earlougher (1977}, until a match
point is found. The coordinates of this match
point are then used in Equation (2) to estimate
the permeability.

- aa83a0® o (2)
APL (qolm
Where: K = permeability coefficient in cm2
B = formation volume factor, given
the value 1.9
v = viscosity, cp
AP = injection pressure, psi
L = interval length, ft.
q = flowrate at match point of
type-curve matching, gpm
(qo)m = dimensionless flowrate at match

point for type-curve matching

A relatively high degree of confidence in the
accuracy of the fit of the data to the type curve
was observed in one of the single packer tests
and in two of the straddle packer tests.

Successive Approximations for Transient
Conditions. While the injectivity tests were
being run a second interpretive technique was used
to analyze those tests which did not achieve steady
state conditions. This technique involved an
iterative approximation to the relationship devel-
oped by Jacob and Lohiner. This relationship is
given by equation {3).

t

N -8 gy 10 _ Kt
P=2.338x10 iy Ln (3.459x10 W 13)
Where: 4P = injection pressure, psi

flow rate, gpm

viscosity, cp 2

permeability, cm

interval length, ft.

time hrs.

porosity, assigned the value of 0.015

= fluld compressibility, psi". assigned

the value of 3.3 x 107
D, = borehole diameter, in.

e X 0

s

This equation describes a curve, obtained by
approximation, which matches with a high degree of
accuracy, the type curves of Jacob and Lohman for
Tow permeabilities. The idea behind the use of
this equation was to continuously apply it and re-
calculate the permeability coefficient until a
relatively constant value of the permeability co-
efficient had been obtained. To do this, an HP-67
calculator was programmed to solve the non-linear
equation iteratively.

Shut In Tests. For those tests during which
a re]atively constant injection rate was main-
tained prior to shutting in the well, a standard
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shut-in analysis, such as that proposed by Horner
(1967) was used to calculate the permeability
coefficient. To use this method a plot of well
pressure vs. log of & dimensionless time is used
to determine a characteristic stope S.

*

apP
———emee (4a)
a(log 3’;—': ) :

This slope is then used to determine the
permeability:

s.5x 100 Qb

change in well pressure between
time ty and t

timeof well production, or

in this case time since start of
injection test to time of shut-in,hrs.
time since shut-in

flow rate in gpm

viscosity in centipoises

sTope of Horner plot (note that since
this is build up following injection,
slope used in calculation is actually
the negative of that measured)
formation volume factor, assumed = 1
length of tested interval, ft.

permeability in cm2

K

Where: aP

[Z2 -

[

B
L

K

Four of the injectivity tests, including two
single packer tests and two Sstraddle packer tests
had data that was of sufficient quality to inter-
pret by the Horner method. In fact the shut in
data for one of the straddle packer tests was
almost a textbook example.

Results

The results of the calculations to determine
permeability coefficients are summarized in Table 1
and plotted in Figure 1 which also contains an
abbreviated fracture 1og of the borehole based
upon RQD and seismic velocities. The informaticn
summarized also includes test configuration ar:
depth as well as the type of interpretive technigue
utilized.

These calculations indicate that the represen-
tative permeability coefficient for the fractured

z0ones of the borehole could be as high as lo'lzcmz;

that of the more intact sections of the rock mass
is of the order 10715 cné.

A comparison of the results obtained for all
tests s illustrated in Figure 2; the calculated
values of the permeabili*y coefficients are separ-
ated according to the interpretive technique util-
{zed. There are two pertinent observations to make
concerning this figure: 1) there is remarkable
agreement, considering a single test, for the values
of the permeability coefficient as calcuiated by
the steady state and curve matching methods; and 2)
the permeability coefficients calculated by the

shut-in mathed tended to be less, by approximately



an order of magnitude, than those calculated by the
other methods. At these low permeabilities even
this discrepancy is probably acceptable considering
the assumptions and the length of the tests. The
overall conclusion is that the data from the four
interpretive techniques is acceptable and consis-
tent.

The data base of in situ permeability coeffi-
cients for crystalline rocks is iimited, but it is
of interest to see how the results of this study
compare with published data. Figure 3 illustrates
a compilation of published data for in situ per-
meability tests in crystalline rocks. The only
conclusion to be drawn is that the results of this

TABLE 1

Sumrﬁ of Penneabﬂigé Coefficients Determined in
orenole Study, Sunshine, Marylan

Hole Dapth: 1279 to 3197 ft.
Stngle Packer Test
Length of faterval: 1918 ft.

Technigus
Steady stute, &9 = 70 pyi
Curve Hatching
Successive Approximatfons
Shut+in Analysis

Test 10

s -2 -15 Test 18: Hole depth: 1343-3197 ft,
Stlzjdy are in the expected range of 10 to 10 Stngle Packer Test
cm seen at the Savannah River Laboratory and Length of Interval: 1854 ft.
elsewhere for crystalline rocks at similar depths. Technique Permeability
Some investigators have propused a decrease in -
permeability coefficient with depth in crystailine :::‘ﬁ:‘x‘ ?":"""“’““""’ 5x }g.::"“i
rocks (Snow, 1968 }. This may be true from the Fue-in Analysis x 10 %em
surface to a depth of approximately 100 meters.
Below 100 meters there are little data and no trend
can be quantitatively described {Figure 4). The Test 2: Hole Depth: 1790 to 3197 ft.
N o ~12 -15_ 2 Singte Packer Test
availahle data indicate a general 10 - 10" cm Length of Interval: 1407 tt,
permeability for crystalline rocks fo depths of up Technd P i
to 3000 meters. This study supperts that proposi- fechmiove Permeability
tion. Steady State, aP = 110 psi 6 x 1071 fem?
Test 4: Hole depth: 2806 to 3197 ft.
Sinyle Packer Test
Length of Interval: 391 ft,
Techmique Permeabi} ity
PERMEABILITY COEFFICIENT (CM?)  FOALTMRE LOS 132
Steady State, 4P = 945 psi 2% 167 em
16 @3 1 o™ R g g™ LOW RGO
300
COMMENTS
0 s1asooue packen Test 5: Hole depth  169] to 1763.5 fe.
tradde Packer Test
soo|-resmeLE I o SHISTOsE Length of fnt-eval: 92.5 ft.
TEST CALIPER
VARIATIONS Technigue Permeability
300~
'] » FRIABLE Steady State P = 440 pst 2 x 1071 2ea?
- N Steady State, aP = 470 psi 2 % 10 2em?
2 o * « IR » oisconTiRUITES Successive Approximations 2 x 107 2em?
o r 2 E DRILL BREAKS Curve Matching 1 x 1071 2em?
g i
= o0l ] 28
3 ik
g » 5 Ml renEaen Test 6: Hole depth: 2267 to 2359.5 ft.
& |4 FRACTURES Straddle Packer Test
a0 |- . length of interval: 92.5 ft,
VARTABLE Technique Permeability
9500 }— FOLIATION
g:zidy im:. ap = 94§ psi 4 x 107} Sem?
- ccessive Approximations 2 x 107!%em?
o Loy veLoeTy Shut-in Analysis 1 x 1071%cm?
Fiqure 1 Test 7A: Hole dep:: 1832 to 1924.5 fe,
A . N Straddle Packer Test
Compilation of permeability test results for Length of interval: 52.5 ft.
Sykesville granite gneiss 11lustrating the
gos : S I
relationship between permeability coefficient Zechniaee Permeabilit
and degree of rock fracturing. Vertical lines Steady State, 4P = 345 psi 9 x 1072
indicate length of test interval while hori- g::::;;::"}:gmmmm 12 osiien
.antal width indicates error bands on the data. Shut-in Analysis 2;‘}0-umz
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Summary

Seven injection tests to determine permeabil-
ity coefficients were successfully completed as
part of the site investigation for a proposed
compressed air enargy storage/underground pumpad
hydro facility located near Sunshine, Maryland.
These tests ware performed in a single deviated

borehole in the Sykesville Granite Gneiss Formxtion.

Four of the injection tests were single packer
tests and were to determine the permeability of a
large section of the hole. The tests were per-
formed starting near the top of the hole and the
packers were moved down the hole for each success-
ive test.

Three straddle-packer tests were performed to
determine the rock matrix permeability of an intact
zone and the average permeability of two fractured
zones. The interval tested during the straddie-
packer test was 92.5 ft. long.

From these tests, it appears that the rock

wa 3% permeability 15 on the order of 10715 cnl
or less, and that the average permeability in_ the

fractured zones tested is on the order of 10~
It is significant tonote that all four of the in-
terpretive techniques utilized gave results that
agreed to within an order of magnitude for the cal-
culated permeability.
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CAPILLARY EFFECTS IN ROCKS OF THE EARTW;
INFLUENCE ON WELL BEHAVIOR

Donald L. Katz
University of Michigan
Ann Arbor, Michigan

Water permeates the rocks of the earth. The capillary effects of water
in water-gas systems in porous media frequently controls fluid movement.

011 recovery is thwarted in good part by capillary retemntion of oil. Caprocks
in the main are sealed by capillary retention of water in the low permeability
rocks. It seems that having a view of capillary effects is basic to under-
standing flow at wells in low permeability zones.

This paper sets forth concepts on capillary properties in the rocks of
the earth which might be helpful in understanding the production of fluids from
tight rocks. In underground gas storage, especially in aquifers, it became
important to understand caprocks-the mechanism by which gas is held indefinitely
in the earth. From studies of low permeability rocks, interest was developed
in the fluid content of all rock layers of the earth, Capillary effects which
are controlling in most caprocks are very significant in fluid flow in all low
permeability rocks containing two phases.

What has been learned from threshold pressure studies for gas displacing
water may be helpful in our considerations. Quite possible the most important
aspect will be the relative permeability of the non-water phase in high capillary
pressures rocks approaching caprocks.

Capillarity and Threshold Pressure

Important milestones in understanding capillary effects were the works of
Schilthuis (1938), Leverett (1941) and Rose and Bruce (1949). The concept of

threshold pressure of caprocks developed for gas storage in aquifers focused
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on low permeability rocks; Thomas, Tek and Katz (1968) and Ibrahim, Tek and
Katz (1970). A host of other papers and books cover the area generally as
reviewed: Katz et al. (1959); Katz and Coats (1968).

Leverett presented his view of the distribution water and a gaseous phase
within porous media in Figure 1.(2) A slightly revised concept to clearly
portray the fact that inhibition does not give full saturation is shown in
Figure 2.(5) The connate water content on Figure 2, point A, had been discussed
by Schilthuis (1) earlier.

Capillary retention of liquids by cores was studied by Rose and Bruce (3),
Figure 3. It may be seen that the 100% liquid saturation on drainage is in
effect a threshold pressure for gas to enter a zone 1007 saturated with water.

Thomas' thesis (4) took up the subject of threshold pressure for rocks of cap-
rock quality and was able to show the relationship between his work and the
earlier treatment by Rose and Bruce as well as other investigators, Figure 4(4).

Measurement of threshold pressures at higher pressure differentials were
made using apparatus illustrated by Figure 5. It was shown that water saturated
rock would hold gas at 1000 psi or greater differentiasl by capillary forces.

A much more extemsive study by Ibrahim, Tek and Katz (1970) provided the relation-
ship of threshold pressure with permeability, Figure 6.

What is Gaprock

In the course of these studies, it seemed necessary to describe caprock,
This was done by Figure 7. It is rock so low in permeability that gas below it
will not penctrate the rock because the pressure differential across the inter-
face is less than the capillary forces holding the water.

Now let us look at the spectrum of rocks, and their capillary qualities
on Figure 8. The intercept at 100% water by drainage gives the capillary
pressure equal to the threshold pressure. Ia our studies (5), a few non-porous
rocks were found: anhydrite and dense limestone. They are represented by point

S on Figure 8.
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Scanning Nature of Interstices

At the conclusion of the AGA Studies (5), it became clear that displacement
measurements in threshold studies should be made at the entrance to the core.
pandey (1973) at the University of Michigan took the measurements reported as Front-
End Threslold Pressures (8), A limited supply of high pressure gas was admitted
to the entsance to a water-saturated core and the pressure observed, In a
pressure leveling technique as the interface movement stopped due to capillary
forces, data of type of Figure 9 are taken.

Pandey working with Neilson Rudd (1973) at Geoengineering Laboratories developed
a continuous scanning technique. WNon-wetting fluid is forced through a water
saturated core slowly with measured front-end pressures (9). Figure 10 shows
the variable nature of the pore network.

A comment seems in order, the pore space is a network of channels of
variable cross section and the threshold pressure reveals the largest channels
through which fluids can flow. Using the formula: Pore radius = _Zﬂﬁg%ily
one can compute the pore radius. For the shale of Figure 9 with a threshold
pressure of 1000 psi differential, the pore radius 1s computed:

-5 2
_ dyne 1. (wetting) x 1.45 x 10 psi cm
radius (cm) = 2 x 72 o ¥ 1000 psL dyne

=2.,1x 10-6 cm {0.02 Micron)
It would seem that such a test might be adopted as a way of characterizing rocks.

Applications of Capillary and Threshold Pressure Information

Whenever two phases are encountered in the earth, i.e. water and gas, or
oil and water, capillary effects may control flow, Production of gas to a well
bore from a low permeability rock containing mobil water is influenced by the
pressure difference between the gas phase in the well and the two phase systei
in the rock. With water bridging the fine interstices of the rock near the well
bore added pressure drop occurs. When looking at the threshold pressure-permeability
correlation and recognizing that the curve continues to higher permeabilities,

pressure drops of 50-100 psi may occur at the well bore.
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In fractured low permeability rocks, a similar pressure discontinuity

can well occur at the matrix-fracture interface.
Consider a cavern in low permeability rock, containing fractures, with
water saturated rock and gas phase in the cavern. At the matrix~cavern inter-

face, pressure in the water phase can be 1000 psi or more higher than that
of the gas phase in the cavern. The water in a rock at & hydraulic pressure

less than the threshold pressure should not flow water inta the cavern.

We know little about fracture behavior in this connecttion but it too
would have a pressure discontinuity at the cavity wall, though much lower. It
would be interesting to see threshold tests on insitu fractures described
with some parameter like a permeability per unit area assigning some width to
the fracture zone.

When fluids are stored in underground caverns, with fractures in the rock,
the maximum storage pressure is generally set at the saturated rock hydraulic
head.

Wells
Gas wells in low permeability rocks have difficulty in harvesting the gas.

No first hand experience is available but waier interference, reduction in
permeability at the well bore as pressure drops, and the usual unsteady state
effects of radial flow are involved.

Stripper oil wells in low permeability rocks are known to flow oil to a
pumped well bore at low rates over decades. Fracturing is a well known technique
for providing higher permeability channels to well bores, and is not considered
here. However, the behavior of fluids at the interface of matrix rock and a
fracture 1s akin to a well bore.

To make predictions of well behavior, it seems that relative permeability
measurements would be very helpful when threshold pressures are used to
characterize the rocks. A quick checking of the SPE literature revealed no
relative permeability data below 1 millidarcy where the threshold effect begins

to be consequential.
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Reviewing Figure 8, drainage behavior, would not the step pressure occur
at the well bore similar to the intercept at 1002 water saturation? Surely, if
water movement accompanies gas flow, would not wvater bridge the pores and be
the equivalent of a dynamic threshold pressure restraint on flow?

Now a separate topic will be presented briefly, Where is the earth free
of a moveable water phase?

Gypsum~Anhydrite Seal for Salt.

Michigan reef gas reservoirs have been shown to have no connate water in
the upper main body of the reservoir. Dehydrated gas is injected in storage
operations and remains dry upon removal. The only explenation found is that
anhydrite within the reef rock has absorbed the liquid water.

The study of this phenomenon has led to an analysis of the seal for salt
depositions. Salt deposits are believed to remain undissolved by a protective
layer containing anhydrite which reacts with ground water tc form a gypsum-
anhydrit: seal. My experiences indicate salt deposits and maybe possibly some
limestcne mines are the only rocks not containing water.
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ABSTRACT

RADON AS AN INDICATOR OF WELLBORE INFILTRATION RATES
IN URANIFEROUS IGNEOUS ROCK

P. H. Nelson and R. Rachiele
Lawrence Berkeley Laboratory
Berkeley, California

Granitic rock at an experimental site at Stripa, Sweden is
unusually high in natural radicelements (~40ppm uranium), with even
higher local concentrations occurring in thin chloritic zones and
fractures. Gamma-ray logs made with a borehole probe demonstrate the
background level and its uniformity throughout the rock mass; spectral
gamma analysis of core samples provides a quantitative estimate of the
radioelement content.

Groundwater seeping from these fractures into underground openings
and boreholes is likewise highly anomalous in its radon content, with
the groundwater activity ranging as high as one microcurie per Jiter.
When gamma-ray logs are run in boreholes where the inflow is appreci-
able, the radon activity in the water, rather than the decay products
in rock, dominates the gamma log. Where mixing occurs, the qamma-
activity, which is proportional to the radon concentration, appears to
vary in a linear fashion with the rate of water inflow. Hence, in high
flow holes (above a few liters per day of inflow) the gamma ray log
behaves as a crude flow log. Where mixing does not take place and
where the inflow occurs at a discrete interval, a logarithmic decrease
of activity alon the hole is observed, caused by the gradual decay of
radon as it migrate= upward in the water column. This spatial decay
can also be translatec into an influx rate.

These observatiors indicate that the natural radioactivity in
groundwater infiltreting into boreholes can be used as a method of
measuring infiltra:ion rates even where the infiltration rates are
fairly low, on t.ie order of a few liters per day, providing that the
groundwater cairies sufficient radon. The general applicability of
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these observations will not be known until similar observations can be
made in other igneous rocks. Both the abundance of uranium and its
distribution along permeable fractures are critical in providing the

natural radon tracer.
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ABSTRACT
IN-SITU PERMEABILITY TESTING OF ROCK SALT

E. W. Peterson and P. L. Lagus
Systems, Science and Software
San Diego, California 92038

In-situ permeability tests have been conducted in the salt
formation surrounding the AEC-7 borehole located at the WIPP site near
Carlsbad, New Mexico. Injection tests were performed at depths of 1870
and 2270 feet using compressed air as the working fluid. Data were
obtained using the Systems, Science and Software designed guarded
straddle packer system capable of measuring permeabilities =.1
microdarcy. In each test a 1D0 foot length of borehole was isolated
and the surrounding formation examined. The resulting data were
interpreted in terms of formation permeabilities. These perr *ability
values were subsequently used in various repository design studies.

Complete descriptions of the insirumentation, measurement
techniques, and test procedures are included herein. The analytical/
numerical methods used for data analyses are presented and the implied
permeability values discussed. Problems inherent in performing reli-
able reproducible quantitative microdarcy range permeabilities are
identified and the resulting impact on data interpretation is
discussed.

This work was performed for the Sandia Laboratory, Albuguerque as
a part of their research and development activities in support of waste
acceptance criteria for WIPP.
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SOME COWMSIDERATIONS FOR TRACER TESTS IN LOW PERMEABILITY FORMATIONS

Glenn Thompson
Department of Hydrology and Water Resources
University of Arizona
Tucson, Arizona 85721

Tracing experiments in low permeability formations
are used primarily for measurement of porosity and
dispersivity. In some cases they are used for
measuring the direction and rate of water movement.
Well layouts and test types are as variable as the
situations in which they have been applied. In
addition a correspondingly large variety of tracers
have been used in the past eighty years to perfarm
these tests. In order to provide some basic guide-
lines for performing trace: tests in low permeabil-
ity formations, several conventional tracing
techniques and a listing of the most commonly used
tracers are given below,

TWO-WELL INJECTION-WITHDRAWAL TESTS

In this test type, water is pumped from one well
and injected in a second well, thus developing the
maximum possible gradient between the two wells.
This is the most commonly applied technique and
has the greatest chance of success in low perme-
ability formations where wells are great distances
apart or in circumstances where the probability of
tracer interception would otherwise be very low.
Figure 1 shows the typica' »° “ing design with
associated equipment * filters, flow
meters) for a two wee gure 2 shows the
theoretical flow pat 15 established be-
tween the two wells fi.. axtended pumping. The
measurement of porosity assumes that water is dis-
placed through the indicated flow tubes.

The two well technique is most commonly used for
measurements of effective porosity and disper-
sivity although it is relatively insensitive to
the Jatter. Because the tracer can be added to
the injection water for long pericds of time, the
overall effect of dilution can be reduced accord-
ingly. Consequently, tricers that are detectable
at extremely low concentrations are not necessary
for this technique.

RADIAL FLOW

Radial flow techniques can only be used where a
water supply is available for injection. This
test requires water to be injected in a central
well with regular sampling taking place at obser-
vation wells at various radial distances away from
the injection well. Figures 3 and 4 show what may
be considered a typical pattern of water movement
away from the injection well. HWater {s usually
displaced in a non-symmetrical or ameboid form
around the injection well. Porosity and longitu-
dinal dispersivity are obtainable from this test,
although a large number of observation wells are
needed to obtatin a meaningful estimate of porosity
due to the typically irregular shape of the dis-
placed volume.

CONVERGENT-FLOW TESTS

In this test type, ground water is pumped from a
single well creating a flow system in which the
flow Tines converge on a single point--the pumping
well. This technique s useful for determining the
same parameters as the previous methods. A typical
well layaut and the flow path of 2 tracer intro-
duced into the system is shown in Figure 5. In
this technique both the dispersion and porosity
measurements are aided by the observation of iracer
at points arranged in a line across the flow sys-
tem, thus defining the width of the tracer plume.
The principal difficulty associated with this
method is dilution of the tracer. By comparison to
the previous methods, only a small amount of tracer
can be injected because it is normally added in a
single instantaneous slug or pulse rather than
being added continuously. Once injected, the
tracer does not leave the well as a pulse, but is
diluted out of the well at an exponentially de-
creasing rate. The tracer is further diluted at
the pumping well when it mixes with unlabeled water
converging there. This technique offers the advan-
tage over radial flow techniques of not requiring

a supply of injection water; in addition, it pro-
vides a more sensitive method of measuring disper-
sion than the two-well test.

POINT DILUTION METHOD

This technique utilizes the principle that the rate
of solute dilution out of a well bore is a function
of the flow velocity of water around the well. The
technique may be useful for determining zones of
high or low permeability in a well that is packed
off accordingly. In high permeability formations
the technique is useful for measuring groundwater
velocity induced by the natural gradient. Figure 6
shows the results of a point dilution experiment
conducted in the Conasauga Shale at Oak Ridge
National Laboratory using a fluorecarbon tracer.
The tracer concentration in the well is controlled
by dilution effects down to a few parts per tril-
1ion, after which the concentration remains rela-
tively constant due to the rate of desorption of
tracer from the sides of the we)l bore. The equa-
tion for calculating the velocity is shown in the
figure. The theoretical basis for the calculation
is given by Drost.l

OTHER FACTORS

In addition to the factors influencing the choice
of test type, other conditions will have a profound
effect on the well layout. The scale of the dis-
persion parameters measured will be a function of
the distance between the injection wells and the
observation wells. However, as flux distance
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increases, the time required to perform the test
increases exponentially, tracer dilution problems
increase, and for some tests the probability of
intercepting the tracer decreases rapidly. Dther
more obvious factors that influence test design
are: number of holes, funds for drilling, time
available or required to run tests to completion,
and manpower and equipment for pumping and moni-
toring.

SELECTION OF TRACER

Tdeally, the first consideration in the selection
of & tracer is the type of performance expected,
In particular, one may be trying to model or trace
the movement of the water itself or that of a
solute species that is subject to some sorption.
Although it is not possible to duplicate exactly
the movement of water or most solute materials by
means of tracer, some major pitfalls can be
avoided by the use of the foiiuwing basic guide-
lines for tracer selection.

In general, anions are the least sorbed solute
species on natural silicate or carbonate aquifer
materials. This is due largely to the fact that
the minerals tend to have negatively charged sur-
faces, and since anions are also negatively
charged, they tend to be repelled from the simi-
larly charged mineral grain surfaces. Although
anion exchange does take place on some clay miner-
al substrates, it appears to be of negligible
importance in most ground water systems. Non-
charged molecules {such as many organic species)
tend to be sorbed more than anians as a function
of their polarizability.? When exposed to a nega-
tive charge, a dipole may be induced on the other-
wise symmetrical or neutral molecule. The
positive pole created by the separation of charges
makes the molecule susceptible to sorption on the
negative mineral surface.

Cations, as one would expect, are the most sorbed
solute species., These are also susceptible to
cation exchange reactions on clays that are abun-
dant in many aquifers. Figure 7 shows the results
of a field tracing experiment which illustrates
this point. B8reakthrough curves of cationic,
anionic and noncharged solutes are shown for an
observation well 2 meters from the injection well,
The experiment was conducted in the Ogallala Sand
formation as part of an artificial recharge study
performed by the U.S. Geological Survey.?

A variety of other factors may also influence the
choice of tracer. The sensitivity and ease of de-
tection are often the first considerations in
selecting a tracer because the dilution require-
ments of a particular tracing experiment may be a
primary Timiting factor. Among the nonradicactive
tracers, fluorocarbons offer the greatest dilution
possibility having routine measurement capability
in concentrations down to 1.0 part per trillion

{1 pg/mt) or less. Fluorescent dyes probably rate
second with rapid measvrement capability down to
0.1 part per billion {1 ng/m1) if no background
problems exist. Aromatic organic anions are
rapidly measurable using liquid chromatographic
technigues in concentrations down to a few ppb.
Inorganic anions such as C17, Br™ and I", are

generally limited to about 1 ppm using selective
ian electrodes.

Background prablems alse limit the utility of many
tracers for field use. Anions such as Br and Cl
which are otherwise excellent tracers often have
backgrounds that limit their degree of dilution
and their range of applicability. Slight varia-
tions in the background of a given tracer almost
always lead to some confusion or ambiguity in the
interpretation of the results.

A 1ist of tracers and their important character-
istics, organized according to their general class,
is given in Tabies 1A, 1B, and 1C. The Tist con-
tains only representative examples although a1l of
the ﬂOSt widely used conventional tracers are
named.

Table 1. Common Groundwater Tracers

Tracer Characteristics

A. Particulate Tracers

No chemical sorption, about 50
wm diameter, multiple tracers
possible by dying spores dif-
ferent colors. Collected by
trapping on plankton nets fol-
Towed by microscope identifica-~
tion and counting. Used almost
exclusively for tracing karst
conduits.

Lycopodium spores

Smaller than spores, 1 to 3 ym
diameter, most usefu?! for test-
iag permeability of aguifer to
transport of organisms. Move-
ment primarily through frac-
tures in sediment or rock.
Organisms may sink or float in
still water. MWeasured by fil-
tration followed by incubation
and counting colonies.

Microorganisms
yeasts
coliform

bacteria

0.02-0.05 ym. Many types
sorbed on media due to positive
charge on organism. Bacterio-
phage {virus infecting E. Coli)
shows potential as good tracer
due to negative charge on
organism. Detection by cultur-
ing and calomy counting.®

Viruses

B. Nonionic Tracers

Fluorocarbons A1l fluoromethanes and fiuoro-
C12F, ethanes with chlorine and/or

[ A bromine substitutions. Slight
C,C15F3 to moderate sorption on sili-
C2BraFy, cate or carbonate material.
etc, Strong sorption by organic
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Table 1.

Common Groundwater Tracers - continued

Table 1.

Common Groundwater Tracers - continued

Tracer

Characteristics

B. HNonionic Tracers - continued

Aldehydes and
alcohels

Tritium
HTO, CHyT

C. Ionic Tracers

Halides
]

Br~

1311

Dyes
Rhodamine KT

materfals such as coal and
peat. tondegradable, non-
toxic, volatile, low solubil-
ity, difficult hardling.
Measurement by gas chromatog-
raphy with electron capture
detection. Most are detect-
able to 1 part per trillion,

Used in 0il reservoir studies,
degradable, detectable at ppm
Tevel with GC.

Radioisotope of hydrogen, low
sorption on most aquifer mate-
rials, very restricted use in
shallow aquifers due radiation
hazard. Common use in oil
reservoirs. T”2 =12.3 yrs.

Measurement by weak g8 radia-
tion.

No sorption, inexpensive, high
background in groundwater,
density problems when used in
high concentrations, most use-
ful in laboratory experiments,
measured by titration methods
or by electrical conductivity.

Very slight sorption, low nat-
ural background in fresh water
aquifers, best general purpose
groundwater tracer, measurable
using selective ion electrode,
practical sensitivity about
0.5 ppm

Moderate sorption, very low

natural background, measured
by selective {on electrode,

0.5 ppm.

Radioisotope Yy < 8.2 days.

Useful for short term tests,
most common application 1n oil
reservoir studies. & and vy
emission.

Red dye, moderate sorption,
moderately stable, Tow back-
ground fluorescence, most fre-
quently used in surface water

Tracer

Characteristics

C. lonic Tracers - continued

Fluoroscein

Chelates
EDTA-51Cr
EDTA-IN

Thiocyanate
SCN~

Organic anions
sodium benzoate
pentafluoro-

benzoic acid

and in karst tracing. Used
in highly permeable sand and
gravel aquifers. Detected by
fluorimetry, 1 to 0.1 ppb.

Yellow dye, same as rhodamine
WT but much stronger sorption
on aquifer materials.

EDTA complexes with heavy
metals, or radiofsotopes de-
tected by radiation or by post
neutron activation. Some com-
plexes unstable in presence of
other cations in water. MNumer-
ous chelated tracers have been
developed and tested with vary-
ing results, mostly in oil
reservoir studies. Good sensi-
tivity.

Na, K or ammonium salts of
thiocyanate, most commonly
used chemical tracer of the oil
industry. Low sorption, mea-
sured by colorimetry, detect-
able down to 0.1 ppm.

Unlimited variety of good
tracers possible. Very low
sorption, stability improved

by fluorine substitution. Can
be measured with high precision
using HPLC. Detectable in low
ppb range,

REFEREI'CES

1. Drost, W., D. Klotz, A. Koch, H. Moser, F.
Newmaier, and W. Ravert, Point dilution methods
of investigating ground-water flow by means of

radioisotopes.

Water Resources Research, V. 4,

pp. 125-146, 1968.

2. Ciccioli, P., W. T. Cooper, P. M. Hammer and
J. M. Hayes, Organic solute-mineral inter-

actions:

of ground water velocities.

A new method for the determination

Water Resources

Research, Y. 16, pp. 217-223, 1980,

3. Basett, R. and others, Preliminary data from a
series of artificial recharge experiments at
Stanten, Texas, U.5.G.S. Open file report P~
{in preparation).

4. Gerba, C. P., personal communication, Baylor
College of Medicine, Houston, Texas, 5/20/80.



PUMPING WELL

® Gote Valve

@ Sampling Valve
@z Pockers

v Vioter Level

Fig. 1. Two well recirculating test.

Fig. 2. Flow pattern for two-well injection-withdrawal in
a homogeneous isotropic aguifer.
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Fig. 6. Point dilution experiment in Conasauga shale at
Qak Ridge National Laboratory, Oak Ridge, Tennessee.
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Fig. 7. Radial flow tracer experiment showing the
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the injection well in the Ogallala Sand Formation
at Stanton, Texas.
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Abstract

Previous workers have proposed the
pressure pulse test as an alternative to
steady-state determination of
permeabilities in fractured crystalline

rocks. A field and laboratory research
program has been conducted to assist in
developing techniques to analyze in-situ
pressure pulse tests. Specifically this
program was aimed at i) comparing steady-

state conductivity determinations to
pressure transient determinations, ii)
assessing the effects of equipment

compliance on pressure pulse test results
and, iii) determining the radius of
influence of a transient pressure pulse
test in fractured crystalline rocks.

In the laboratory, transient pressure
pulse tests and steady-state flow tests
where performed on a sample of Stripa
Granite core (11 cm long and 4.5 cm in
diameter) containing a single natural
Fracture parallel to and centered on the

core axis. The test configuration
simulated a full scale borehole test
cavity wusing borenole seals of various
compliances in a 76 mm steel tube. Test
results indicate a good correlation
between steady-state and transient
conductivity determinations. Packer
compliance was found to cause

underestimation of sample conductivity by
up to a factor of 2, With decreasing
sample permeability the significance of
packer compliance was found to increase.

In the field, transient pressure pulse
tests and steady-state flow tests were
performed in an array of boreholes
collared 33Bm below ground in a fractured
crystalline rock mass. There 1is no
apparent correlation between results of
each test type. In order to determine the
radius of influence of in-situ pressure
pulse tests in low-permeability fractured
rocks , the volume of water in the test
cavity and the monitoring cavities must be
the same order of magnitude as the volume
of water in the rock mass influenced by
the test.

Introducticn
Analysis of contaminant movement through

low permeabliiity Ffractured@ crystalline
rock must be based on an understanding of

the physical hydrology of such rock
masses. Fractured rock masses are
generally characterized by narrow,
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relatively permeable zones within a low
permeability framework., These zones are
either discrete fractures, closely spaced
groups of fracture or thin porous media
zones. The matrix conductivities of most

crx§talline _:Pfks generally range from
10 to 18 cm/sec. The hydraulic
conductivity of the narrow, relatively
permeable zones can be many orders of

magnitude greater.

Measurement of reock mass conductivities

in excess of 107 cm/sec. are commonly
carried out using steady-state injection
tests (Figure 1). Unfortunately, in lower
conductivity rocks, an accurate flowrate
measurement is difficult to achieve,

Flowrates of fractions of millilitres per
hour require long test times(hours to
days), sensitive measurement equipment and
long test intervals (tens of meters).
~Oong test times increase the probability
of flowrate measurement errors resulting
from temperature and pressure variations
during the test, Long test intervals
reduce the capability of determining
permeabilities of individual fractures or

a small number of fractures. Thus, the
transient pressure pulse test, as
described by Brace et al(l968), has been

proposed as an altetnative to steady-state
injection tests in fractured rocks.

Brace et al (1968) have described the
use of the pressure pulse technigue to
perform permeability determinations in the
laboratory. Fiagure 2 shows a schematic of
the test configuration. A test is
performed by placing a rock sample between

two reservoirs of fixed volume ( Vv, and
Vsl If the pressure in the upstream
réservoir (P is raised instantaneously

)
the rate of ]t-:qualization of pressures P
and P, in the two reservoirs is related t&
the p%rcsity and permeability of the rock
sample. A confining pressure Pc is
applied to the system to reproduce the
state of stress expected at the point of
sampling. Brace et 2l.analyzed the results
of their tests by assuming that the
laboratory system acts as an equivalent
electrical circuit containing two
capacitors (equivalent to V, and V,) in
series with an interveni;\g res%istor
(rock sample). The upstream reservoir
with applied pulse pressure 4P=P,-P, p, ig
represented by a capacitor fully charged
at +<0 thus at t =0 the capacitor discharges
according to an exponential decay. Thus,
the upstream reservoir pressure P

‘ecreases while the downstream reservolf



pressure, increases until both reach
the equalngdi pressure Pg, Following
Brace et al (1968) the presSure volume

relationships can be expressed in equation
form by:

v.
2 ~at
- (VI +V,) € @
w= @y de @
u 1
where the parameter o is a function of, i)
£luid visiosity, "IN and fluid

compressibility, g, ii) sample permeability
k and cross section area A and iii)
reservoir volumes and This
relationship requires Ehat the pg:ameten
a” in the governing d1ffusxv1ty equation

2
R -:% 3)
o

For a fractured sample,
contains terms which
include matrix fracture permeability,
matrix and fracture porosity, fracture
stiffness, rock compressibility and fluld

be equal to zero.
the parameter a

compressibility. However, as is
assumed to equal zero
2
2_% =0 )
X’
implying that the pressure gradient is
linear at all times although varying in

magnitude with time.

Lin {1977) used a more complete form of
the same mathematical formulation, where
a“ was considered to be non zero, in a
numerical simulation of a proposed
laboratory testing program. Later, Lin
(1979) used this same numerical technique
to determine rock sample permeabilities
from laboratory test data.

A pressure pulse test performed in the
field uses the same borehole configuration

as the injection test (Figure 1) and the
pulse test principles deacribed above.
Once a borehole cavity is sealed, a

pressure pulse is created within the test
cavity by diplacement of several
milliliters of water. The decay of the
pressure pulse is monitored by a sensitive
peessure transducer, The transient nature
of the pressure pulse test produces a test
time of minutes or hours which is much
less than the hours or days required for
injection testing of the same interval,
Thus, analysis of pressure decay curves
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obtained from the relatively short
preasure pulse tests in low permeability
rocks are expected to yield more accurate
rock mass conductivities than injection
testing in fractured crystalline rock.

A method for analysis of in-situ pulse
tests in fractured impermeable media has
been proposed by Wang et al (1977) and
investigated using a semi-analytical model
based on solution of the diffusivity
equation for different fracture
configurations using appropriate rock and
water properties and boundary conditions.
However, this method is not yet amenable
to analysis of the results of ficld tests.
In order to assist in developing
techniques to interpret results of in-situ
pressure pulse tests, laboratory and field
exper iments have been performed to
investigate the following:

1) compar ison of conductivities
determined by steady-state
conductivity tests and transient
pressure pulse tests,

11} the radius of influence of a pressure
pulse test performed in fractured
crystalline rocks,

iii) the effect of variations in test
cavily volume (due to egquipment
compliance) on pressure pulse test
tesults.

Laboratory Experiments

The laboratory test program was designed
to investigate; i) the comparison between
transient annd steady-state conductivity

tests and ii) the effects of packer
compliance on pressure pulse  tests
performed in a simulated field
configuration. A schematic of the test

equipment is shown in Figure 3.

The test equipment consists of 3 main
compenents; upstream reservoir, dewnstream
reservoir and sample cell (Figuce 3}. A
rock core ( 4.5 cm diameter and 11 cm
long) containing a single fracture is held

in the sample cell. This sample
represents the dominant fcacture
controlling conductivity around the

borehole with the sample cell exerting an
hydrostatic stress on the sample which
would be expected at depths of
approximately 488 to 548 m. In this
experiment the core is c sample of Stripa
Granite containing a single natural
fracture parallel to and centered on the

core axis. The downstream reservoir is
aimply a steel water filled tank
representing the porosit¥ of the overall
rock mass surrounding a test cavity. The
upatream reservoir was designed to
s8lmulate the actual borehole cavity. A 7

metre length of steel tube with a 76 mm
inside diameter was used to represent the
borehole. Various borehole seals were



used to isolate a 3 metre section of the
tube in order to represent varying degrees
of packer compliance. Steel plugs were
used to represent the least compliant case
while standard air or water filled
inflatable packers represent the more
compliant field situations.

The test program was conducted after
stressing the sample through three initial
loading c¢ycles (thus minimizing hysteretic
effects of stress loading and unloading on

fracture flow characteristics). During
the fourth loading c¢ycle the conEining
pressure was increased in a stepwise

manner from zero to 3.4,6.9, and 13.9 MPa.
At each step both steasy-state flow tes.s
and pressure rulse tests were conducted
with similar pressure gradients across the
sample, (apprux. @.14 MPa). Also, at cach
step each different borehole seal was used
in order to observe the effects of
eguipment cowpliance on the test results.

Steady-state flow tests were performed
by applying a steady pressure gradient
across the sample and monitoring the
resulting Fflow of water through the
sample. Once steady Elow and pressure
conditions were attained results were
recorded and used in calculation of sample
conductivity by standard techniques,
(Forster and Gale, 198@).

Transient pressure pulse tests were
performed by increasing the pressure in
the upstream reservoir { by displacement
of several millilitves of water) and
monitoring the resulting pressure decay.
The pressure time data was recorded and
used in calculation of sample conductivity
by Brace's semi-logarithmic straight line
technique. Normalized pressure was
calculated by dividing the regzdual
pressure decay (P,~P_) by the magnitude of
the original pres % pulse {(8P). A plot
of the log of P agaxnst time for one
portion of the Ebst series is shown in
Figure 4. This test series was run at the
maximum ccafining pressure of P, =13.8 Mpa
with pressure pulse ApP=@.14 MPa (AP was 1%
of P and pore pressure P_ = 1.4 MPa (P
was ia% of PC). p P

An es:imated value of a®
tested is in the order of 14
is suffiriently close to
purposrs of our analysis.
the slope of a plot of 1log
time, permeability, k, can be
from equation 2. Using this
transient conductivity values were
calculated (Table 1l). From Figuie 4 and
Table 1 it can be seen that the least
compliant configuration, the steel plug
seal, produces the steepest slope thus the
highest conductivity value while the more
compliant water and air filled packers
yielded the shallowest slopes and lowest
conductivity. From Table 1 it can also be
seen that variations in packer compliance

fgr the sample
s/cm which
zera for the
Thus using a ,
against
é%lculated
approach
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{by varying the borehole seals) causes a
factor of 2 variation in conductivity., In

addition, reasonable agreement was found
between conductivities calculated from
both steady-state and transient tests,

our testing indicated that with
decreasing conductivity the significance
of compliance effects increases. It was
also founé that smal% variations in
temperature ( + 0.9 C), occurring
during transient testing, can
significantly affect the shape the
resulting pressure decay curves,

However,

of

Field Experiments

field test program was designed to
investigate i) the comparison between
steady-state and transient conductivity
tests and ii) the radius of influence of a
pressure pulse test in a fractured
granite. The test program was carried out
in an array of boreholes collared in a
drift at the 338 metre level of the Stripa
Mine, (Gale and Witherspoon, 1979; Forster
and Gale, 198l). The drift extends into a
fractured granite mass with the boreholes
of interest extending beyond the end of
the drift. The borehole array is shown in
Figure S5 with the central HG-1 borehole
oriented horizontally, HG-3 and HG-4
inclined downwards, HG-2 and HG-5 inclined
upwards and DBH-2 oriented horizontally.
Holes HG-1 through HG-5 are 380 m in
length. DBH-2 is about 75 m in length but
only a 38 m section was used. The dark
cylindars shown in Figure 6 represent the
borehole cavities isolated using standard
inflatable packers. Twenty-five cavities
were used in the test prcgram, each
approximately 7 litres in volume.

The

Both steady-state injection tests and

transient pressure pulse tests were
performed in the isolated cavities in
order to compare the resulting

conductivity determinations. Steady-state
tests were performed by injecting water
into the rock-mass under constant pressure
while measuring the injection flow rate.
Flow rate and pressure data obtained when
steady-state flow conditions were reached
was wused to calculate the hydraulic
conductivity of the rock around the test
interval assuming a porous media approach.
Pressure pulse transient tests were
performed by displacing a small volume of
water in a tube connected to the test
interval while monitoring the resulting
pressure increase and decay. In addition,
pressures were monitored during each test
both in the test cavity and in several
observation cavities in order to observe
the extent, or radius of influence, of
Lnth pressure pulse and steady-state
tests.

Figures 7,8,9 and 1@ show normalized
pressure decay, P,, plotted against log
time for diffefent test intervals.
Steady~state conductivity values



(calculated from injection tests, assuming
porous media conditions) are shown beside
the corresponding pressure pulse decay
curve for each interval, Also shown in
Figures 7,8,and 9 are the fracture logs
for each test interval, (Details on the
fracture are given In Forster and CGale, 1981).

Figure 10, without the fracture log, is a
summary plot of the -mrves given in
Figures 7,and 8. Tests performed in
intervals HGl-lb, HG1l-3b, HG3-4, HG3-5,

HG5-2 and HG5-3 (Figures 7 and 8) show
decay curves similar in shape but having a
variety of decay times. Figure 9 shows
that the pressure pulse curves obtained in
intervals HG3-3, HG4-4 and HG4-5 have
significantly extended decay times. These
intervals also have correspondingly low
steady-state conductivity values. One
might expect that increasing decay times
would correspond to decreasing steady-
state conductivities. However, as shown
in Figure 18 this trend does not appear.
In fact there is a very poor correlation
between decay time and steady state
c ..uctivity . This lack of correlation
is expected to result from a combination
of factors including, i) the compler
nature of tha fracture system, ii) nature
of test equipment (packer compliance},
iii) differences between the volume of
rock mass tested by steady-state and
transient tests (difference in radius of
influence).

During each pressure pulse test up to

s~ven adjacent borehole intervals were
monitored to determine the radius of
influcnce of a pressure pulse test. The

minimum distance between cavities was 1.5
m 7 however, throughout the test program
no response was obtained in any
observation cavity. Steady~-state flow
tests indicated a gcod connection between
test cavities thus a response might have
been expected. However comparison of the
volume of the test cavity (7¢)} to the
volume of the pressure pulse displacement

(several millilitres) suggests
insufficient water was displaced in the
test cavity to cause an obscrvanle
responsc in the observation cavities,
Conclusion

In this paper the authors have described a
laboratory and field program designed
primarily to compare steady-state

conductivitly determinations to transient
pressure pulse determinations.

Laboratory steady-state and transient
tests were performed on a sample of Stripa
Granite core { 11 ¢m long and 4.5 cm
diameter) containing a single natural
fracture parallel to and centered on the
core axis. Tests performed at threc
different confining pressures show a good
correlation between steady-state and
transient test results (Table 1). In
addition, packer compliance was found to

-77-

protduce conductivity values which
underestimate the non-compliant steel plug
conductivities by up to a factor of 2.

With increasing confiln'ng pressure (
decreasing conductivity) tae significance
of packer compliance was found to
increase, Significant compliance effects
were also found to result from
teg‘peratures variations exceeding +
Pp17c.

Field steady-state and transient tests
were pecformed in an array of boreholes

collared in a granite mass 338 m below
ground, Transient conductivities have not
been calculated; however steady-state

conductivities have been calculated and
compared gqualitatively to the transient
decay curves for each interval . There is
no apparent correlation between the two
types of test results. This lack of
correlation is primarily attributed to the
complex nature of the fracture system and
differences between the rad*us of
influence for each test type. Observation
cavities did not respond to pressure
pulses generated in test cavities despite
hydraulic connection indicated by steady

state testing. The minimum distance
between cavities was 1.5 m. However, the
large volume (7%} of the observation

cavities appears to preclude observation
of any pressure response resulting from a
displacement of only a few millilitres of
water in the test cavity.
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Table I: Comparigon of sready-state results and transient
test results. Granite sample - Cycle #4

Mean Kf (cm/sec)xlO3 Mean l(p (cm/sec)xl()7

Borehole Steady Steady

(MPa) Scal State Transient State Transient
Steel Plug 16 74
Alr Packers 16 54
@ 3.4 MPa

6 56

3.4 Alr Packers 14 46
@ 5.5 MPa
Water Packers - -
@ 3.4 MpPa
Steel Plug 71 17

6.9 Air Packers 6.5 54 15 11
@ 3.4 MPa
Ar Packers 55 11
@ 5.5 MPa
Water Packers - --
@ 3.4 MPa
Steel Plug 1.9 2.2
Air Packers 2.2 1.7 2.9 1.9
@ 3.4 MPa

13.8 Air Packers 1.4 1.5
@ 5.5 MPa
Water Packers 1.1 1.1
@ 5.5 MPa
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ANALYSIS OF CONSTANT-HEAD WELL TE!

T» Doe and J.
Lawrence Bexkeley

STS IN NONPOROUS FRACTURED ROCK

University of California

Berkeley, California

The constant-head injection test, also known
as the pressure test or packer test, has long been
a standard permeability test in geological and
civil engineering. Most of the published data on
the permeability of nonporous fractured rock has
been obtained by such tests. In general, the
analysis of the data from constant~head tests has
been made asgum 19 steady radial flow by invoking
a "radius of influence". If one compares the
results of steady analyses and transient flowrate
analyses, the error in assuming steady flow is
less than an order of magnitude for reasonable
values of storativity, and this error can be mini-
mized through proper choice of radius of influence.

Although the steady flow assumptions do not
result in large errors in the-calculation of
permeability, careful design of constant-head well
tests can yield not only storativity, but also
qualitative information on the areal extent of
permeable zones or fractures tested,

Constant-head well tests have several major
advantages over other well test technigues in low
permeability rock. Unlike pump tests, wellbore
storage effects are virtually nonexistant. Pro-
vided low-flow measurement apparatus is available,
constant-level tests are far more rapid than slug
tests and, unlike pulse tests, compliance of equip-
ment is not a faztor, since the system is main-
tained at constant pressure throughout the test.

Introduction

Low-permeability rocks (rocks with less than
1075 cm/s permeability) are receiving considerable
attention for both their energy resource potential
and the isolation they can provide in waste dis-
posal. Quantifying such permeabilities, however,
is difficult as traditional well test techniques
can require very long periods of time that make the
costs of such tests prohibitive. For example, over—
coming the wellbore storage effects above may re-
quire a week to pump-test rocks with trangmissiv-
ities lower than 102 em2/s {Fig, 1, Wilson et al,
1979). Similarly slug tests can take a week for
75% decay for transmissivities lower than 1075 em2/5,
The only test techniques available which can teat
materials lower than about 10”4 m?2/5 within reason-
able test times are pulse tests and constant-head
pump tests. Of the two, constant-head pump tests
are applicable over a wider range of transmissivity
values than pulse tests, yet with very-low-flow
measurement instrumentation, constant-head tests
are applicable to rock whose hydraulic conductivity
is within two orders of magnitude of intact crys-
talline rocks.

In addition to che wide range of transmissiv-
ities over which constant head tests are applicable,
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Fig. 1 Range of hydraulic conductivities over
which common well test techniques are applicable
{XBL 792-7379).

constant~head tests are free of wellbore storage
effects. These effects include compliance or

deformation of packers or other test equipment.
Since all of the test is maintained at constant
pressure, even very deformable camponents of the
test system should not effect the test results.

The constant-head test has further signifi-
cance in being the most widely applied well test
for crystalline rock. The data compilations of
Davis &nd Turk {1964} and Snow (1968) relied pri-
marily on constant-head tests run by the U.S. hrmy
Corp of Engineers. It should be noted, however,
that most existing data from constant-head tests
c.ues from civil and geolpgic engineering where
the data have been interpreted using steady-flow
techniques. though much literature has been
devoted to turbulence effects of fluid mechanics
of constant head injectlon (Louis and HMaini, 1970);
Rissler, 1978} the steady flow assumptions are
probably & wore serious source of error in low
permeability rocks. The purpose of this paper is
to examine the constant-head tests in terma of
steady versus transient flow, and analyze the



magnitude of error that can result from steady flow
interpretation. Whereas the flow rate calculatiors
depend on the storativity, the nature of storativ-
ity in crystalline rocks im diascussad. Errora
arising from the test equipment such as Dick's
(1975) discussion of presaure losees in injection
tubing are not discussed in this paper.

Description of the Constant~Head Test

Injection tests are the moat common method of
evaluating crystalline rock pemenbilit:y for engi-
neering eg are ively dis~
cussed in zieqlet {1976}, Snow (1966, 1968), Louis
and Maini (1970}, and Banks (1872).

The primary ge of head injec-
tion tests over the pump~test techniques standard
in hydrogeology are, (1) they are applicable to
small-diameter wells where pumpa will not fit,

{2) they are relatively rapid tests to conduct, and
{3} they can easily lsnlate small sections of hole,
thus determining structural features causing flow.

The basic test coneists of injecting water to
a section of a barehole lsolated with inflatable
packers (Fig. 2). The injection pressure is held
constant, and when the water flowrate approaches a
constant value, it 18 assumed that steady flow has
been achieved. Two to elght progressively higher
injection pressures are used in successlon. Since
the flowrate is a linear function of the injection
pressure and flowrate can indicate departure from
steady laminar flow assumptions. These deviations
are shown in Figure 3 and can arise due to fracture
deformation, packer leakage, or turbulent rather
than laminar flow (Louwls and Maini, 1970).

Pressure Gauge and Flowmeter

Fig. 2 Schematic of equipme.* used for con-

stant head injection tests. \"BL 812-8187)
Constant-head teste were originally developed
for damsite and other enyineering investigations
by the French engineer, Lugeon (Serafim, 1968},
In Europe, hydraulic conductivity is often express-
ed in the Lugeon unit, which 1s equal to ona liter
per minute of flow per meter of hole length ut an
overpressure of 10 kq/t:l\2 guch tests ara com-
monly run by the Army Corpe of Engineers, who have
published two manuali of injection test procedure
recommendations (Hvorslev, 1951; Ziaegler, 1976)}.

Most 1i @ on the bility of crystalline
rocks is based on constant-head tests, including
Davis and Turk's (1964) study of permeability
versus depth and Snow's (1965, 1968) work on frac-
ture spacing and porosity. Constant~head injection
tests can ba run at any packer spacing; large spac-
ings can be used for avaraging the contributions of
several fractures, while small spacings are uszd to
isolate individual condults such as single frac-
turss, faults, or shear zones.

Steady-Flow Analysis of Packer Test Data

The analysis of constant-~head packer test data
is most commonly done using steady-flow techniques.
Generally the zone isolated is assumed to be a con-~
fined agquifer with full v setration by the well
{Figure 3}. The injecti... flowrate, Q, is given by

-1
Q= 2IK (H,

- Ho)b {1ln Lo/x‘v)
flow rate (ecm?/S)
hydraulic conductivity (cm2/s)
straddle length (cm)

Head (am)

radius {(cm)

subscript for outer boundary
subscript for well boundary.

¥ OHIYE RO

The radius of influence, r,, i8 2 result of a
preaumed open circular flow boundary,

Without an observation well it is difficult
to determine very exactly the radius of influence,
rol however, since r, appears as a logarithmic
term, large errors in the estimation of r, only
result in small errors in the calculation of either
K fram the -~tection test (Ziegler, 1976). For
example, i1 - /.6 cm diameter well, the log, of
the ratio of che radius of influence t the well
radius only varies fram 5.6 to 10.2 for Ty varying
Erom 10m to 1000m.

To account for errors due to the flow not
being perfectly confined and therefore not entirely
radial, several “shape factors” have been used.
Hydraulic conductivity determinsd from shape fac-
tors generally employs an equation of the form

x=fxc (3-8)
where C 15 a Qimensionless constant which varies
depending on the asaumed puttern of flow about the
test zone. Such factors inciude (1) flow with
potentials elliptical about the test zons {Hvorslev
1951), (2) radial flow near the well becoming spher-
ical at r = b/2 (Moye, 1967), (3) empirical correc-
tions based on electrical analogues of porous media
{Sharp, 1970), apd (4) radial flow with the rxdius
of influence egual to the test zone length (Snow,
1968; Ziegler, 1976). For most nocrmal test condi-~
tiona, Ziegler {1376) notes that the variation
between these correction factors is not gareater
than about 308,

me .unportance of "shape factor" corrections
in ed rock is ques—
tionable, unleus the rock has a fracture spacing
which is small relative to the length of the packer
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FLOWRATE

PRESSURE

Fig. 3 Hypothetical pressure-flowrate curve
for constant~head injection teata; A- laminar
flow, B- turbulent flow, C~- fracture deformation.
{after Lauis and Mainl, 1970). {(XBL B12-B194)

seal, For tests in rocks where the fracture spac-
ing is large, only a few fractures will be con-
tained in any givan test interval, and of these
only the fraciure with the largest aperture will
have any significance, due to the cubic relation-
ship of aperture to flowrate. Flow will be con~
Fined to the planes of the large-aperture fractures
unless they intersect other fractures of larger
aperture close to the borehole. In either case,
the equipotential lines about the test zone axe
unlikely to follow elliptical or spherical paths,
and routine application of shape factors based on
such assumptions may often be in error.

Transient Analysis of Constant Head Test Data

The steady-state procedure of analyzing
constant-head injection test data requires several
assumptions which may be difficult to quantify and

nlikely to be met in nature. Among these assump—
tions are the existence of a radius of influence
and the abjlity to determine the time required to
reach steady flow conditions.

although steady-flrw equations wera standard
in the early days of hydrogeclogy and petroleum
reservolr engineering, the recognition of the role
of rock mass deformability (Theis, 1935) has made
transient analysis the basis of pump and other wall
tests since the 1930's, Indeed, for infinite aqui-
fers or fractures, steady conditions are never
really achieved.

The major difference betwean pump teste and
constant-head injectior tests is that in pump tests
the flowrate is held constant and the well test
analysis 1s made omr the basis of the transient
change in pressure (or head) in the well. In
packer tests, the wellbore pressure is held

~B86-

constant and the flowrate should be expected to be
transient.

Congtant-head well test solutions have not
been as widely investigated in the hydrologic or
petroleum literature as constant-rate tests.
Nonetheless solutions for simple gsometries have
been available for some time. The first hydrologic
applications were made by Jacob and Lokman (1952)
who derjved type curves for transient flow in
infinite aquifers and applied the results to flow-—
rate decline fram flowing artesian wells. Hantush
(1959) extended Jacob and Lohman's work to leaky
aguifers, infinite aquifers, and aguifers with
sither closed or open outer boundaries. More
recently, Jaiswal and Chauhan (1978} have investi-
gated spherical flow under constant head conditions.
Extensions of constant head solutions to include
skin effects and pressure buildup after constant—
head productiun have been made by Uraiet and
Raghavan (1980) and Ehlig-Economides {1379}, the
former using finite differences, the latter by
analytic gelution.

Eryore in Steady Flow Analysis of Constant Head

Tests

A pctential source of weakness in the prac-
tice of constant-head tests is the steady flow
data analysis. First, steady flow analysis assumes
an infinite conductivity materjal at the radius of
influence; and, second, it iqnores groundwater
storage both due to water compressibility and to
finite fracture or matrix stiffnesa.

Translent flowrate solutions overcome these
objections. Time-variable radial flow under
constant head can be descrihed by

Q=21 G{A)
where A= T;
T 'S
W
G(}) = constant head well test function
g = dimensionless time
8 = atorage coefficient

Hantush (1959) gives solutions for both open and
closed boundaries for infinite, open, and closed
boundary type curves generated from Hantush's

solutions are shown in Figure 4.

For a single fracture in a relatively imper~
meable rock, fracture aperture, e, determines flow
by

pee?
129

2
= (Pg/h & o =
T=(fg/h 5 e

P = fluld density
g = gravitational acceleration
¥ = dynamic viscosity

The flow rate into a well injected at constant
pressure shonld decrease rapidly upon application
of the wellbore pressure and then decrease more
~radually with increased time. If the aquifer or
fracture is infinite, the flowrate should never
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reach a steady value. If the aquifer or fracture
is leaky, or intersects a feature of much higher
nydraulic conductivity, the flowrate should reach
a steady value; and if the zone injected is finite,
the flowrate should go to zero. In any case, the

- flowrate may not be the same as that predicted from
steady-flow analysis for rock of the same hydraulic
conductivity.

The error in using steady-flow analysis of
well test data rather tnan the cransient technique
can be quantified by preparlng flowrate versus time
plots for the test gecmetry and a range of hydrau-
lic conductivity values. The average flowrate over
the period of time flowrate date were taken, RQays
can be determined by integrating the flow over the
peried of time in question, i.e. taking the total
volume of fluid injected and dividing by the time,
¥ay 19 the steady flowrate that would be recorded
for use in steady-flow solutions. The difference
between the hydraulic conductivity calculated using
way in the steady analysis and the assumed hydrau-
lic conductivity in the transient flowrate curve
is the error in using the steady-flow analysis.

As an example of how the error in making
steady~flow assumptions is calculated, consider a
constant-head injection test on a 15.3 m (50 foot)
section of an NX {ry, = 3.8 cm) borehole. First
one can construct from the type curves a family of
flowrate curves ror various hydraulic conductivi=-
ties assuming a value for the storage coefficient.
{Fig. 5). 1In civil engineering practice the steady
flowrate ls measured at a time when the flow
appears not to change appreciably with time (a
highly subjective judgment). Assuming data is
ctaken between one and five minutes of injection
time, the volume of water injected can be taken
from the area under the transient tflowrate curve.
vividing by the total period of tes: time, t, glves
the steady flowrate, w,y, assumed by the test
operator, or

300

i
%ay * 240 f ult) at
60

X, is in cm/s. XBL 812-8199

Figure 6 shovs the ratlo of hydraulic conduct:- ity
calculated to actual hydraulic conductivity as a
function of assumed radius of influence. Had the
operator chosen a radius of influence comparable to
the injection zone length, the ue> of steady~flow
calculations would have resulted in overestimation
of hydraullc conductivity by a factor of about two.
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Flgs 6 Ratio of actual hydiaulic conductivity
to value calculated using steady-flow assumptions
for test conditions in insert, 300-second test.
(XBL 812~8190}.
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Selection of a smaller radius of influance
could have resulted in less error. Figure 7 shows
the radius of influence ylelding no error for the
case described above, Thusd, by proper selaction or
radius of influence, the error in calculating
hydraulic conductivities can be minimized.
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RADIUS OF INFLUENCE
meters

Fig. 7 Radius of influence yi:iding zero error
in steady state calculation for a 300 second test
and test conditions in Figure 6. (XBL 812-8191)

The error in use of steady flow agsumptions
increases with lower permeability, however, this
can be compensated for elther by using longer test
times or smaller radii of influence. Figure B
shows similar calculations of the error in steady
flow calculations for two meter test zones over
two hour periods. For the most extreme values of
hydraulic conductivity and high values of etorage,
the error in calculating hydraulic conductivity
is less than an order of magnitude and generally
within about a factor of two or three.

biscussion

The calculation of the error in using agsump=
tions of steady flowrate in constant head injection
tests shows that the errors are small compared to
the range of variability encountered in testing
crystalline rock, Thus data which are reported in
the literature for crystalline rock hydraulic con-
ductivity based on ateady flow analysis should be
considered reliable so long as reasonable valuen
of radius of influence have been uged.

It is not advocated iere that the steady flow
assumption be used routinely in testing vhera it
may ba possible to obtain transient data, Tran-
sient analysis can be umed for calculation of
storage coefficiente as well as to study boundary
effects. For example, by knowing the time to
deviation from the infinite layer type curve, one
can determine the radial distances either to a
boundary; or, if no deviation occcurs, the radius
over which the hydraulic properties are consistent.
The dimensionless time (Tt/Sr,2) to deviation
from the infinite layer type curve is shown in Fig-
ure 9 as a function of ry,/zw., By calculating T
and 5 from the type curve match the radial distance
affected by the test can readily be calculated.

Whera steady flow assumptions might prove most
ussful in data analysis in very low permeability
rockse The lower limit of turbine flowmater is
about 4 ml/min, however flowratis can be measured
by use of calibrated flowtanks which give the
volune of water injected over a gilven period of
time. For very low _lovrates calibrated flowtanks
may not have pufficiently rapid response to allow
early time determination of the transient flow
rate. For such useg, hydraulic conductivity can
be calculated by use of average flowrate and steady
flow assumptions provided care is etercised in
choice of radius of influence,

=
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Fig. 8 Error in steady flow calculation in
2 meter test zone as a functlon of storage coeffi-
clent and hydraulic conductivity; 1075 an/s point
is a 20m test, other points are for 2 hour tests.
(XBL 812-87192)
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Fig. 9 Dimensionless time to deviation from
infinite type curve as a function of distance open
or closed to boundary. (XBL 812-8193)
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SOLUTE TRACER TESTS IN FRACTURED MFRIA
G.E, Grisak
Environment Canada
National Hydrology Pesearch Institute
562 Booth Street, Ottawa, Ontario, KIA OF7

SUMMARY

A single-well injection-withdrawal tracer
test design with radial satellite instrumenta-
tion is used to ilTustrate design calculations
for testing a single 100 um fracture. Test
durations of several days can conceivably pro-
vide tracer information over distances of tens
of meters at realistic injection pressures
Calcutations of the effect of matrix diffusion
on the test results show that only in rocks with
Tow (<0.01) matrix porosity would average
solute velocities be ohtained comparable to
those based on the design injection condftions.
Matrix diffusion in rocks with high matrix
porosity would cause solute velocities to be
much stower than the water velocity. It is
considered that the primary function of a con-
servative (nonreactive) tracer is to provide
verification of the average velocity in a frac-
ture, usually calculated from hydraulic testing
results. Reactive and nonreactive tracers used
together can provide substantial information on
in situ sorption properties if used in conjunc-
tion with radial instrumentation.

INTROGUCTION

Tracer testing techniques have occasionally
been used in fractured media, generally with the
assumption that porous media ‘equivalent' para-
meters are applicable. {MWebster, et al., 1970;
Grove and Beetem, 1971; Kreft et al., 1974;
Claassen and Cordes, 1975; Ivanovich and Smith,
19783 Landstrom et al., 1978). It is not
certain however, that 'equivalent’ parameters
representative of a fractured media can be
derived which adequately represent the trans-
port processes or pathways in fractured
systems. Grisak et al. (1980) derived
‘representative’ parameters for use in the
analysis of a laboratory tracer test on a
large, relatively undisturbed sample of frac-
tured ti11. The ‘representative' parameters
were based on the concepts of flow in sets of
ptanar fractures of simpie geometry., The
interconneciivity of the fracture sets was
assumed to be represented by an effective
fracture epacing, from which un effective
fracture aperture was calculated. The ef-
fective aperture and spacing were then utilized
in numerical simulations of the lahoratory
tracer effiuent data. Simulations of this
data using an analytical solution and parameters
equivalent to those used in the numerical simu-
latfon showed good agreement (Grisak and
Pickens, 1980a). The assumption of zero long-
itudinal dispersivity in the fracture, which
is used 1n the development of the analytical
solution, was shown to be suitable in fitting
the Taboratory tracer-effluent data.
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One approach to evaluating solute transport
through fractured media at the ‘near-field’
scale is to attempt to determine, with tracer
tests, the transport processes in a single dis-
creet fracture. Existing analytical techniques
are suited to these tests, since the conceptual
model on which most tracer testing techniques
were developed is that of a single, permeable
Tayer hetween parallel, relatively impermeable
confining layers. There is a clear analogy to
a single, continuous, planar fracture in rela-
tively impermeable media. Analogies may also
be possible between layered or stratified porous
nedia systems and a set of subparallel fractures.
An analysis of flow in layered porous medfa is
given by Bear (1972, p.151-159) and Mercado
{1967) discusses tracer spreading patterns in
a permeability stratified porous media aquifer.

SIMGLE FRACTURE

Single-well injection-withdrawal tracer
techniques {¢iverging-converging flow) with
satellite radial instrumentation can be used
to {1Tustrate test desfgn and daia anralysis
techniques in a single fracture. The type of
data sought are similar to those presented by
Pickens, Jackson and Inch {1980} in their dual
tracer (reactive and nonreactive) test conducted
in a confined porous media aquifer.

The hypothetical case of a single continuous
planar fracture with an aperture width 2b of
100 ym is selected for illustration. Injection
rates Q of 0.1 L/min are feasible at relatively
Tow injection pressures of about 0.035 MPa
{Davison, 1980) which should minimize the impor-
tance of any stress-opening of the fracture. If
the porosity in the fracture is assumed equal
to 1.0, the water velacity V at radial distances
r, under steady state injection conditions, can
be calculated {Figure 1) using equation [1]

Y= gy o

The radial distance reached by injected
water at any time t (Figure 2) can be calculated
from equation 2]

r = Toe et [2)

The transit time tw, or time taken for water

to move from the injection well to radial dis-
tances r, can be calculated by rearranging 2],

Table 1 1ists transit times and radial dis-
tances from the injection well in a 100 um frac-
ture at injection pressures of 0.35 and 0.035
MPa. Also 1isted for comparison are calculations
for a 10 um fracture, although pressures as
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Figure 1 Water velocity in 100 um fracture at
radial distances r from injection well
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Figure 2 Graph of time taken for water from the
injection well to reach radial distances
r under steady injection conditions.

high as 0.35 MPa or greater may increzse the width
of the fracture aperture.

TABLE 1 Test design calculations for injection-
tracer tests.

APERTURE 100 100 10
um}
INJ. RATE 1 0.1 0.0
(L/min)
RADIAL 1 hr 14 4 1.4
DTSTANCE @
{1} 10 hr 44 14 4
TRANSIT m0omn 0.5 5.2 52
TIFE TO

20m 2. 21 210
INJ. PRESS, 0.35 0,035 .35
{#Pa}
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Matrix Diffusion

The diffusion of nonreactive and reactive
solute from a fracture into the adfacent matrix
can have a considerable effect on solute trans-
port in even a low porosity matrix. A simple
ona dimensional analytical solutipn can be used
to fllustrate the effects that matrix diffusion
can have on solute transport at the scale of a
single fracture tracer test with the conditions
11lustrated in Figures T and 2. Analytical
solutfons to the radial case which describe 1n-
Jection/withdrawal tracer tests have not yet
been developed. In order to f1luscrate the
effect of matrix diffusion using a constant-
velocity analytical solution, a term tranaeit
valozity Vt is defined as the ratio of the

radius r to the water transit time t . The

transit velocity is introduced to approximate a
constant velocity system.

An analytical solution to one dimensional
advective transport in a single fracture with
matrix diffusion has been adapted by Grisak and
Pickens (1980) from Carlsaw and Jaeger (1959) and
Jost (1960). The solution for relative solute
concentration (CICD) in the fracture (c=cf) and in

the matrix (C-Cm) is
8 _n*
m
(x +y)
th

< X
£ = erfe e YO X r1
b 20 (t-3-)] Y

t

=0 , ot (41
Yy
with the boundary and initial conditions
Celxoy) = Colxayy =0, t=0 (s}
Cf(U.U) = Cm(U.U) =G 2 20 [61
l‘.f(x,o) = Cm(x,(l) , %0, t>0 m
where x - distance in direction of flow
y - distance into the matrix perpendicu-
lar to flow
D* = matrix diffusion coefficient

o = input concentration (1.0)

Using & transit velocity Vt of 1.9 m/hr
and 2 matrix diffusion coefficient o* of 1075

cmz/s. breakthrough curves calculated for a
distarce of 10 m are plottcsd on Figure 3. Matrix
porosities (9,) of 0.3, 0.03 and 0.003 are used

to illustrate porosities of shales and clays,
weided tuffs {ignimbrites), and crystalline
rocks, respectively, The calculations show
that, with a porous matrix such as exists in
shales, the average velocity (c=o.5c°) at1om



distance from an injection well in a 100 wm frac-
ture is reduced to less than 10% of the transit
water velocity. The reduction in average velo-
city is due solely to solute diffusion from
the fracture. The actual reduction may be
somewhat less pronounced in a field injection
situation since a constant velocity is used

in the calcu?aticns. The effect of matrix dif-
fusion in trace- tests can be reduced by 1)
high water velocities or large fracture aper-
tures, reducing the solute transported to
solute stored ratio or 2) small matrix
porosities.

- Om=.003
.03
z
=
5
T
e
2z
w
2
Z 5
(%]
w
g
5 3
u
=T
700 200
TIME th)

Figure 3 Breakthrough curves at 10 m from
injection well approximated with
the one dimensional analytical solu-
tion for fracture transport and matrix
diffusion. o = matrix porosity.

Dispersion in fractured media is a sub-
ject of considerable interest at present. It
1s not clear whether longitudinal dispersion in
a single open fracture is an important processs
however heterogeneity within a fracture plane
can cause considerable uncertainty with respect
to velocities and solute travel paths in any
tracer test in a single fracture. Anisotropy
within a fracture plane can be caused by a
number of factors, such as fracture infilling
and non-planarity, which can causa the aper~
ture to vary in width and to range from
totally open to totally closed. A discussion
of dispersion processes in a single fracture
and fn fractured media fs presented by Grisak
and Pickens {1980b).

Given the uncertatnties regarding the dis-
persfon properties of a fracture, the primary
function of a conservative tracer should be to
provide verification of the average velocity
rather than to quantify dispersfon parameters.

The velocity calculated from pressure testing
results requires confirmation by direct measure-
ment before it can be used in solute transport
calculations. Results from radial instrumenta-
tion can be compared to velocities calculated
from pressure testing results and further com-
pared to injection withdrawal rates and with-
drawal phase tracer data at the central well.

Reactive Tracers

Reactive and nonreactive tracers used
simultaneously can provide substantial informa-
tion regarding in situ sorption properties.

The experiment presented by Pickens, Jackson
and Inch (1980} illustrated that rractive
tracers can yield in situ distribution coef-
ficients (Kd's) which are similar to botb lab-

oratory column and 'batch' Kd's and Kd's calcu-

lated by chronological mapping, over the past
20 years, of a contaminant plume created by
the experimental disposal of radioactive wastes
in the same aquifer (Jackson and Inch, 1980).

The influence of sorption/desorption kine-
tics on the reactive tracer hreakthrough data
are difficult to overcome in tracer tests of
relatively short duration. Sorption/desorption
kinetics primarily cause increased spreading
about the avarage velacity. For anmalysis of
field tests, sorption kinetics may perhaps be
adequately treated as a dispersive mechanism
and its effect fncorporated into the dispersion
term.
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ABSTRACT
TESTING LOW TO MODERATELY TRANSMISSIVE ZONES IN BASALT ROCKS

C. D. Updegraff, K. G. Kennedy, A. A. Bakr,
C. N. Culver and J. T. Kam
Science Applications, Inc.
Albuquerque, New Mexico

Nuclear waste disposal studies are providing unique opportunities
for development and assessment of different types of borehole testing
methods. Recently, we completed a six month field testing program
directed at determining the hydrologic characteristics of basalt rock
on part of the Hanford Reservation near Richland, Washington. Well
testing was conducted principally using instantaneous (pulse or siug}
withdrawal or injection, crill stem and airlift pumping tests. Testing
in the low to moderately transmissive rocks required up to several
days and in some instances weeks to provide a complete test record for
adequate evaiuation.

Pulse tests, where the response is shut-in, responded gquickly to
static conditions. They are preferred in zones with transmissivity
less than about 10'8 ftz/sec (=10'gm2/sec.). The test's vadius
of influence is generally limited to a few wellbore diameters. At dual
hole sites, no pressure responses were observed at wells 100 feet
apart. Pulse tests can be analyzed by 'slug' type curves similar to
those by Cooper et al. (1973) and Ramey et al. {1975). More rapid
responses may necessitate generatjon of higher dimensionless storage
coefficient curves than are currently published. Pulse test results
can be anomalously high or Tow as wellbore damage can strongly
influence these short tests. Testing in tight colonnade/entablature
zones will require additional input regarding fracture distribution,
orientation and matrix characteristics for proper hydrologic character-
jzation. Slug tests, where fluid movement occurs in the tubing string
as a result of flow from or into the formation, is generally non-
responsive in formations with transmissivity less than about
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10'7 ft 2/sec (=10'8 mzlsec). They are useful in moderately
transmissive zones up to about 1074 £t2/sec (=10'3m2/sec). For

small storage coefficients, responses can be observed in observation
wells and these data are analyzable using existing analytical
solutions. Problems associated with these tests are wellbore inertial
effects and permeability changes away from the wallbore.

Analysis of the recovery period of airlift, standard downhole
pumping tests and drill stem-type tests data can provide the most
romplete and, in general, the best characterization when testing zones
with transmissivities ranging from about 10'6 ftzlsec (=10'7m2/sec)
to about 1073 ft2/sec (=10'4m2/sec). The advantage of recovery
tests is that the analysis can be performed adequately even if the
wellbare is extensively damaged.

Drill stem-type tests can also be used in low permeability horizons
but require extensive flow periods prior to their buildup period. The
late time data is critical to these tests and accordingly the formation
response should be allowed to return to initial or static conditions.
The recovery and driil stem tests also allow evaluation of the wellbore
storage effect and wellbore damage in the vicinity of the zone tested.
The shape of the response curve also provides insight as to whether
the media is responding as a fractured or equivalent porovs media.

Tracer test results indicate 1-131 can be effectively utilized in
further assessment of basalt formation characteristics using a doublet

well situation.
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MEASUREMENT OF IN-SITU HYDRAULIC CONDUCTIVITY
IN THE CRETACEQUS PIERRE SHALE

C. E,

Neuzil and J. D.

Bredehoeft

Y,S. Geologlcal Survey, Reston, Virginia 22092

SUMMARY

A recent study of the hydrology of the
Cretacevus Pierre Shale utilized three techniques
for measuring the hydraulic conductivity of
"tight" matertals. Regional hydraulic conduc-
tivity was obtalned frem a hydrodynamic medel
of the aquifer-aquitard system which
invtudes the Pierre Shale. Laboratery values were
obtained from consolidation tests on core samples.

In-situ values of hydraulic conductivity were
ohtained by using a borehole slug test designed

specilically for "tight” formations. The test is
condue ted by ise ing a portion of the borehole
with one or two packers, abruptly preasurizing the

shut-in portion, snd recording the pressure decay
with time. The test utilizes the anaiyctleal solu-~
tion for pressure decay as water flows into the
iing formation. Consistent results were
ined using the test on three successively
portions of a borehole in the Pierre

surre
ot
sl Lor
Lo
fhe in-sitn tests and laboratory tests
vielded comparable values; the reglonal hydraulic
conductivity was two to three orders of magnicude
larper.  This suggests that the lower values
represeint intergranuiar hydraulic conductivity of
the intact shale and the regional values represent
svvondary permeability due to fractures. Calcu-
bascd on tracture flow theory demonstrate
tractures could account for the

Fat fons

that smalt
vhserved difterences,
Nlhenr e fon
Breeause "eight' rocks such as shales may be
usedd o eontine hacardous waste and other
miterials stored nmderpround, it is important to he
avle to measure their permeability, Very low
pormeatilities are difficult to measure and
Spen s techniques are required. For signiflient

rock it is also necessary to conslder
the possible etfedcts of discontinuities such as
trin tutes which can significantly alter the gross
perncabtlioy ub "tight” rocks.

Yo have nluu'rminud the hydraulic conductivity
o1 the Plerre ale in South Dakota utilizing
three techniques.  The vafues obtained are indica-
tive o) the hvdraulic conductivity on three
local, and small (laboratory)

velipaes o}

scales: renional,
soale.

ilues were obtained with special in-situ
borehole tests at one site; these represent local
or near borchole hydraulic conductivity. These
tests gave consistent resules for successively
smaller purtions of the borehole. Values for
local hydraulic conductivity measured In this
manner ranged from 10 Vs ko 7 x 10710 m/s,

‘The hydraulic conductivity of core samples
1errieved from two boreholes was calculated by
analyziwg data from one dimensional consolidation
tests. :e hydraulic conductivity of the core
samples measured in this manner depends_on the
cffective stress and ranges from 5 x 10 2 mjs to
2 x 107" m/s.

Regional hydraulic conductivity of the Plerre
Shale was estimated using a digital ground-water
flow model of the aquifer aquitard system of which

:hu Plerre Shale is a part. Reglonal valucs
tained Ln this manner range from about 10 LIV
:o T2 x 10°° o/s.

The hydraullc conductivitles measured in situ
and in the laboratory are conslstent and fall
along a fairly distinct trend of decreasing con-
ductivity with increasing effective stress, or
depth. Regional conductivities plot distinctly
apart from this trend and are some two to three
orders of magnitude larger. We believe chat the
large reglonal conductivities reflect leakage
through fractures or fracture zomes im the shale
which the boreholes did not penetrate.

Calculations based on fracture f{low theory
alone cannot indicate the size and spiacing of the
[ractures. However, the range of combinations of
fracture size amdi spacing which explain the con-
ductivity difference can be shown.

In Sltu Tesgs

A Borehole located at site "8" in fligure 1
was tested using :he modified "alug" tes: of
Bredehoeft and Pap The borehele wis
drilled to 184 meters depth and approximately
13 centimeters diameter entirely in the Plerre
Shale uslng an alir drilling technique. Ko de-
tectable water flowed into the borehole from the
surrounding rock, Water was added to conduct the
test.

The test utilizes the solution te the coupled
equations of ground-water flow in the surrounding
rock and storage in the wellbore. The “slug” is
a nearly instantaneous change induced in a closed-
in portion of the wellbore which is pressured by
water. The volume of the closed-in wellbore is
assumed to be constant and the change in storape
and head in the wellbore is assumed to be due
entirely to the compressibility of the water.
test {s designed for low permeability formations.
Alter application of the “slug" the decline In head
B in the wellbore Is recorded with time and a plat
of H/H  (where H is the "slug") versus time is

los.

This
1

matched with a sct »f type curves of the sclution.
The test set up Ls shown In figure 2. For

redundancy, two separate transducers were used to

record the pressure decay. A typical plot of H/H'J

versus time matched to the type curve is shown in
figure 3. The data for ecarly time do not match the
analytical solution well. This probahly results
from the fact that the "slug" was not truly instan-
taneous, usually taking approximately 100 seconds
to apply.” For the purpose of plotting, t, was
chosen as the moment pressurization stopped;
however, the flow into the shale commenced at the
instant the pressure began to rise. Hence, the
true t, in the sense of an instantancously applied

"slug" is ambiguous, but it would be some time
before pressurizatlon ceased. As a result the data
points are displaced ahead by the difference (t

actual - t, chosen). Because the time scule is

logarithmic this effect is seen as a distortion of
the data curve only in the early part of the plot.


http://siri.il
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lnree tests were conducted in the borehole.

A packer was get at 32 meters and the interval
from the packer to the bottom of the hole wam
tested. Upon completion of the first test the
packer was luwered and reset at 66 meters and a
portion of the original section wis reteated. A
third test was conducted In the same manner with
the packer at 115 meters.

Since successively smaller portions of the
orlginal 184 meter section were tested, trans—
missivities of three separate portions of the
borehole could then be calculated. The section of
the borchole tested and the measured transmis-
sivities yre shown schematically in figure 4. The
result 1s a fairly detailed picture of hydraulic
vacductlvity with depth at this site as measured
int situ with the modified "slug" test.

biscussion of In-Situ Tests

The modified “slug" tests are internmally con-
sistent; as guccessively smaller portions of the
scction were tested, successively smaller trans-

m ivity values were obtafned. In addirion the
calculated conductivity vonsistently decreases
with depth.

‘The modifjed “slug” test 1s not without
potential sources of error.’ Very small volumes
of water are pumped into the borehole and allowed
to flow out, presumably into the rock. The
pussibilitv exists that sufficient leakage occurs
through joints and connections in the test
apparatus or past the packer to domlnate the
pressure decay. Leakage past che packer is par-
ticularly hard to rule out. However, if leakage
occurs the computed conductivicy will be higher
than the true conductivity of the rock. In that
sense Lhe computed values can be viewed as maximum
vitlues.

There is evidence that leakage did occur in
the syscem and the calculated cunductlvlities ate
too Wigh.? Inflation of the packer causes a swall
pressure rise which ftsell constitutes a “slug"
test. In instances where the decay of these small
pressurc slugs was monitored, it can be seen that
their relative decline (drop in H/Hﬂ) is slower

than that of the higher pressure siug This
suggests that the higher pressure dlfferences
veiated with the full slug caused leakage
ound Lhe packer. The actual conductivity of
the rock may be lower than the values calculated.
Another limitation that should be recognized
is the small volume of rock involved in the test.
Using the sclution of the ground-water equation
for a semi-{ufinite strip with step change in head
at the boundary an estimate can be gotten for the
distance the dlsturbance will penetrate the rock."
For K =3 x 10 '* m/s, S, =3 % 10 " m ' and

12 hours which are representative of these
changes in pore pressure will
have migrated less than one half foot i{nto the
rock from the well bore. The distance in the
radial case will actually be smaller. Clearly,
only a small anoulus surrounding the borehole
affects the test, and {t includes the rock most
likely to have bcen disturbed by drilling.

L=
tests, discetnable
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Laboratory Tests

Consolidation teats were conducted on samples
of the core from boreholes at "B" and "C" in
figure 1. The tests were conducted by the U.S.
Army Corpa of Engineers at their soil laboratory
in Omaha, Nebraska.

The test consists of applying an instanta-
neous, unisxigl load to a latevally confined
sample. Deformation is recorded as a function
of time until the rate of deformation becomes
small, 'Ihe process is repeated with the load
doubled for each repetition,

The deformation of the sample with time
depends partly on the permeability of the sample.®
A simple analysis of the time deformation curves
from the consolidation tests can be made using
Terzoghi's consolidation analysis from which the
hydraulic conductivity can be extracted. More
sophisticated analyses, such as the viscoelastic
theory of Gibson and Lo may also be applied.®
When the analysis of Gibson and Lo was applied to
consolidation data for the Pierre Shale the
hydraulic conductivity calculated differed from
thoi calculated with Terzaghi's analysis by only a
few percent. Therefore, the values obtalned with
the aimpler theory of Terzaghi were used.

Since incremental loads are applied to the
sample during testing it is possible to obtain
values of hydraulic conductivity for a range of
effective stress for each sample. The effective
stress can be converted to an approximately equiv-
alent depth by assuming near hydrostatic condi-
tiong., Hydraulic conductivity was calculated for
effective stress loads ranging from 5 x 10° to
2.3 x 107 Pa which may be expected at depths of
50 to 2300 meters.

The hydraulic conductivities calculated in
this manner define a fairly distinct trend
decreasing with depth (see figure 7).

Hydraulic Conductivity of Shale Estimated with
Regional Ground-Water Flow Model

The Pierre and other Cretaceous shales vonfine
three major and several minor aquifers in South
Dakota (figures 5 and 6). The aguifers and
aquitards interact and together form a ground-water
flow gystem. Primarily lateral flow takes place
in the aquifers and vertical leakage through the
confining beds.

Relatively complete data on hydraulic heads
and transmissivity in aquifers, particularly the
Dakota Sardstone, are avallable for South Daknta.
By adjusting the vertical hydraulic conductivitv
in the confining layers, including the Pierre
Shale, good agreement between calculated and
observed hydraulic heads can be obtained.

For this study a numerical model of the majur
aquifers and based on carlier model sctudies was
used, A numerical model of the shales and minor
aquifers above the Daketa Sandstone was alsc used.

From these model simulations cstimates of
regional vertical conductivity {n the conlining
layer above the Dakota Sandstone (here called the
"Dakota confining layer") as a whole, and in cach
of the shales individually was obtained.



COMPARISON OF RESULTS

Results of the in-sity and laboratory tests
and the model simulations are compared in figura
7. 1In figure 7 the abcissa represents the
hydraulic conductivity and the ordinate represents
depth or the equivalent effective stress. In-situ
tests are plotted at the mean depth of the test
section. Consolidation teat results are plotted
at the mean value of two successive load incre-
ments, The regional values are plotted at the
arithmetic mean depth of the formation in the srea
modeled.

4s seen 1un figute 7 the in-aitu and labora-~
tory tests fall along a single fairly well defined
trend of decreasing conductivity with depth. The
reglonal values for the shales also decrease with
depth but at similar depths the regional conduc-
tivities are two to three orders of magnitude
lacger than the local conductivities.

These results lead to the conclusion that
leakage through the shales on a regional scale
occurs largely along pathways which are more
conductive than the intact shale. It is hypothe-
sized that the larger regional conductivities
result from connecting fractures in the shales.

Fracture Leakage in the Shales

Throughgoing fractures can drastically affect
the permeability of "tight" rocks. Fracture ilow
is usually approximated with the parallel plate
analogy wherein flow is related to the fracture
aperture as

R ST )
Q% T W

where
Q; 1is the fracture flow (L’/T)

J  is the hydraulic gradient (dimensionless)

L Ls the length of the fracture normal to
flow (L)

H  is the dynamic voscosity (M/LT)

Y is the specific weight of water (M?/TL?)

b 1s the fracture aperture.

Although the parallel plate analogy only approxi-
mates the more complex flow in uneven walled
Fractures it can indicate the approximate range
of fracture apertures and densities which can
account for the observed differences in measured
cunductivi:y.’

If fractures in the shale are assumed to be
vertical and parallel their average spacing as a
function of aperture can be calculated for the
Cretaceous shales based on the difference between
the regional and local conductivity values., The
results of these calculations are depicted in
figure 8. From figure 8 1t can be seen that small
fractures, even relatively widely spaced, can
cause the observed higher regional conductivities.
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SOUTH _ DAKOTA

Figure 1. Boreholes drilled in the Pierre shale for
this study. a) location map for borehole
sites A, B, GC. b) cross section showing
boreholes in relation to topography and
Plerre shale stratigraphy.
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Figure 2. Test set up for conducting modified slug
test.
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Figure 4. Results of modified slug tests in borehole
at site "B."
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Figure 5. Schematic of major aquifers and aquitards
in South Dakota (vertical dimension greatly
exaggerated).
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Figure 6, Schematic of aquifers and aquitards over-
lying the Dakota aquifer (vertical dimension
preatly exaggerated).
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ANALYSIS OF PUMPING TESTS PERFORH%RIIN A HORIZONTAL RECTAraULAR FRACTURE

Bureau de necher:hnsR'A'ﬁohgiques et Minféres

Orléans -

ABSTRACT

The analytical solution has been derived for
a constant rate uniform flux pumping test in s
single horizontal rectangular fracture. The solu-
tion is given €or the drawdown at the pumped well
and at an observation well inside or outside the
fracture. A set of type curvea which depend on
two dimensionlese parameLers has been drawn.
These type curves give the dimensionless drawdown
at the pumped well veraus the dimensionless time
according to the shape factor of the fracture
and the dimensioniess aquifer thickneas. Another
set gives the average drawdown along the vertical
at en observation well versus dimensionlesa time
depending on the dimenaionless distance and the
shape factor.

For both the drswdown at the pumped well
and at an observation well the solution has also
been studied for early timus and long times in
order to derive approximative solutions which
are compared to the well known solutions in iso-
tropic aquifers.

1. INTRODUCTION

This paper presents results which have been
obtained during the research contract n° 563-78
EGF for the Commission des Communaut&s Européen-
nes. These results are described in detail , in
French, in BERTRAND L., FEUGA B., NOYER M.L.,
THIERY D. 1980%.

A review of the litterature has shown that
analytical solutions have been derived to deter-
mine the unsteady state pressure distribution
created by a well with a single flat fracture.

The available solutions ere the following :

- a vertical finite length fracture
(Gringarten et al, 1974)°
~ a horizontal finite radiue circular frac-
ture (Gringarten et al,1974)3
- an inclined fracture (Cinco et al,1975)"
- a vertical fracture partlal penetration
(Raghavan et al, 1976)5
For all these schemes (except the vertical
fracture) only the pressure at the pumped well
has been computed.
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These schemes are inter:stine but chey are not

alvays adapted to real fractures msinly because
of anisotropy of permeability in the horizontal
directions.

A horizontal fracture is more likely to be
elliptical than circular. In order to analyse
drawdowns in such a fracture we derived analytical
solutions for a pumping (or injection) test in a
rectangular fracture which is a closer approxima-
tion to an elliptical fracture.

The drawdoun has been calculated at the center
of the fracture but also at an observation well,

2. DESCRIPTION OF THE SYSTEM

The peometry of the system is defined as fol-
low :

the aquifer hes an infinite lateral extension;
its characteristics are @

= constant thickness h
- constant storage coefficient $
(specific storage coefficient S5 = S/h)
~ anisotropic permeability : K, Ky, Kz
The fracture , which is sitvated in the middile
of the aquifer, has a rectangular shape with :

- a length 2 xf
- a width 2 yf
~ a negligible thickness

3. BOUNDARY CONDITINN INSIDE THE FRACTUPE

Two types of boundarv conditions may be set
inside the fracture :

~ an infinite conductivity fracture
- a uniform flux fra.ture.

a) An inflinite conductivity fracture

It is a fracture which has an equivalent hy-
draulic conductivity (or permeability) much higher
than the conductivity of the surrounding formation.
As a matter of fact its transmissivity (K.h pro
duct) ia much higher then the rock transmissivity
This condition is usvally met in thick fractuves
in & low permeability formation. The head gradient
in an infinite conductivity fracture is equal to
#ero.



b) A uniform flux fracture

The discharge frum the aquifer to the frac-
ture is performed at a uniform rate per uait avea
of fracture.

This boundary condition is probably not
exactly fulfilled but, as will be shown later,
it is a closc approximation of the infihite con-
ductivity boundary condition.

The uniform Flux boundary condition is very
interesting because it makes it possible to com—
pute the drawdowns analytically by the "source
functions method" . This wethod has been descri-
bed by(GRINGARTER A.C. and RAMEY R.J. 1973)6,

The source function associated to the rec~
tangular fracture is obtained as the product of
3 elementary source functions as shown below.

The product is then simplified considering
that the thickness zf of the fracture is negligi-
ble compared to the thickness h of the aquifer.

c} Dimensionless notations

The following dimensionless variables are
used :
- coordinates :

xy = x/xf
p = Y/yE

z, = z/h

D
-~ drawdown
= 41T5/Q with T = h VKxKy = transmis-
sivity
— geometry factors
F =(xf/yf) Vﬁ;7ix (shape factor)

hye(h/ Vxey,). K7Kz (dimensionless thick~
near; of the aquifer)

- time

top = nT:/xEy, S (relative to the fracture
: area)

thy = 4 K he/x?S (relative to the distance
to the center of the frac
ture).

Nota : All these notatione are consistent with
Theie's notations.

The shape factor F is the ratio of the length
of the fracture to its width (corrected by the ho~
rizontal snisotraopy iactor)

For an horizontally isotropic aquifer :

F = 1 applies to & square fracture (it is the
ahape which is the closest to the circular fractu-
re)

F = 10 applies to a rectangular Fracture with
a length equal to 10 times its width.

The dimensionless thickness hy is the ratio
of the aquifer width to the fracture extension
(corrected by the vertical anisotropy Eactor) .The
fraccure extension is the geometrical mean of its
lengeth and its width.

For a fully isotropic aquifer :

b = 0.1 applies to a Ffracture with an exten—
sion equal to !0 times the thickness of the aqui-
fer

= 10 applies to an aquifer of thickness
equal 2o 10 times the extensimm of the fracture.

4. DRAWDOMN AT THE CENTER OF THE FRACTURE

The drawdown at the center of the fracture
is given by the following expressions which are
easy to compute numerically :

oy
5, fur erf\’n . erf

o

L 2

. [Hz):exp - -—P—lmz T)] - (D
h;

p=I

D
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= typo curvas for constant dimensionless

or :
3 thickness h_ (see graph 2)
. DF__. frF / "y D
sD-j erf F.erf T - z—rx
s T

d 212,
. [H—ZZ enp(- EP._:_(_D. )] ar (2)

p=!

Expression (1) is easier to compute for la-
te values of dimensionless time and expression (2)
for early values.

The calculations have been performed tor
the following values of the geometry factors :

h, = 0.1, 0.5, 1, 1.5, 2, 5, 10, 50.

and @ 1
1, 5, 10, SO whick corresponds also to !, s 4
, 0.2 0.1, 002, 10

e ni

d
0" 1 10* by 10"

2,
2

o
v

Two kinds of type curves have been drawn :

- type curves for constant shape factor F

{see graph 1) Graph 2 ~ Drawdown at the center of a horizontal
rectangular fracture

For early dimensionless times the curves show
a tyolcal "one half slope" of equation :

= .
sp= P “tpr 3

This equation correspcnds to a vertical flow
from the formation to the fracture. It does not
depend on the shape factor F because there is no
flow in the horizontal directions.

For late dimensionless times the drawcown
is a lipear function of the logarithm of the time
according to the fo%lcwing equation :
B 4

+ L
PR ey

Sy =8,

(sDo is the drawdown at time turo’
This equation shews that, after a time tDFo
the variation of the drawdown does nct depend on
4 1 101 tnr 10! the geometrical factors F and hD any wore.

107 e ool el Laa

07 10° 10

Graph 1 - Drawdown at the center of a horizontal
rectangular fracture

-105-



It is a radial flow which agrees with JACOB's
approximation. The drawdown variation is plotted
as a straight line on semi-logarithmic paper but
‘Thais curve can not be recognized en log-log
papar because of the constant Sno

Fquation (4) is valid after the followirg
dimensionless times t _ corresponding to a maxi-
mum < rror of 0% :

. Ce e e
i\ bpl 01l 1 10 100
F |
i e b )
| t
o 5,21 5.2 238 2384 |
P
2 6.5 G.S[ 5.8 2304
]
5 1260 13.6] 21.8 2384
!
jo10 2604l 26.4] 20 2384
‘ 50 Jm 131 131 2384
! h
Equations ({1} and (2} refer to the center of

the fracture, but as a matter of fact, it is a clo-
se approximation of the drawdown at any location
inside the fracture, because as it will be shown
later the drawdown inside the fracture is nearly
equal everywhere.

5. DRAWDDWN AT AN DBSERVATION WELL

+ difficulty arises because the drawdown
field is 3 dimensionnal : the drawdown is diffe-
rent at each altitude of an observation well. This
difficulty has been solved considering a small
diameter observation well with perforations along
the whole agquifer thickness. The drawdown measured
by such n obsel-'ation well is the average of the
drawdown aloing the vertical direction. This avera-
ge , which has been computed analytically does not
depend on the dimensionless thickness hD’
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The average drawdown at an observation wei!l
situated along the ox axis is given by the follo-
wing expression :

rofes

The drawdown at an ohservation we!l situated
alonn the oy axis is given by the mame expression
after replacing F by i/F.

Expression (5) has been calculated numerically
for the following values of the paramcters :

x5 = 1, 1.1, 1.2, 1.3, 1.4, 1.5, 2, 3, iu

F =0.1, 0.5, !, 2, 5, 10, 50

‘Two examples of type curves are drawn on graph
3 and 4. They show that for F > ! (observation
wells situated along the ox axis), the curves are
very close to Theis's solution (x, = ») as soon as
x, & 2 even for carly dimonsionless times. For Ja-
to dimensionless zimes the flow is radial and is
described by equation (4) following JACOB'S appro-
=imation .

10°

Ty

T Ty

Graph 3 ~ Drawdown at an observation well (hori-
zontal rectangular fracture)



Graph 4 - brawdown at an observation well
{horizontal rectangular fracture)

Equation (4) is valid aiter the following
dimensionless times corresponding to o maximum
error of 10 %

Fla 2 5 10

*p
1 16.7 14.2 | 13.5 13.4
2 1.7 11.0 | 10,9 ! to.8

10 10.1 10. 10. 10.

1t appears that JACOB'S approxination applies
as soon as the dimensionless time is greater than
abour 10 (as in a pumping test without any frac-
ture, excepted for x = 1, L.e., at the contact
of the fracture, where this minimal time is increa-
sed to 13 to 17,
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6. DRAWDOUN AT AN OBSEPRVATION WELL IN CONTACT

WITH THE FHACTUPE

The average of the drewdown slong the vertical

has been computed becausa it doesn't depend on hD
any more. The calculations have been performed
for virious dimensionless times.

For early dimvensionless times the drawdown

is given by the following equations :

s = top D %<1 (6)
t
DF _

8y " 3 x, = 1 7

The initial drawdown averaged along the verti-

sasal. cal is linear with time ; it 1s represented by a
10_., 1 tu 10, straight line of slope ! in log-log coordinates.

Equations (6) and {7) are vaiid, with a maxi-
mum error of 10% , before the following +alue of
dimensionless time Ls reached :

., < L R
DF 1/ R}
exnression (B) shows that the linear drawdown

is observed during a longer time when the shape
factor 1s smaller i.e. when the shape of the frac-
ture is clos»r to a square.

For late dimensionless times the variation of
the drawdown is given by equation (4} . This equa-
tion , which describes JACOB's approximaction, is
valid as socon as the following dimensionless time
is reached

T T T T

LTI T R W S T

N ' ! 1 .

] ! ! :

1 1 s.a! 56 ' & ! !

: l 1 | !

! I ! i t '
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It appears that JACOBS approximations is
valid only after a long dimensionless time (grea-
ter than 177) for very rectangular fractures f.c.
rractures wWith a large F shape factor, The draw-
own inside the fracture has been drawn for diffe-
rent dimensionless times on graph 5. This graph
shuws that the deaswdown is approzimatively cons-
tant insade the fracture. [t means that the equi-
vl 'nt rransmissivity of the fracture is very
high.
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traph 5 - Drawdown inside a horizontal rectan-
golar fractore {average along the
aquifer wideh)

The Jdrawdown corresponding to a pumnpinm test
periormed 1n a infinite transmissivity horizontal
rectangqular fracture is then closely aoproximated
by the formula that we have derived for a uniform
flux horizontal rectanqular fracture.

7. gRNCLUSILON

A new scheme has been derived for pumping
tests in fractured aquifers. This scheme ls cha-
racterized by a sinole horizontal flat rectangular
fracture,

‘The drawdown has been computed at the center
of the fracture and also at an observartion well
situated along the principal directions. Types cur-
ves have been drawn which makes it possible to
perform pumping test analysis or to compute the
drawdown corresponding to a known rectangular
fracture.
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NOTATIONS

x
b4
2

x1

1’23

coordinates relative to the center of the
fracture

Dimensionless coordinate

Fracture hal€ lenqth

half width

Time

= Dummy variable representing time

fimensionless time

Aquifer thickness
Aquifer dimensionless thickness
Pumped or injecten discharge
Drawdown (or head . ‘erence)

Cimensionless drawdown

Permeabilitv (hvdraulic conductivity}

z
K4Kx Horizontal permeabiliry
T = Horizontal transmissivity (K.h product
S = Storage coefficient
Ss = Specific storage coefficient = S/h
F = Tracture geometry factor
= 1.14159 ...
crf= Error function
exp= Exponential function
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THERMAL EFFECTS IN WELLTESTS OF FRACTURED RESERVOLRS
G.5. Bodvarsson & C.F. Tsang
Lawrence Berkeley Laboratory
Berkeley, California

lntroduction

Conventional well test analysis methods are
usually based upon assumptions of isothermal fluid
flow in homogeneous porous medfa reservoirs. Some
solutions are also available for vells intercepted
hy single vertical or horizontal fractures (e.g.,
Cinco Ley et al.,(1978), Gringarten (1971},
Streltsova-Adams (1978)}) or by highly symmetrical
fracture systems {e.g., Warren and Root (1963),
Kazemi (196%)), but again they are limited to
isothermal conditions. In geothermal reservoirs,
considerable natural temperature gradients can
occur and it is gquestionable if isothermal well
test analysls techniques can be applled to such
systems. Furthermore, reinjection of wastewater
into gecthermal reservolrs creates areal temper-
ature distribution within the reservoir.

injection testing of geothermal reservoira is
currently belng used at A number of geothermal
fields (e-.r., Krafla, Iceland; Olkaria, Kenya; Los
Azufres, Mexico; Wairakei, New Zealand}, and a
thenretical basis for the analysis ol such non-
isothermal tests is greatly nceded.

In this paper, a numerical simulator is used
to study two bastc problems. The first problem
involves the analysis of injection tests of homo-
peneous porous media geothermal reservoirs. Due
tn the dependence of viscosity and density of
water on tempcrature, the pressure responae at
injection wells will be considerably different
from the pressure transient resulting from a con-
ventional (isothermal)} pumping test.

The second part of this paper deals with the
problem of wastewater injection into a fractured
geothermal reserveir. It 1s commonly believed
that vhen fractures are present, the injected cold
water will rapidly advance along the fractures to
wells in the production region. Lf true, thie may
cause a drastic reduction in the amount of
energy vhich could be extracted from the geothermal
resource. Using a simple reservoir model with &
few major fractures,we have studied the movement of
the thermal front in the fracture relative to its
movement in the porous media during injection.

Numerical Model Used

For this study the 3-dimensionsl simulator CCC
(Conduction~-Convectlon-Consclidation), developed at
Lawrence Berkeley Laboratory, was used. This
computer code solves numerleslly the heat snd mass
flow equations for a fully sa..rated wmedfum. It
employs the Integrated Finite Difference Method
(IFDM) tn discretizing the saturated medium and for

formulating the governing equationr (Edwards, 1972,
Narasimhan, 1975)., The set of non-linear equatirus
that arises at cach timestep is solved by an irera-
tive scheme and an efficient sparse solver (Du:f,
1977). Details of the model are given by Lippman:
et al., (1977), and Bodvarsson et al., (1979).

The numerical model has been extensively
tested against analytical solutions for mass and
heat £low. It has generally given results (Rod-
varsson et al., 1980) that compare very well with
values given by analytical solutions. Furthermore,
the cnde has been validated against field experi-
ments for underground storage of hot water (Tsanp
et al., 1979). 1In fecent years the model has been
used successfully in studies of problems in
Zeothermal reservoitr engineering, well testing,
aquifer thermal cnergy storage, and radicactive
waste isolation.

INJECTION TESTING OF WATER-DOMINATED POROUS~MEDIUY
GEOTHERMAL RESERVOIRS

During injection tests, water of a lower
temperature than the reservoir water is injected
into the geothermal aquifer. A temperaturc varia-
tion will develop in the reservoir, with colder
water close to the injectfon well and hotter reser-
voir water farther away. This in turn creates
differences in density and viscosity of the [luid
within the reservoir. In our numeriral model the
dependence of viscosity and density of the fluid
on temperature is fully taken care of.

Problem and Approach

The problem considered 1s that of an injection
well fully penetrating a horizontal homogencous
isotropic geothermal reservair. The injucted water
is at a temperature of 100“C, but the reservoir
contains single phase water at a temperature of
300°C. Actually, as will be secen later, the
results obtained are vslid for any temperature if
appropriate correction factors are used.

In the numerical simulation a radlal mesh
(concentric circles) is used, with fire elements
close to the well covering the region with temper-
ature variations. Farther sway from the well, the
mesh is made to increase logarithmically. The
regervoir 1s modeled as a single layer, and thus
buoyancy forces are neglected. Figure ! shows a
schematic picture of the model used, and the
parameters used in the simulation are given in
Table 1.
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Figure 1. Model used in the study of injection
into a porous media geothermal reservoir.

Table 1. Paramcters used in the study of injection

testing of porous geothermal reservoirs.
Flow rate (kg/s): .200
Reservoir thickness (m): 1x10-3
Permeability (mz): 1x10710
Thermal conductiviry (Joules/m.sec.°C): 2.00
Density of solids (kg/m>): 2650
Specific heat of solids (joules/kp.%C): 1000
Porosity (-): 40
Specific heat of fluid (Joules/kg.®C): 4200
Injection temperature (°C) 100
Reservoir temperature (°C) 300

Injection Tests

When 100°C water is injected into a hot (300°C)
porous reservoir, initially at equilibrium, the
preasure behavior shown in Figure 2 will result.

At early times the pressure at the injection well
will follgw the Theis solution for the hot reser-

voir (300°c) but at later times, following a transi-

tion period, the pressure will follow a line that
is parallel to the Theis solution for 100°C water.
This behavior 1s caused by the differences in
density and viscosity of the injected water and the
reservolr water. Tsang and Tsang (1978) solved this
problem analytically using the Bolzmann transforma=
tion and by Apptaxinnting the parsmeter k/u as a
Fermi-Dirac function of r2/t. Mangold et al.,
(1979) used a numerical simulator to study the
pressure behavior at a production well located in a
hot apot; i.2., the well is completed in a
localized geothermal hot reglon with colder water
further away from the well.

» T 0% ¢
— Thuis miviien

ace
[ese
o GCC sohtion 20
f2se
200

AP{Poscsis s 07}
t ]
Ly

H
ard

Te300°C:

T 2 e 1o
-y

BT 4 TR R
Vit (spusmt)

Figure 2. Pressure behavior at an observation
well (r = 2.5 m) durlng cold water (100YC)
injection into a 300°C geothermal reservelr.

Figure 3 shows how varying the permeability
and the storativity of the rock matrix affects
the pressure behavior at the injection well.
When the transmissivity and the permeability of the
rock matrix are kept constant but the storativity
changed, the curves ares just shifted along the time
axis as predicted by the Theis solution. However,
whea the permeability is varied with the other
two parameters kept constant, the time of deviation
from the 300°C Theis curve changes. This is
consimtent with the results by Tsang and Tsang
(1978) which found that the deviation time is
dependent on the reservair thickness (h) as well
as other parameters such as the flowrare and the
reservoir and fluid heat capacities.

Infection - Rest - Injection Teat

Figure 4 shows the results when initfally
there is a circulsr region of cold wster (cold spot)
around the well. The type of presure Tespouse
shown in Figure 4 should result when injection
tests are performed socn after drilling s com-
pleted and the well has not been allowed to heat
up. This kind of well test procedure is commonly
used in geothermal fields (Krafla, lceland;
Qlkaria, Kenya, etc.). The figure shous that at
carly times the pressure follows the 100°C Theis
curve, and then after some time, which depends
upon the radius of the cold spot, the pressure
increases slong a line parallel to the 300°
Theis curve. At still later time another transi-
tion occurs and the pressure again stagts increas—
int at a rate corresponding to the 100 C Theis
curve solution. These results indicate that using
an injection-rest~injection well teat procedure,
the radius of the cold spot generated by the first
injection may be determined. This may in turm
allow the porority to be approximsted from
equation 1, if the heat capacities of the reservoir
solide and the water can be estimated.

i S W

i 4%
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Figure 3. Transient injection pressure behavior, when l009C water is injected
into a 3009C reservoir, for different values of transmissivity and storativity
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Figure 4. Injection pressure behavior, when 100°C water is injercted into a
well located in a cold-spot (lower temperature region}.

In equation | the symbols used denote the following:
AT velocity of the thermal front

v: :  velocity »>f the hydrodynamic front as
$ : porosity of the formation
o, density of the reservoir fluids
c, heat capacity of the reservoir fluids ———
e C H integrated reaervoir mass heat capacity § “

a a
where p C_ = wcw+(l—9)pc , and p_ 1is
the denEs'i@y of thé reservoir®sdilids and Cs 1s the
heat capacity of the reservoir sclids.

Injection = Falloff Test

At the time when injection has just been ter- 300°C
minated there 18 a pressure as well as a temperature
gradient within the geothermal reservoir (Figure
5). If at thia time a falloff test is performed,
the pressure response shown in Figure 6 would Figure 5. Schematic diagram showing reservoir
result. The pressure will initially decline conditions immediately after injectiom.
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at a rate corresponding to the 100°C Theis
solutioun, but later a change in slope will occur
and the 300°C Theis curve will be followed.
These results are consistent with those obtained
by Mangold et al., (1979).

Injection ~ Production Test

A case was studied where production immediate=
ly followed an injection period (that is, with res-
ervoir initial conditionn as showr in Figure 5).

The calculated pressure behavior in the well is
shown in Figure 7. It ia characterized by three
distinet straight lines. At first the pressure
decreases at a rate that corrzepouds to Euice the
rate given by the Theis solution for 100 C

water. Later on the pressure decrease follows a
slope that equals two times the slope given by

Theis solution for 300°C water. The obvious

reason for the doubled pressure decrease in compar-
ison with the Theis solution is that two independent
forces control the drawdown: the constant withdrawal
rate and the initial pressure falloff condition in
the reservoir.

After the two douvhle slopes, a transition
occurs, after vwhich the pressure starts declining
at a rate corresponding to the Theis solution for

300°C water. During the transition, the pressure
in the well actuslly incresses, probably because of
rapid changes in the viscosity of the water. As
shown in Figure 7, the temperature of the produced
vater changes from 100°C to 300 C during the
tranaition implying a more than threefold decrease
in the viscosity of the water.

Discussicn

Data from injection tests of porous media geo-
thermal reservoirs show seversl linear aegments in
2 pressure~log time plot. This behavior is due to
the dependence of fluid density and viscosity on
temperature. Our results indicate that when an
injection-rest-injection procedure ia employed,
the radius of the cold spot resulting from the
firat injection period may be determined. Cunse~
quently an estimate of the effective porosity of
the reservoir can be obtajred.

4n injection - production test may be advan-
tageous because larger pressure changes can be
observed (2 times the rate predicted by the Theis
solution). An observation of three different linear
segments in the data may also lead to a better
determination of the rescrvoir parameters. It musc
be noted, however, that other factors may cause a
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Figure 6. Pressure Falloff after 1.2 days of injection.
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Figure 7. Pressure transient behavior during a production test, immediately

following 1.2 days of injection.
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similar break in the slope in the data shown in
Figurea 2-7; e«ge, boundaries, as well as permea-
bility variation within the reservoir. One must
therefore be quite careful when analyzing injection
test data. Accurate knowledge of the temperature
of the injected water and the reservoir fluids is
essentlal for accurate determination of the reser-
voir hydraulic parameters.

INJECTION INTO A FRACTURED GEOTHERMAL RESERVOIR

The objective of the following sections of
this paper is to study the movement of the thermal
front in horizontal fractures relative to its
movement through the porous media matrix when cold
water is lnjected into a fractured water-dominated
geothermal reservoir. To date, little work has
focused on problems involving non-isothermal flow
through Eractured media, although some initial
studles have been done, including Romm 19663
Bodvarsson, 1969; Kasameyer and Schroeder, 1976;
and 1"Neill, 1978. Our present calculating can be
ousidered ss a flrst step to model and study the
influence of fractures on the time of cold water
breakthrough at the production region, when
relnjection is used.

Problem and Approach

The problem considered involves an injection
well fully penetrating a reservoir with a number of
evenly spaced infinite horizontal fractures
{Figure 8). The temperature of the injected water
is 100°, while the temperature of the reservoir
water is 300°C. Again, we assume gravity effects
to be negligible, and therefore due to symmetry
only half of the basic section shown in Figure 8
needs to be modeled. This section cansists of half
of the fracture and half of the rock matrix associ-
ated with each fracture {(note that the Eractures
are assumed evenly spaced).

Injection weil

Honzontal fracture

Basic section

s

X8 808-700)

Figure 8. Model uaed in study of injection into
a fractured geothermal reservoir.

The mesh used for this study consists of 144
elements in the horizontal direction, with elements
that are fine close to the well and logarithmically
increasing in size away from the well. 1In the ver-
ticsl direction, 6 layers are used, with fine ele-
ments close to the Eracture but larger elements
away from the fracture. In the study an 8 in.
diameter well is used, and two alternative fracture
apacings of 5 or 10 meters. Values of rther
parameters used in the numerical simulations are
given in Table 2.

The casea studied can be subdivided into 3
basic categories as showm below:

1. Injection into a fracture in an imper-
meable formation

2. 1Injection into a fracture in a permeable
formation

3. Injection in%o a well connected to both
the fracture and permeable formation

The following section will describe each of
these cases and the primary results obtained.

Injection into a Fracture in an Impermeable

Eormatiogn

water at .00°C is injected into the fracture
{Figure 9) and the effect of heat conduction on the
movement of the thermal front is studied. Figure
10 shows the importance of thermal conduction be~
tween the fiacture and the rock matrix in relacion
to the movement of the thermal front within the
fracture. After only l.2 days of injection che
thermel front has advanced over 80 meters wher no
conduction 18 allowed between the fracture and the
rock matrix, but only about B meters when a thermal
conductivity of .1 Joules/m.sec.’C is used. On
the average the thermal conducttvi:x of rock-watrer
mixtures is about 2.0 Joules/m.sec. C. In this
simuéation a thermal conductivity of .65 Joules/m.
gec. C 1s used for the fracture elements, and
this causes the diffusion of the thermal front
shown in Figure 10.

Tsble 2. Parameters used in the study of injection
into & fractured geothermsl reservoir.
Rock Matrix Fracture
Thermal conductiviey (J/m.sec.’C):  ,1-5.0 0.65
Haat capacity of fluld (J/ke.’c): 4200 4200
Heat copacity of solids (J/kp.’C): 1000 1000
Denstsy of woltds (ka/n’)t 2650 2630
Permesbiliry (s9): 0-1m10"3 1070
Specific storage (n 1): sx107 sx107
Torosity (-): 0.01 0.40
Fracture aperture (m): 52107
Fracture wpacing $.0-10.0

Injaction temparscure (°C): 1200.0

Reservoir temperagure (°C): 300.0

-14-



Q—

(T;8100%¢) §;

AXIS OF
SYHETRY

DL GCH 1333

Figure 9. Cold water injection into a fracture
in a porous reservoir.
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Figure 10. Effect of heat conduction on the

movement of the thermal front in the fracture:
temperature versus radial distance.
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Figure 11, Effect of heat conduction on the move~

ment of the thermal front:
contour in r-z plane.

200°C temperature

Increaaing the coefficient of thermal conduc=-
tion betwesn the fracture and the rock matrix fur-
ther retards the movemant of the thermal front
slong the fracture. Figure il shows the location
of the thermal front after 1.2 days of injection
for thrae cases using different values of the
coefficiant of thgrmel conduction (A = .1, 1.0,
5.0 Joulss/m.sac. C). The figure also shovs
how increasing the thermal conductivity increases
the penetration of the thermal front into the
surrounding formation.

¥Whan the cumulative areal velocity of the
thermal front is plotted agsinst the coefficienc
of thermal conduction, the curves in Figure 12
result. The cumulative aresl velocity is calcu-
lated bueg upon the radial distance of the thermal
front (200 C isotherm) from the injection well
at a given time. The curves show a rapid decrease
in the cumulative areal velocity of the thermal
front for low values of thermal conductivity, but
they level off for higher values. The shape of
the curves suggests that an exponential relstion-
ship may exist between the thermal conductivity
and the cumulative areal velocity of the thermal
front.

Another point of interest shown {in Figure 1l
ie that the cumulative velocity of the thermal
front is time dependent, but not constsnt, aa in
the case of a homogeneous porous reservoir of
constant thickness. Thia behavior can be explained
when one considers that during injection the
thersal front is woving radially away from the
well, and the effective surface area for conduc-
tive heat transfer between the frscture and the
rock matrix is rapidly increasing. The energy flow
into the fracture rapidly increase: and consequent-—
ly retards the advancement of the thermal front.
0°Neill (1978) found similar retardation of the
thermal front in the linesr case, but of course
this phenomenon is much more aignificant in
the radial case.
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Figure 12, Thermal front movement in the Eracture:

cumulative areal velocity as a function of thermal
conductivity.
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Filgure 13. Injection pressure behavior during injection into the fracture in a
porous reservoir, for different values of thermal zonductivity.

penetrates the rock considerably. Most of the heat
injection element, during cold water injection into transfer between the rock and the fracture is by
the fracture. When there is uno conduction, similar convection. WHowever, if the permesbility ratio
pressure behavior is observed, as in the case of a (k) is increaased to 10°, the conductive heat
homogeneous porous reservoir (see last section), transfer is atill very significant (Figure 15).
with two distinct linear segments having slapes A comparison of two computer runs with thengul
corresponding to Theis solution for the two temper~ conduetivities of 5.0 and 2.0 Joules/m.sec. C, and
atures. (In the model we assume that Darcy’s law all other parameters remaining the same, ghows that
can be used to calculate fluid flow within the the thermal front has advanced 3 and 4 meters
fracture). However, conduction between the frae- respectively, after 1.2 days of injection.

ture and the rock matrix retards the movement of

the front and consequently the latter linear seg-

ment is not observed during the simulation, although

it may show up at larger times. When a large 100%C 150°C 200°C
coefficient ug thermal conduction is used (A = 5.0 0.0 Ny [
Joules/M.sec. C)}, the linear cegment corre-
sponding to the 300°C Theis continues at all
times during the computer simulation.

Figure 13 shows the pressure behavior at the

280%¢
LY

Fraciure

05

Injection into_a Fracture in a Permeable Formation

A few computations were made in order to study
the movement of the thermal front when cold water
was injected ipto a horizontal fracture im a per—
meable medium. The thermal conductivity of the
rock matrix was fixed at 2.0 Joules/m.sec. C, but
the thermal conductivity of the fractuce remained
at .65 Jog{ﬁsém.sec. C. A fracture permeability
of 1 x 10 "'m” or 100 darcies was used for all of 4
the cases, but the permeability of the rock matrix Ko 10
varled. A= 2.0 V/metC

Vertical distance (m)

id
o

Figure 14 shows the temperature contours 28 ) 0 15

in the fracture and the rock matrix after 1.2 da; .
of injection. 1In this run the permeability nuf Axis of Radiol distance (m)

between the,fracture and the rock matrix (k. ) 15_“‘ symmatry

fixed st 10" (the permeability of the rock 95 10 XBL80S - 1330
or 10 md). As the figure shows, the permeable rock
allowa penetration by the injected water, and con- Figure l4. Isotherms after 1.2 days of injection

sequently the cold wster front (the 200°%¢ isotherm) into a fracture in a porous reservoir.
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Figure 15. Effects of thermal conduction on the

temperature distribution within the fracture.

Injection iatc s Well Connegted to Roth the

Fracture and the Permeable Formation

In this case the fluid is injected both into
the fracture and the permeable formetion directly
through the injection well (Figure 16). Thus the
thermal front moves radiaily away from the well
both in the fracture and in the rock, although not
necessarily at the same rate. Tvo cases are
studied: n the first one & permesbility ratio
(KD) af 107 and fracture apacing of 10 meters
18 used; 1n3the second, the permeability ratio ia
fixed at 107 and the fracture spacing at §
metergm IE both cases, a fracture permeability
of 10 m” or 10 =d and a thermal con-
ductivity of 2 Joules/m.sec.OC is used.

Figure 17 shows teaperature contours sfter 1.2
days of injection for the first case. At this time
the thermal front (200 C temperature contour) has
advanced considersably farther in the fracture than
in the porouas media, over 5 m in the fracture,
compsred to 1.5 meters in the formarion.

18 shows a plot of the cumulative areal
the thermal front versus time for the
The lack of data for the thermal front
in the rock at early times is dus to the space dis-
cretization used in the gtudy. We have defiped the
thermal front as the 200°C isotherm, and at early
times the firat rock elements have not cooled down
sufficiently to allow accurata determination of the
location of the thermal frost. The figure shows
that at early timea the cumulative arszal valocity
of the thermal front 1s more than an order of mag-
nitude higher in the fracture than in the formetiom
One must bear in wind that for a homogensous porous
radial aystem and a constant injection rate, the
areal velocity of the thermel front should be con-
stant. As the injection continuea the cumulative

Figure
velocity of
firsc case.

X8L 806 -(340

Figure 16. Model used for injection study of
geothermal teservoirs comtaining horizountai
fractures.

areal velocity of the thermal front decresses rap~
1dly, almost linearly at first, then gradually
levels off. The cumulative areal velocity of the
thermal front in the rock increasea with time until
1t coincides with the velocity of the thermal front
in che fracture, after which the fronts sdvance
together. The two curves for the rock shown in
Figure 18 represent observation points at different
distances from the fracture. At the end of the
simulation the thermal front in the rock close to
the fracture is advancing at the same rate as the
thermal front fn the fracture, but in the rock
farther away from the fracture the thermal front
still lags somevhat behind.
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Figure 17. Isotherms after 1.2 days of injection

into a well connected to both fracture and the
porous formation.
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The rapid decrease in the cumulative areal
velocity of the thermal front in the fracture with
time s due to the continuously increasing surface
area, through which conductive and comvective heat
transfer between the fracture and the formation can
occur. The increase in the cumulative areal veloc—
ity {n the rock ia probably due to cooling effects
from the fracture.

Another calculation was made using KD equal to
10” and fracture spacing of 5 meters. Similar
results to those shown in Figure 18 were obtained,
eslthough the cumulacive areal velocity of the
thermal front in the fracture is less in this case
at all times, due to the increased permeability of
the rock and consequently relatively less water

entering the fracture from the well. Figurs 9
shows the location of the thermal front st different
times during the simulation. The figure shows that
at early times the thermal front in the fracture is
well ahead of the thermsl frrnt ipn the rock. Later
on, however, the thermal front in the rock starts
to cctch up with the thermal front in the fractur:
and after only 10° seconds (ahout 115 days) the
two fronts almost coincide. It 18 of Incerest to
note that after only 23 meters from the injeccion
well the two fronta advance practically side by
side.

Summary and Discussion

The studies described in the last few sections
can be considered as a first step to answer the
key question of how fractures affect the break-
through time of cold wster from injection wells
into the production region in a geothermal field.
Our results indicate that when cold water is in-
jected into horizontal fractures in impermesble
rocks, heat transfer by thermal conduction between
the fracture and the rock matrix retards the
movement of the thermal front in the fracture
considerably., Of course, the higher the coefficient
of thermal conduction, the more the thermal front
gets retarded, and our results indicate that there
wmay be an exponential relationship between the
areal velocity of the front and the thermal con-
ductivity of the rock matrix.

When cold water is injected into a horizontal
fracture in a permeable hot reservoir, the heat
tranafer between the fracture and the formation may
become dominated by convection, d=punding upon the
permeability ratio (k_ ) between the fracture and
the rock matrix and the thermal conductivity of the
rock. The permeable rock allows flow of cold water
from the fracture into the formatior. and conse-
quently the cooling effects extend deep into the
surrounding rock.

We also studied the epse of cold water injec~
tion directly from the well into both the fracture
and the formation. Our results indicate that al-
though the thermal front advances much more rapidly
in the fracture than the rock at early times, the
thermal front in the rock eventually catchea up
with the one in the fracture, after Which time
they will advance at the same rate. The distance
from the injection well to the point where the
fronts will coincide depends on many factora, such
as the permeability ratio between the fracture and
cthe rock matrix, the spacing and aperture of the
fractures, and the thermal conductivity of the
surrounding rock.

Although the results presented in this paper
are quite preliminary and require further investi-
gation, they imply that in geothermal formations
dominated by horizontal fractures, rapid movement
of the injected water ahooting through the frac~
tures may not accelerate the cooling of the reser-
volr much. Thus, in such formations injection may
safely be used to maximize the energy recovery of
the geothermal system, if the spacing between the
injection and the production wells is appropriately
selected.
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AQUIFER RESPONSE TC EARTH TIDES
B. Y. Ranehirc and T:» H. Narasimhan
Earth Sciznces Division, Lawrence Berkeley Laboratory
University of California

Berkeley, California

INTRODUCTION

The earth is, theoretically, within the gravi-
tational fields of all other celestlal bodies and
as such is subject to tida! forces. The sun and
moon, h N of their r ive sizes
and proximity account for virtually all the tidal
Forces experienced by the earth. wWhile all of the
earth is subject to tidal forces, the ocean tides
of the hydrosphere provide by far the most dramatic
evidence of these forces at work. fThese same tidal
forces also act on the atmosphere and the litho-
sphere and generate atmosphertc and solid earth
tides. These tides are of small magnitude, however,
and are more difficult to measure accurately.

The response of groundwater aquifers to ocean
tides has been observed since the time of the Greeks
and has heen widely documented and studied. Aquifer
response to the atmospheriec or barometric tide
exists but is difficult to study. The regponsge is
very small and the barometric tide itself 1s masked
by pressure variation due to nontidal forces such
as those assoctated with atmospheric circulation
and the dally heating and cooling of the atmosphere.
Aquifer response to earth tides has been known for
some time. Unfortunately. the small magnitude of
the response has greatly impeded efforts at quanti-
tative investigation.

The magnitude of the water-level Eluctuations
resulting from aquifer response to earth tides is
on the order of one centimeter over & 12-houz
period. The present generation of extremely sensi-
tive pressure transducers which use quartz crystal
sensors have made it possible to ohtain good
measurements of this fluctuation. This in turn
has led to renewed interest in the reservoir
mechanics related to earth tides.

HISTORY

perhaps the earliest suggestion of the
response of groundwater levels to eartn tides was
made by Grablovitz in reference to periodic water-
level fluctuations in a flooded coal mine in the
landlocked country of Czechoslovakia reported by
Klonne in 1880. Since 1880 there have been meny
teports of fluctuations of a tidal nature in wells
that may be attributable to aquifer response to
earth tides. Young (1913) reported on tidal flue-
tuations in a well near Cradock, South Africa. 1In
1939, Robinson published nydrographs of several
wells in New Mexico and Iowa Showing tidal fluctua-
tions attributable to earth tides. More recently,
George and Romberg {1951) reported on water-level
fluctuations showing aquifer response to earth
tides in a well at Fort Stockton, Texas. Tidal
fluctuations have even been reported in a well
drilled in a water table aquifer by Richardson in
Oakridge, Tennessee. More extensive work on hoth
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earih tides and the responss of &juifers to earth
tides has been done by Melchior (1956, 1960, 1964).
He reported on tidal fluctuations in deep wells in
Turnhout, Belgium, and & hot spriny at Kiahukwa,
Belgium Conyo.

Early discussions of the theoretical analysis
of the response of aquifers to earth tides were
presented by Theia {1939} and Pekeris (1940). 1In
1964 Mclchior presented an analysis f-r a spherical
cavity. A good general discussion and an anslynois
based on expacted dilatation was presen-ed by
Bredhoeft in 1967. In 1970, Bodvarsson presented
an analysis assuming a spherical cavity. Recently,
Morland (1977) preacnted an analysis assuming eitber
plane or axial symmetric flow and a time-dependent
overburden, And most recently {Ardity, et al, 1978)
an analysis for a radially symmetric flow to a well
has been presented.

EARTH TIDES

ARs will be seen in examining this problem, the
phyaical phenomena associated with aquifer response
to earth tides are somewhat wunusual when compared
with more common reservolr engineering problems.
For this reason it 1s necessary to carefully con-
sider the physical situation hefare attempting to
apply the standard equations of fluld flow through
porous medias

The earth tides themgelves are often
deacribed as either a change in tidal potential
or as a change in gravitaticnal acceleration at
& given point.

It is often convenient and sufficient to
repregent the tida! forces in terms of the tidal
potential W given by

Gaz M (3cosza -1} M (3:0529 - 1)
W, = — -8 5 + m m
2 2 3 3 (R3]

R R
s m

where G is the universal gravitational constant;

a is the mean radius of the earth: Mg 1s the mass
of the sun: My is the mass of the moon and O3 Ope
Rge and Ry are shown in Figure 1. (Rinehart 1975)

The change in acceleration due to gravity is
then

A9 = Wy (2)
The radial or vertical component is

ELd

49, = = 3¢

2 3}
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aod tha tangential or horizontal componant is

1o
2
“3, %7 = (4)

if a iy actumed to be much sxaller than R, or
R.. higher order terms can he neglected and

", \Jcoszb =N _M (Jcoszv -1
) 3 + . m m (5)

g = LA
T N 3 RJ
5 m
an
s1n2U5,
L2 _sin2 s, M sin2u (6)
-9, Pl 3 3
R R
5 m
Moon

Earth

XBL 756-7537

kelation of the sun and moon to a point,
P, on the surface of the earth

Figure 1.

before discussing the effects of the earth
tides on a rescrvoir the complex time-dependent
nature of the tides should be considered. While
the relative movements of the sun, moon and earth
are i1ndeed complicated they are to a high degree
of precision periuvdic. For this reason the complex
time-dependent nature of the gravitational tidai
potential can be dealt with by using either Fourier
analysis or a filtering scheme and invoking super-
position. while this can beccme an involved
process, 1t will be assumed for the present that
the tidal potential and the signal at the well can
ve decomposed into discrete sinusoidal components.

From the above, it might seem reasonable to
assume that the change in acceleration due to
yravity accompanying the change in tidal potential
implies a change in weight of the overburden of the
reservoir. This changing overburden stress may
then cause the observed change in pore fluid
preszuie seen in the aquifer. Thls aimplistic
model, however, cannot account for the magnitude
of the change in pore fluid pressure seen in
even moderately deep reservoirs.

The measured amplitude of the change in gravi-
tational acceleration due to earth tides is gener-
ally on the order of 100 microgals. An overburden
of 1,000 meters with a density of 2,650 kg/m3 would
therefore inply a change in stress of only 2.65 Pa
(2.7 x 107% n of water). This is obvlously a rela-
tively small effect that is at or beyond the range

n & quArtz crystal pressure

of accuracy of
transducer.

DEFORMATION OF THE EARTH

wWhile it was not pointed ocut in the previovs
discussion uf the changs in acccleration due to
gravity, the earth is not & rigid body. Indeed
it is in part, the deformation of the earth that
causes the change in acceleration due to gravity
to ba an complex. It is also this deformation
that rauses the change in pressure in the
reservoir.

In a gross sense thls deformatlor may be
viewed as a bulging of the earth resulting from
the gravitaticnal attraction of the moon and/or
sun on the one side and centrifugal force on the
other, Unfortunately the description of tne
mechanics of tho gituation is very compli-ated.

In a general sense, however, it can be said that
the magnitud=s of the dilatation at a point is
determined by the change in gravitational potential
that can be calculated from the positions of the
sun, moon and earth and a semitheoretical model nf
the earth or empirically determined coefficients.

The original theory of Love (1911) assumes
that a spherical harmonic of second order can be
used to approrimate the perturbing potential. It
is further assumed that the deformation of the
earth induced by this perturbing potential may be
expressed ac the product of the harmonic and some
numerical coefficient. These cucfficients are
related to the distribution of dersities and moduli
of rigidity in the semltheoretical earth model or
can be empirically estimated. Historically, they
came to be called Love numbers and are used Singu-
larly or in simple algebraic combinations.

While a considerable amount of interesting
work has been done on the eatimation cf Love numbers
and the deformatjon of the earth, it is sufficient
to limit the scope of this paper to the cstimate of
the total dilatation presented by Takeuchi.

w
& = 0.5 2 (7
ag

From this it may be seen that the perturbing
potential may be calculated with some accuracy
because the motions of the earth, sun, and moon are
reasonably well underatood. The deforr ~tion result-
ing from the perturbing potential, however, is not
easily determined because an earth model and Love
numbers must be estimated. For this reason it must
be understood that any estimations of reservoir or
aquifer characteristics based on response to earth
tides will of necesasity have certain unavoidable
uncertaintles agsociated with them,

There remains of course, at least in theory,
the possibility of literally measuring the strain
indyced in the earth by earth tides. what would
be required is a very accurate measurement of
strain in six directions over a relatively large
area. Since the radial component is relatively
small with respect to the horizontal components,
however, it may be possible to use only the
horizontal components. Given such a strain
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easuring network at the site of a reservoir, &
very interesting analysis may ba possible.

THE PRUBLEM CORSIDERED

wo types of models are considered in this
analysis ot the response of the regervoir to
the earch tides duscribed above, The firset is
tnat of a confined aquifer with a single packed=
stf well, and the second is a confined aquifer
«Lth a4 well open to the atmosphere where the
water level 1s allowed to fluctuate. The firet
cuse will be considered in some detail followad
uy field examples. The second case will be
briefly considered 1n a later section. Because
Juod data wdas net availaple, only hypothetical
cases are covered in the section deallng with
the second model.

CUMPRESS IBILITIES AND THE STORAGE TERM

Frum the pnysical situation of the first case
1t 1s apparent that the properities that may be
estimated from the aquifer's response to the earth
Liles are related to compvessib.!ities. In the
f1e1ds of hydrology and petroleum engineering, how=
ever, 1t 1s more common to deal with some type of
5toraye tern rather then compressibilities directly.
ihe sturage term encompasses the compressibilities
LUt 15 more vonvenient to use when working with
vjuations dealing with flow. 'This is because the
msjurity of problems in hydrology and petroleum
engineeriny arce related to the addition or removal
ot fluid trom the aquifer or reservoir. Such a
situation can be termed a drained problem where the
addition or removal of fluid acts as the driving
teeces  [n contrast to this is the undrained prob-
1em wnere fluid 1s not being injected or withdrawn.
natner, tne driving force or load on the system is
in tne form of an externally; applied stress.

mistorscally, the first storage term to be
detined wtn hydrology was the storage coefficient
now also known as the storativity. 1t is currently
detined as tne volume of water which an aquifer
ses from or takes into storage per unit surface
area of aquifer per unit change in the component of
nuead normal to the surface (Ferris, !962). Earlier
definitlons of the storage coefficient expressed
the seme rded, bub were more restrictive in that
they were formulated in terms of aquifer thickness.
lhe other common storage terrm used in hydrology ls
the gpeelfic storage storativity. It is the otor-—
acivity normalized with respect to the thicknecs
of tne aquifer. In petroleum engineering the stor-
age term s generally expressed as ¢cH. The rela-~
tionship between wcH and specific storativity is,

rele

ven = —— o (8)
where
© * total compressibility of the aquifer
v = porosity of the aqulfer
g = specific storage

v = density of the fiuid
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H = thirkness of ths aquifer

Since the storage term is defined with respect
to the addition or rewoval of fiuid from the raser-
voir, ite relarionship to compressibilicies and
changes in prsmsure are not immediately obviocusa.

To circumvent this priblem for the present situa-
tion, the following definition for the storage term
18 adopted.

S, = bga 05, + (1= o))

{Jacob, 194%). Or similarly,

ecH = Hise, + (1 - ola

where

where Vg = valume af fluid and Py = fluid pressure.
and a,, defined as

VoV

a, =" ..
where Vg = volume of the solid grains and
0 = effective stress, i.e., the cotal rtress
less a percentage of the pore fluid
pressure.

The abave velationshlp, unlike the oriainal
definition, does not make direct reference to the
drained or undrained natura of the problem. By
adopting this relationship in place of the original
definition it is possible to consider the undrained
problem. In this case the magnitude of the change
in pore fluid presaure resulting from a load is not
the same as the magnitude of the change in the
effective stress. ‘he tatal quantity of fluld in
the aquifer or reservoir, however, must remain the
same.

From the definitions of the fluid compres-

sibility, the coefficient of compressibility, and
since

(1)

then
R L
2. =X X ¥ 11
3y 1-9 do' an

Since fluld is not being added to or removed from
the reservoir and the medium remains eaturated, the
change in fluid volume i3 equal to the change in

void volume. Hence,
o mo ot SV dpe t12)
v T-2 dap, &



rrou the definition of fiuid compressibility

1=)gpt 131

cedpg * a v

From the effective stress law,

LY -
u q npy 14)
dp
a —y £ -
a4, =< (1 — ) . (15)
Ihe specific storage may then be written as
dp,
. o) =t o f
2y T Pgd ['cf T TS
dpf
= 14—
ppyec, 5 nop, 116}
simularly,
deg
wGH = vegh 1 ;"-:Fj (17)

The specific storage is now written in tarms
of the change in pora fluld pressure which can be
wmeasured, the change in total stress, the porosity,
and pcher coefficients which can be easily esti-
mated. Kecall, however, that the calculations
based on the change in gravitational potential
allow only for the estimatlon of the change in
dilatation. since this problem only deals with
changes in volume, any deviatoric portion of the
stress tensor need not be considered. The devia-
toric portion only yives rise to a change in shape
(Chierici, et ai. 1967). This implies that the
cuctanedral stregs, U, defined as

Urr
o = L. @g W (18)

way be used. sSince

Opp T At 2L 119)

Oy =Mt e, (20

0, T At Zur.vg (21}
and

p=x-dy, (22

Juu = Kd (23

where £ = the bulk modulus.

Thus the ¢ required to evaluats the specific
storativity or vcH may be estimated from the
dJdilatation if the magnirude of the bulk modulus is
reatistically known. The next saction deals with
how a value for the bulk modulus can be reasonably
deduced from avajlable data.

EZSTIMATING THE BULK HODULUS

The question of decid:ng what value should
be usea for the bulk modulus is not a simple one.
It becomes a4 question of trying to decide what the
bulk modulus used should represeit. Should the
bulk modulus rsflect the rocks miking up the
aquifer or should it sinply be tiken as the value
obtained from the earth model that the tidal
potential is applied to? The arswer appears to be
somevhere in betwesn. The real marth ia not

ically like the carth model.
On the other hand the rocks making up the aquifer
probably have a low=r bulk modulus then the
majority of the other rocks at a given depth and
this might imply that the representative value of
the bulk modulue in or near the aquifer might be
somawhat lower than the valus that might be
expected from a global . nt of view or frou the
point of view of the earth model.

The point is that there does not appear to be
any physical way to clearly determine what value
should be used for the bulk moduius. In facr,
given the heterogeneities in the system, it appears
that for practical purposes it 1s not feasible to
consider trying to determine explicitly what the
representative bulk modulus is, even by using suct
powerful methods as numerical analysis capable of
handling the arbitrary geometries. While the prob-
lem of picklng a representative value for the bulk
modulus is a difficult one, it should be noted that
other similarly difficult problems are encountered
in doing the more common tests for the determina-
tion of the hydraulic characteristics nf dquifers
such aa pump tests. Since there js much more exper-
lence in dealing with these more comman types ot
test, however, the required assumptions that must
be made are often made in a matter of fact tashion
and not subjected to much question. For exanple,
in many pump tests it is virtually cereain that tne
Field cosditions do not conform tu the bouadary or
heterogene.ty conditions of the snalysis being used,
but experlence has shown that the analysis may
still be applied to arrive at satisfactory results.
The reason that the results of the analys:is appea:
to be satisfactory in many cases may be be.cause
the assumptions are indeed reasonable, but in
other cages it may be because there 1s :ealiy no
way to independently ariive at a better estimate
and thereby bring the assumptions into questiun.
That this is sometimes true may be scen in the
extremely large differences in values determ:ne-d
at the same well by a longer term and a shorter
term pump test. Of course, in the present problem
a numerical guantity must be estimated and since
it is easy to change a numerical guantity without
radically changing the analysis as would be
required in the came of a change in geametry there
1s a tendency to expect the "right” number to be
chosen for each problem. Given that there is
justification for making som: estimate for the
representative bulk modulus the gquestion of how
this sstimate is to be made arises. The best
estinate for the bulk modulus from the earth model
of Takeuchi (1950) based on the values of elastic
modull presented by Bredehoeft (1967) is 1 x
10" pa. Thia is a rather high value being
approximately that of the ultrabasic rock, dunite.
Since aquifers are in the upper part of the crust
and hence usually in areas of scmewhat lower bulx
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modulus it is reasonable to take the value of 1 x
10! pa as an upper limit. Further, since the
areA being considered includes tha aquifar it is
reasonahle tc amsume that the represantative value
for the area would be less than this value.

values for the bulk modull of sandstones and other
common rocks are presented in table 1. As can be
seen these values are almost all substantially
below 1 x 107! Pa. As praviously stated, howsver,
the deformation being considerad is on a large
scale and the relatively low bulk modulum of the
aquifer would be expected to affact, but not total-
ly govern the system. The best value for the
representative bulk modulus is then somewhere
between these values. Since the highest values
for bulk moduli of common continental rocks at
depths of relatively deep aﬁuﬂers is on the order
of 2 x 1010 Ba to 7.5 x 10’0 pa and since the
aquifer is not really at a depth where rocks
approaching dunite are found it is assumed that

a best estimate for the value of the represen-
tative bulk modulus is 5 x 100 pa.

Table 1 Representative bulk moduli of a few

number is equal to the rescord lsngth {20 days)
divided by the poriod of the component.
1ae.000

T ier

Fig. 2 Well record of the well at Marysville,
Montana (XBL 811-7715}

i

=

rock types
Rock type Bulk medulus
Basalt(1) 7.5 x 1010 pa
punite (1) 1.0 x 1077 pa
Granitel!} 5.5 x 1010 pa
Sandstone 1.7 x 1010 pa

1ron (solid) "} 1.6 x 1071 pa

{1)stacey, 1969

FIELD APPLICATIONS

Data from two different wells were analyzed.
These wells are located in East Mesa, California
and Marysville, Montana. Since the overall quality
of the record from the well in Montana is consid-
erably better than the records from the other well
it will be considered first and uped for illustra-
tive purposes.

A. WELL AT MARYSVILLE, MONTANA

The Marysville well is located approximately
30 kilometers northwest of Helena, Montana. It is
2,000 meters deep with an uncased portion 0.20
meter in diameter in a fractured granite-like,
quartz porphyry. Wwhile the well is not a packed
off well the diameter is relatively small and as
a first approximation the packed off analysis was
used.

As can be seen in Figure 2 the well record
shows periodic fluctuations that appear to corre-
spond with those of the earth tide shown in
Figure 3. Fourler analysis was applied to both
records to produce the spectrum of the well record
shown in Figure 4 and the spectrum of the earth tide
shown in Figure 5. In these figures the harmonic
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Fig, 3 Earth tide at the site of the well at
Marysville, Montana (XBL 811-7716)
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Fig. 4 Spectrum of the well record fram the well
at Marysville, Montana {XBL 811-7717)

By assuming a fluid density of 1,000 kg/m®
and a fluid compressibility of 4.6 x 10~10 1/pa
(1/Pascal}, the analysis described above may be
applied to the amplitudes of the tidal components
of the well record and the tide. The results of
this analysis based on a representative bulk mod-
ulus of 5 x 1070 Pa are shown in table 2. It can
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Fig. £ Spectrum of the earth tide at the site of
the well at Marysville, Montana
{XBL 811=7718}

be seen that the calculated value of specific
storativity over poroaity is at least a reasonable
one, implying that the application of the packed
off analysis 18 at least not grossly erronecus.

Table 2. Results of the analysis of the record
from the well at Marysville, Montana
(bulk modulus of 5 x 1070 pa assumed
for the reglon around the aquifer)
TIDAL 1173 Ape
Se/e
COMPONENT (x 1/gm) (Pa) (1/m)
01 8.126x1072  2.176x102  1,485x10"5
B1, K1 1.318x1072  3,581x102  1,535x10"5
N2 2.315x10~2  4.600x10  9.351x10™6
M2 1. 133x10°1  2.260x102  9.366x10~6
s2 5.863x1072 9,782%10  7.962x10~6

Se/¢ (mean) = 1.14 x 10-5 1/m

Standard Deviation = 3.45 x. 10°6 1/m

Well At East Mesa, California

Data from two geothermal wells at East Mesa,
California were studied. The firast of the two
wells is located about 30 kilometers east of El
Centro, California in the Imperial Valley.
Lawrence Bsrksley Laboratories conducted inter~
ference well tosts in the area in the past few
years in conjunction with the U,S. Bureau of
Reclanation's investigation and an evaluation of
the zite as a gecthermal rssource {Witherspoon,
et al, 1976; Narasimhan, et al, 1977a; Narasimhan,
et al, 1977b).

The Imperial Valley is part of a large sedi-
ment filled depression known as the Salton Trough

that, forms the landward continuation of the Bast
Pacific Rise and the Gulf of California (Swanberg,
1975)s The field itself im situated in mssentially
flat lying poorly consolidated late Pliocene to
1ate Plei sil and clays
derivad from the Colorado River (Narasimhan, et

al, 1977b). The resexrvoir itself appears to be
confined betwsen crystalline basement rocks below
and & sequence of rocks that are predaminantly clay
and about 2,000 feet thick on the top. The well

is approximately 2,000 meters desp with a slotted
section of about 250 meters, It is shut-in and
monitored with a Paroscientific guartr crystal

type pressure transducer.

Aside from any problams :elated to the guality
of the well recozd, there are two quections that
arise in this area. The first question is related
to the 1ly high i e that 1z found
in all the sites studied. 65ince temperature
changas the viscosity of the fluid much more than
the density. however, the effacts on a quasi-static
problem like the one baing conmidered will be much
less thar one where flow is taking place. Further,
since the object of the analysis is to determine
phyaical properties for the aguifer or reservoir
under naturally occurring conditions one wovld not
really be too concerned about correcting for a
lower temperature unless the interest lay in consid-
ering what would happen to the reservoir if the
temperature was lowered, say because of overproduc-
tion. This, however, would be a totally different
case and would require a new set of data and analy-
ais much like new pump tests are required if the
conditione of the reservoir change.

A second question of some concern in this
area has to do with the question of possible ocean
loading. The field in question 1s approximately
100 kilameters fram the Salton Sea and 130 kilo-
meters from the Pacific Ocean. This might imply
yet another possible source of error in the predic-
tion of the earth tides. In light of the other
assumptions that are already made, however, this
is not likely to significantly affect the results.

In a manner exactly the same as described for
the Montana well the well record from the East Mesa
was submitted to Fourjer analysis and compared with
the predicted earth tide. The results of the
analysis are summarized in table 3. As car be seen
in the tables the best value of the specific stora-
tivity over porosity for the East Mesa aquifer
based on the aquifer's response to the earth tides
and a bulk modulus of 5 x 1010 pa 15 5.1 x 1076 1/m.

Pumping tests conducted at the East Mesa
field suq?est ¢cH valves of 2.0 x 1078 p/Pa to
1.1 % 107/ m/Pa. This implies a stovage coeffi-
clent or atorativity of 2.0 x 1074 to 1,0 x 10~3.
If a value near the center of this range ia as-
sumed, the most probable value based on pumping
test 1s approximately 6.2 x 1074,

The camparimon of specific storativity over
porosity as determined from the analysis based on
the aguifer response to the earth tides and the
storativity as determined from the pumping tests
requires that the poromity and thickness of the
aquifer be known or estimated. Since in this case
an estimate of the thickness of the aguifer based
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on the geology is available the porosity can ba
estimated and the specific storativity over porosity
compared with the pump tests' value of storativity.
Alternatively, the porosity can be calculated. a
geologically paseu egtimate of the aquifer thick-
ness of 1,000 meters (Warasimhan, et al, 1977b)
1oplies a porosity of twelve percent using the
specific storativity over poroaity estimate based
on the bulk modulus of 5 k 100 pa, The reason-
aple estimate of twelve percent for the porosity

of the aquifer indicates that the analysis of the
well record based on this theory of the aquifer's
response to the earth tides gives credible results
in this case.

Table 3. nresults of the analysis of the record
from the well at east mesa, California
(bulk modulus of 5 x 1019 pa agsumed
for the region around the aquifer}
1IDAL aW, apg s
8/ 9
CUMPUNENT  (x 1/gm) (Pa) (t/m}
ul 7.060x1072  2,924x10  5.052x1076
1, K1 7.362x1072  4,745%10  5.416x10~6
e 3.754x1072  1.102x10  4.881x1076
w2 1.704x1071  5.526x10  4.923x107€
o2 9234192 3,717x10  5.035x1076

S5/, (mean) = 1.14 x 1075 1/m

standard deviation = 2.11 x 10°7 i/m

ThE INFLUENCE UF FLOW TO AN OPEN WELL ON MEASURED
AyULFER RESPUGSE

The original intent of this study did not
include the consideration of an open well and its
associated complexities, Because of the poten-
tially large number of applications in the field,
nowever, it was decided that some work in this
direction should be done. Since there was no
rewlily available data for a large open well with

wod independent pump test results it was decided
wnat only hyporhetical cases would be studired.
vefore discussiny the problem of flow to a well
open to the atmosphere it is useful to consider
what might indicate that appreciable flow is indeed
takiny place and must be considered. Basically
two things would be expected. Firat, there would
be a phase lag between the signal seen in the well
and the earth tide., Second, there would be an
attentuation of the signal when compared to the
sagnal of a packed off flow where no flow takes
place. Since the magnitude of the phase lag and
attenvation is function of the properties of the
aquifer it is reasonable to attempt to use the
response of the aquifer to the earth tides to
determine these properties. The approach taken,
in this somewhat preliminary study, is to explore
the possibility of using a numerical model to deal
with the inverse problem.

THE PROBLEM CONSIDERED

As previously discussed, the quantity most
readily calculated from the earth tide is the
change in dilatation and fyom this the change in
total strass experienced by the aquifer, The
fluctuating water level in the open well indicates
a small though finite volume of flow., In a sense
the problem may be viewed as one of well bore
storage imposed on the earth tide esponse problem.
Before attempting to treat this problem as a
simpls drained problem with sinusoidal baundary
conditions, however, two points ghould be made.
While it is true that in the region near the well
the magnitude of the change in effective stress
resulting from the change in total atress is egual
to the magnitude of the change in pore fluid
pressure, there is some question as to the extent
of this area. Further, even if some kind of
effective radius is hypothesized, the problem will
not be as simple as a pumping test problem because
the entire aquifer, and not just the portion
inside the fictitious boundary, is being affected
by the driving force. While some effort was made
to study the possibility of an analytic solution,

a complete solutlon was not attempted. The purpose
of thin study ls aimed at two thlngs. First, it is
directed toward looking at the possible implica-
tions and the relative sizes of thes effects of flow
to an open well. Second, it is aimed at showing
the possibility of dealing wlth particular field
situations on a case by case basis.

The model actually used for this study is
based on an integrated finite dlfference scheme.
The code, TBERZAGI, wrltten by T.N. Naraslmhan,
1975, and based on a heat transfer code by A.
Edwards, 1969. Since this code has been verified
under many diverse situations (Narasimhan, 1975)
there was no need for further veriflcation of the
basic code.

In view of the physical situation an axijsym-
metric mesh with nodes logaritmically increasing
in size away from the well is used. The node
representing the well is given a finite size and
a sinusoldal pressure generatlon is introduced
throughout the mesh. The well bore storage in the
well is handled by assigning an appropriate storage
capacity to the node representing the well (see
Naragimhan, 1975},

The mesh and configuration used for this
problem were checked ln two ways. The first was
with a slug test problem. In the slug test a
finite volume of fluid is "ipstantaneously" intro-
duced into the well and the decline of fluid in the
well is monitored. Th¢ results of the simulation
were compared to an analytic solution presenced
by Cooper et al, 1973 with excellent matching.

The second check was made by packing the well off.
This was done by agsigning the material properties
of the fluid alone to the well element. The
results showed that the pressure in the well was
the same as that throughout the aquifer as would
ba expected.

Before discussing the numerical solution
it should be noted that while sume parameters
such as the permeabllity and the speciflc stora-
tivity of the aguifer are chosen to reflect
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typical field situations, other parane such
as the size of the well and the magnitude of the
driving force are chosen to show the effect of
relatively large flow to the well. The results
of this study of a hypothetical problem should
therefore not be taken to a necessarily indica=-
tive of the effects that might be seen in a real
field situation. In fact the effacts of flow

to an open well shown in this study are likely
to pe lacger than that geen in the average raal
world field situation.

Three parameters were considered in this study.
They are the period of the tidal component, the
penneability of the aquifer and the storativity of
aquifer. While this study is of a relatively
preliminary nature it does show the possibility of
treating a real field situation as an inverse prob-
lem and some initial attempts are made at system-
atizing tne inverse problem lnto a type curve
scheme.

decause of space limitations only a very
brief summary of the results are presented below.
Further, since mcst of the numerical gimulations
are sunilar in appearance, only one sample example
15 shown in figure 6. This example clearly shows
the phase lag and damping for a 24 hour tidal
component in an aquifer with a permeability of

10" n? and specific storativity of
1x w4 asm.

when the period of the tidal component was
varied the phage lay and damping increase with a
decrease of period. This is a function of the
system having more time co equilibrate for the
longer period components. The possibility of using
several components for a phase lag analysis and a
very lony period component to approximate a packed
off well therefore arises. These possibilities
are considered in the type curve study presented
below. ‘The magnitude of thls increase however
1s not very large unless a relatively large
diameter well is considered.

ns Would ce expected decreasing the perme-
ability of the zquifer increases the phase lag
and the damping. The magnitude of this increase
however, is not very large unless a relatively
larye diameter well is considered.

Also as might be expected, a smaller specific
storativity implies a more damping and phase lag.
in terms of inverte problems it may be possible
to estimate the storativity from the very long
period component response and then only deal with
the permeability problem.

Tig POSSIBILITY OF GENERATING AND USING A TYPE
CURVE

While the possibility of generating and using
some form of type curve is always attractive in a
situation where field application is envisioned,
there are a number of camplicating factors in thia
case. 'The primary problem is the large numbar of
unknown variables.

while the objective of this study is not to
generate type curves, a few attempts were made
to survey the possibilitien. Because of economlc
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and tims considerations only a limited numbaer of
simulation runs were made.

. 25000 caven. 50008 INese, 178008,

TG 1ECY
L 8117724

Fig. & Pressure fluctuation in the well element
{points} and an element distant from the well
aelement {line) in the case of a well open to
the atmosphere. The period of the sinusoidal
generation term ls 86,400 seconds (24 hours).
(XBL B1%-7724).

The combinations of variables that are plotted
to generate the type curve are,

where T = the transmissivity (hydraulic conductivity
times the thickness of the aquifer), r, = the
radius of the well, €, = the phase lag, and

o - p
po

where p = the amplitude of the pressure signal at
the well, po = the amplitude of the pressure signal
at an infinite distance from the well.

A sample curve for a well of 0.2 meter radius
in an aquifer ten meters thick is shown in Figure
7. The discrete points represent actual simula-
tions that were run to generate this curve. The
smooth curve 1s bagsed on interpolation and extrapo-
lation.

It might be noted tha* there is at least a
poBsibility of using this approach in the field if
fortnightly unusually good data are available so
that phase lag can be determined for the semidiur-
nal, diurnal and yearly tidal components. If the
record ls good enough and sufficiently long so as
to determine the bimonthly tidal component it can
probably be assumed that the well equilibrates
over this period. 1In that case the porosity and
the thicknese of the aguifer might be estimated
and the storativity determined from the relation-
ship presented in the first part of this paper.
Alternatively, the well could be packed off to
get a better estimate. This narrows the possible



curves down to thoge corrasponding to that
storativity.
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Pige 7+ A pogsible type curve for a 0,4 meter well.

Points represent numerical golutions. The
storativity is 1 x 1073, (¥BL 796-7546).

SUMMARY AD CONCLUSIONS
As  The Case of the Packed-off Well

The problem of interpreting the response of
aquifers to the earth tides is relatively involved
and requires a number of assumptions even in the
case of a packed-off well. The relationships
presented in the first part of this paper are
applicable to packed-off wells and other situationg
where appruciable flod to the wall does not exist,
The relationships themselves are relatively simple
and are based on fundamental principles and reason-—
able assumptions. The compacisons of values of
aquifer properties determined from the response to
earth tides and from the more standard pumping
tests for the two California fields are reasganably
good. This is especially true in view of the large
number of assumptions that must be made in arriving
at numerical values in the case of the pump test
interpretations as well as in the case of the
interpretation of the aquifer response to earth
tides.

B. The Case of an Open Well

Having a fileld situation where the well is
open to the atmosphere makes tha problem more
complicated. 1In this case there may be an appre-
ciable amount of flow to the well. This flow to
the well is seen as either a phase lag betwsen the
signal at the well and the earth tide or as a
difference in the ratio of the well signal to the
tide for the semidiurnal and diurnal componenta of
the tide. The latter is probably the batter and
more accurate lndicator of flow to the well.

Analyses of such situations, however, become
involved and are probably best done am case by came
studies. The numerical molutions presented in thim

study show that treating the inverse problem
through numerical modeling is at least feasible
for any individual situation. Further, it may be
possible to simplify the inverse problem through
the gen tion of type curves. It is not likely,
however, that general type curves that are applic~
able to divarse situations would be practical.
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A DRAWDOWN AND BUILD~UP TYPE CURVE FOR INTERFERENCE TESTING

H. J. Ramey, Jr.
Stanford University
Stanford, California

ABSTRACT

Interference testing is a powerful method for
1o situ measurement of transmissivity, storativity,
and quantitative identification of anisotropy and
system boundaries. The log~log type-curve matching
procedure can be used for analysis of interference
data taken during production or drawdown. Once
production is terminated, observation well pres-
sures return toward the initia) pressure. This
recovery, or pressure build-up, has been inter~
preted by differencing the extrapolated drawdosn
and measured build-up. This procedure extracts the
"{njection" well which causes the build-up. A new
type curve for both the drawdown and build-up por-
tion of the test has been prepared. Application of
the new type curve shows that the older differen~
cing procedure may obscure detection of system
boundaries. The principal of the build-up type
curve may be extended to other flow problems.

INTRODUCTION

The initial assessment of geothermal reser-
voirs usually has two main objectives. One is
determination of the deliverabliity from the reser-
voir, and the other is estimation of the reserves,
or the economically producible amount of steam in
the system. Many geothermal reservoirs are compli-
cated by the fact that neither the porosity-thick-
ness product nor producible area are known, either
early in the 1ife or after extended production.

One means of determining the deliverability is a
pressure transient test. Pressure transient tests
can be conducted in a short periocd of time, and
early in the life of a geothermal development.
However, estimation of steam reserves requires an
extended period of production with observation of
mean reservolr pressure at various stages of pro-
duction. Material end energy balance performance
matching with a detectable decline in pressure
following production is the minimum information for
performance matching. Thus it 1s necessary to pro-
duce a reservolr for an extended period of time
before performance matching ctan be accomplished
with acceptable risk.

The dilemma is that single-well pressure tests
of fairly short duration are needed to provide ac-~
zurate information on deliverability (permeability
thickness or transmissivity) and well condition,
while long-~term production testing is required to
establish reserves. Fortunately, an interference
test 1s a type of pressure transient test that can
be accomplished in a reasonabla period of time, and
yet provide importamt information concerning ap-
parent reserves early in the life of a geothermel
development. At least two wells are required for
an interference test. More than two wells is
desirable.

The main problem with single-well pressure
transient tests is that distances in the reservoir
are measured in units of the wellbore radius. A
test of an individunl well can yield important in-
formation concerning the condition of the well,
the formation conductivity, and drainage bound-
aries of the well. However, long periods of pro-~
duction are required prior to preasure build-up
testing for boundaries to be evident, when dis-
tances are measured in units of wellbore radius.
An alternate procedure is to observe pressure ef-
fects transmitted between two or more wells. This
kind of test is called an interference test. The
theory of interference testing was explained by
C.V. Theis (1935)., A modern discussion of inter-
ference testing proceduree has been presented by
Earlougher (1977). There are many recent publica-
tions on this important aubject in both the ground-
water and the petroleum engineering literatures.
an example of application of interference testing
to geothermal systems has been published by Chang
and Ramey (1979).

One simple basis for interference test analy-
sis 1s the continuous line source solution. This
model assumes that a single well is produced at a
constant rate in an infinitely large slab reservoir
of constant properties. The pressure effects
cauned by the producing well may be observed at one
or more distant welis, which are not produced but
used simply as pressure observation stations. The
solution to this problem can be displayed on a
plece of log-log coordinate paper. Figure 1 is a
type-curve for this problem as used commonly in
the petroleum literature. Figure 1 preaents the
analyticsl solution for the conventional line-
source well (exponential integral solution).

Vg (-
~-tm(- ). W
Po 3 g,
where
-k -
P 3 gBE P =P} (2)
Fo =Ty (3)
— 0.000264k: o
W S gpernt (&)

In Eqs. 2-4, English engineering unite are used:
permaability in millidarcies, lengths in feet,
pressures in psi, viscosity in centipoise, flow
rates in stock tank barrels per day, tim. in hours,
porosity in fraction of bulk volume, formation
volume factor in reservoir volumes per standard
volume, and total system effective compressibility
in reciprocal psi.

Figure 1 presents a dimensionless pressure
which is directly proportional to an observed
pressure drawdown versus the ratio of a
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dimensionless time to the dimensionless distance
between the production and observation well squared.
The dimensionless time is directly proportional to
real time, and the dimension. discance is
directly proportional to real discance. An impor-
tant characteristic of the logarithmic mcale is
that quantities proportional to the plotted scale
are simply displaced linearly along the le.

Thus it {s possible to graph the field data ¢H=
served in an interference test as a pressure drop
on the ordinate versus time on the abscissa, and
make a direct comparison with the analytic solution
represented by Fig. 1. This procedure is called
log-log type-curve matching, and has been outlined
in detail in many references, such as Earlougher
(1977).

Once a set of field data has been matched with
the line-source type eurve, it is posaible to
equate the pressure difference point with the di-
mensionlesa pressure from the type-curve to make
quantitative calculations. In the usual case, the
net formation thickness (h), the flowrate (q), the
formation volume factor (B), and the viscosity (W)
of the produced fluid would be known. The objec-
tive of the pressure matchpoint would be calcula~
tion of the effective permeability to the flowlng
phase (k). From the time matchpoint, it would be
possible then to calculate the porosity-compressi-
bility product. In the ordinary caae, the porosity
would be known, and thus it would be possible to
obtain a check on the average compressibility of
the formation and fluid. An alternative would be
to determine the in-place porosity under the as~
sumption that the average compressibility of the
rock-fluid system were known. This step is fre-
quently done in petroleum engineering work as a
check upon porosity derived either from core analy-
ses or from well logging methods. In petroleum
engineering application, one frequently obtains
both effective permeabilitiea and porositiea which
agree with information known from other sources.
For example, the effective permeability will fre-
quently agree with that obtained from a pressure
buildup teat on a single well, while the porosity
obtained from &n interference test will frequently
agree with poroaitiea obtained from core analyses.

In the cage of interference testing of geo-~
thermsl systems, analysis is often more complex.
In the use of the pressure matchpoint, it is often
observed that che nat formation thickness for the
geothermal system i3 not known. This may be a re-
sulet of the fact that the formation has not been
Fully penetrated by drilling, or thac the system is
fractured and characteristics are not readily ap-
parent. In this case, the product of permeability
and formation thickness is obtained, a useful quan-
tity for deliverability and well condition deter-
mination. In the case of the time matchpoint, fre-
quently the porosity is not known. Since the
chickness also is not known, there is a dilemma as
to the kind of useful calculation available from
the time matchpoint. Fortunately, important and
useful information can be obtained from the time
matchpoint. The product of porosity, compressi-
bilicy, and thickness can be computed. This pro-
duct is sufflclent to estimate the mass of geother-
mal fluid in the system per unit ares. An estimate
of the system srea and recovery factor for the

fluid is then sufficient to make an initial esti~
wate of the capacity of the system.

The result obtained by this method is defin-
itely preliminary, and should be checked by
material-energy balance performance matching an
production follows. Several uncertainties have
been identified which render the results of the
test uncertain. The Theis line-source method de-
pends on a single-phase fluid flow model. There
may be carbon dioxide or steam caps in geothermal
aystems. In thim case, the compressibility of the
aystem may be close to that of gas, rather than
liquid. Another problem is that geothermal systems
are often fractured systems. Recently, Deruyck
(1980) studied interference testing in fractured
(two-porosity) systems, and Kucuk (1980) has of-
fered a similar study. It appears that this sort
of system should be studied further.

Both show that two-porosity system interfer-
ence results may resemble the Theia curve for a
homogeneous ayscem, but the parameters which result
from type-curve matching can be uncertain.

We have established the potential importance
of an interference test '.n the early evaluation of
geothermal steam systems. Because an interference
test involves producing a geothermsl system from
an initially statiec condition for aome time, it is
obvious that the teat must eventually be termin-
ated. When thia happens, there is an opportunity
to obtain additional informatio. as pressures re-
turn toward the initial state. Moct discusaions
of ‘~terference testing deal mainly with the pres-
aure drawdown period. But the ensuing shut-in
period, when pressures recover toward the initial
state, can provide important information concern~
ing drainage boundaries of the system. One dis-
cussion of this kind of procedure wss presented by
Ramey in 1975. In general, the procedure involves
extrapolating the initial drawdown portion of the
test and differencing the pressure recovery from
the extrapolation from the drawdown. The result
1s extraction of the effect of an injection well
which caused the pressure shut-in. An example of
this kind of differencing is given by Ramey (1975).
Fortunately, it is possible to prepare a new log-
log type-curve which contains both the drawdown
and build-up portions of the test on a single
graph.

Pressure-Build-up Type Curves

We congider that a well is produced at con-~
stant rate for a period of time, t_, and then shut
in. During the initial drawdown portiom, the
pressures at adjacent shut-in observation wells
are represented by Fig. 1 and Eqs. 1-4. After the
producing well is shut in, it is necessary to em-
ploy the principle of superposition to generate a
Telationship which describes the shut-in period
properly. This results in:

kh
T oo (PP ) = P (r ,t +At) - P_(r, ,At)
141.2 qBy i "sr,:+At pD'P DR

(5)
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Equation 5 can be evaluated gensrally by raplacing
the dimensionless pressures by their appropriate
line-source values for a particular produciug time,
tp. and a range of shut-in times, At. Fig, 2 pre-
sents such a graph. The format is similaxr to

Fig. 1, except the pressure build-up lines are
shown 8a a family of curves dropping below the
line-source solution, each dimplaying the parameter
of dimensionless producing time divided by the di-
mensionless distance squared.

Figure 2 1s the general solution for both
pressure drawdown and pressure build-up messuved
at a shut-in observaLion well csused by a well pro-
ducing at a constant rate for time, t,. Obviously,
a single type-cutve match between fieid data and
Fig. 2 can be made with the match involving both
the prod tlon and the build-up data.

Field Example

In 1975 Ramey presented several sets of pres-
sure drawdown and build-up interference data. We
will select one example from this reference for
purposes of discussion. The example will be the
production of well 5-D with an interference effect
neasured in well 1~E, 700 ft away from well 5-D.
This test actually involved injection rather than
production, but the principle is the same. The
injection iato well 5-D caused a pressure rise in
1-E, and after ghut-in, the presgure rise declined,
approaching the initial pressure at an extended
period of shut-1in.

The details of the field example will wot be
glven completely here. The results for well 1-E
were selected by Ramey in 1975 to illustrate the
principle of differencing pressure build-up data to
extract the effect of the well causing the shut-in.
As found in this study, well l-E appeared to provide
a reasonable match wlth the line-source solution for
both che drawdown and pressure build-up data. (See
Wentzel, 1942, for rate change differencing.}

Table 1 provides the field data for the exam-
ple interference fall-off test at well 1-E. Fig, 3
1s a log-log type curve of both the drawdown and
bulld-up pressure drops as a function of the total
teat time. This sort of field data graph can be
matched directly with the new drawdown-build-up
line~-source type~curve presented in Fig. 2. Fig. 4
is an 1llustration of the kind of match that can be
obtained between the well 1-E example and the new
drawdown-build-up type curve. In the match shown
in Fig. 4, the same matchpoint found by Ramey in
1975 has been maintained., It is evident by com—
paring the field data with the new type-curve that
although the drawdown portion matches the lime~
source reasonably well, the build-up portion of the
curve after shut-in does not appear to match the
computed buildup curves in Fig. 2 ideally. This
may represent an indics on of some sort of bound-
ary effecr becoming evident during the build-up
portion of the test.

On the other hand, in the 1975 publication by
Ramey, the differencing procedure was used to
analyze the pressure build-up portion of the test.
The build-up portion wzr found to match the line-
source Solution reasonal’s well. We gugpect that
the differencing procedure involves enough trial
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and srror that data may be forced to match the
1lins-source aven when the field data are not a good
match for the line-source solution. On the other
hand, a nuamber of othar field ca have been found
which appear to provide reasonably good matches
with the new drawdown-build-up type curve shown in
Pig. 2.
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TABLE 1--FIELD EXAMPLE INTERFERENCE FALL OFF

Well 1-E
Totat Tume. AL o,
thours)* (nours)  tpsiy”*
3
5
3
13
14 16
24 16
a1 13
91 10
114 10
139 6
194 5.8
1+ 3t after SHuDINAR 101 Poury
*hcunt messured pmssare
q = 115 b/d r « 700 ft
B = 1 res b/Stb h=25 ft
u=1lep :P = 101 hrs
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Fig, 1--The Continuous Line-Source Solution Type Curve
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Fig. 2--Drawdown and Buildup Interference Test for a Line Source Well
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Fig. 3--Field Data Graph for Well 1-E
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ABSTRACT

MULTIPLE PRESSURE MEASUREMENTS AND WATER SAMPLES
IN SMALL DIAMETER DRILL HOLES

S. D. Patton and W. H. Black
Westbay Instruments, Ltd.
West Vancouver, 8.C., Canada

Three different types of hydrologic testing in drill holes are
noted: 1) packer testing during drilling, 2) packer testing after
drilling, and 3) testing and monitoring in permanent casing systems.
The Profiler is an example of the first type and MP and CPI casing
systems are examples of the third type. The paper describes the
development of the Profiler and casing systems which are compatible
with wireline drill holes from 60 to 100 mm (2-3/4 to 4") in diameter.

Field installation of the casing systems and methods of obtaining
pressure measurements and water samples are described. These
techniques include floating the casing into the hole, inflation of
packers, backfilling, decontamination pumping using pumping ports, and
the use of probes for water sampling and pressure measurements.

Test results from the Profiler and from MP casing installations are
presented in the form of diagrams of depth vs. pressure head with depths
ranging from 30 to 820 m (100 to 2700 ft). Pressure measurements and
pressurized water samples have been obtained from as many as 18 g-ris
in the same drill hole. The paper concludes with a discussion of the
advantages and disadvantages of the three types of hydraulic testing in
drill holes.
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PRESSURE MEASUREMENTS IN LOW PERMEABILITY FORMATIONS

A. F. Venerusc and T. D. McConnell

sandia National Laboratories

Albuquerque, NM 87185

ABSTRACT

This paper examines the performance
requirements and identifies candidate
hardware impl’ementations for pressure in-
strumentation that is needed to provide
well test data in low permeability forma-
tions. Low permeability values are typi-
cally defined to be less than 1 microdarcy
and are usually encountered in hard rock
formations, such as granite, that are of
interest in hot dry rock geothermal, dQeep
exploration drilling, and fluid waste dis-
posal, Groundwater flow in these “tight"
formacions has been shown to be dominated
by flow-through fractures rather than
through the formation's intrinsic permea-
bility. In these cases, we cannct use the
familiar form of Darcy's law or the usual
dimenslonless coefficients to estimate the
expected scale factors and dynamic re-
sponses necessary to properly eelect and
set up th: wellbore pressure instrument.
This paper shows that the expected instru-
ment responses can be estimated using some
recent work by Wang, Narasimhan, and
Witherspoon. This paper further describes
the minimum electronic capability that the
downhole pressure instrument must have in
order to provide the required measurement
resclution, dynamic rtange, and transient
response. Three specific hardware imple-
mentations are presentea based on the fol-
lowing transducers: a quartz resonator, a
capacitance gauge, and a resistance strain
Jauge.

INTRODUCT1ON

Reliable measurements from downhole
pressure instruments are esgential to pro-
vide the reservoir engineer with suffi-
cient data to analyze a reservoir's per-
formance and project future production
under various mcdes of operation. Down-
hole pressure data is also essential in
determining the condition of production
and injection wells and their associated
formations. In recognition of the impor-
tance of pressure meagurement to well
testing, a significant body of knowledge
nas been developed to assist both inatru-
mentation and reservior engineers with the
design, operation, and interpretation of
this instrumentatian. However, as rew
well testing regimes are encountered, it
is important to reexamine the basic as-
sumptions and interpretations made con-
cerning pressure instruments to avoid in-
correct analyses and conclusions.

As the focus of this symposium demon-
strates, there is keen interest in low
permeability formations such as those en-

countered in deep exploration drilling,
hot dry rock geothermal, and fluid waste
dispasal. In these tight formations, per-
meabilities of less than one microdarcy
are typical, whereas, in oil and in geo-
thermal formations the permeability isg
usually greater than one millidarcy.
Groundwater flow in tight formations has
been shown to be dominated by flow through
fractures rather than through the forma-
tion's intrinsic permeability.! In these
cases we cannot use Darcy's law or the
usual dimensionless coefficients tc esti-
mate the scale factors and dynamic re-
sponses necessary to properly select and
operate wellbore pressure instruments.
Also, rescearch into low permeability for-
mations may require certain improvements
to be made in pressure instrument perfor-
mance . Each of these issues is explored
in the following paragraphs. First, as a
basis for comparison, a quick review will
be made of pressure measurement 1n moder-~
ate permeability formations, then the be-
havior of low permeability formations will
be examined, and fipally the key perfor-
mance characteristice of four candidate
pressure instruments will be reviewed.

PRESSURE INSTRUMENTS FOR MODERATELY PERME-
ABLE FORMATIONS

The mathematical model describing the
flow of fluid in a moderately permeable
formation is deacribed by the well-known
diffusivity equation?:

vp=L12p 1)

where ¢ is the diffusivity. In radial co-
ordinates, Equation 1 is usually expressed
as

[

3_§*l££=£32 (2)
ar r ar x 3t
where
X 2_-1
= e 3
< “w(ms } (3)

and X = formation permeability (m?)}

¢ = formation {dimension-

leas)

porosity

8 = fluid compressibility (m s2 kg™!})

u = fluid viscosity (kg m~! s~!)
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The following steady-state radial
flow equation completes this simple

model ¢
27 kh {p_-p.)
- e 'w (4)
q Bu lnlreh’w)
where
h = formation thickness (m)
B = formation volume
factor (dimensionless)
r, = radius into the formation (m)
r, = radius of wellbore {m}
p, = pressure at radius r .
e (kg m-lsg=2)
p,, = pressure in well-
bore {kg m~s=¢)
(m¥s=!)

q = flow rate

Eguations 2, 3, and 4 are typically
used by instrumentation and reservior en-
gineers to design well tests and to deter-
mine the types of pressure gauges required
and the setup of thongse gauges in terms of
the maximum pressure anticipated, the res-
olution and the time response require-
ments. For example, Chapter 13 of Refer-
ence 2 presents numerous exercises in
which typical oil field values for the
above parameters are used to determine the
instrument's performance requirements.
Figure 1 is taken from Reference 2 to in-
dicate a typical preasure-time response in
a constant flow rate test.

PRESSURE INSTRUMENTS FOR LOW PERMEABILITY
FORMAT10NS

Groundwater flow in tight formations
has been shown to be dominated by fracture
flow rather than flow through the forma-
tion's intrinsic permeability. 1n these
circumstances, Equaticns 1, 2, and 3 are
modified through the use of an equivalent
permeability? that is related to the frac-
tures present. As an example for the ide-
al case of a single horizontal fracture,
Equation 2 is written with

<= B (s)
sa
where
i P
x = lFracture Width) (6)
12

Reference 2 gives an excellent analysis of
pressure transient response to pulse pack-
er testing in a low permeability, fracture
dominated formation. For a given applied

pressure pulse, P ., Figures 2 and 3 (taken
show the response to
pulse testing with a normalized ordinate
pressure:

p!Ctull (7}

Py(t) =
N pappliod

and a dimensionless wellbore leaking capa-
city factor, u, that is proportional to
the ratio of the wellbore fracture contact
area to the wellbore test volume, or
equivalently

2 Fracture Width (8)
Wellbore's Test Length N
{or distance between packers)

u =

Note that because of the low permea-
bilities (usually less than 1 microdarcy)
in these tight formations, the pressure
time history ls characterized by extremely
large ranges of test time and smaller res-
olution values when compared to the usual
pressure testing in moderate permeability
formations. In general, the specifica-
tions required here are every bit as
stringent, if not more so, than those re-
quired for pressure instruments in moder-
ate permeability fcrmations. To obtain
useful data, such as given in Figures 2
and 3, the pressure instrument must be
appropriately specified; the key parame-
ters of interest are given in Table 1.

In this context, accuracy or measure-
ment precision is defined as the maximum
value of the uncertainty in pressure mea-
surement over the entire full scale range
of the instrument. Resolution or measure-
ment senasitivity is defined as the small-~
est (worst case) detectable change in the
pressure measurement over the instrument's
range. As an example, assume an instru-
ment with the following ratings:

Puax = 1000 psi

P,

—Ace o * 1% of full scale reading
Prax

“Pres _ g1

Prax

Suppose a particular measurement is ob-
tained of Ppeas = 832. Then the actual
pressure is:

1

Pactual = 832 & (TEE x 1000) psi

= 8§32 + 10 psi

and, if a subsequent change in pressure
takes place, we can be certain the mea~
sured change is detectable if it is great-
er than
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0.1 s N
Pres = YOO X 1000 pai = + 1 pai

Added to the characteristics listed
in Table 1 is the need to establish the
instrument's measurement stability over
time and over temperature. Measurement
drift with time is an important specifica-
tion because, as shown in Figures 2 and 3‘
test times can easily range out to 10
seconds (L1.6 days}. Testing can be done
at shorter intervals but only at the ex-
pense of requiring greater measurement
resolution.

Measurement drift with temperature is
another important specification tht is of-
ten overlooked. In formatione of inter-
est, temperatures can range up to 300°c.
tiowever, for typical instruments, tempera-
ture sensitivities can range from + 0.0l
psi/®C to 1 psi/®C.

If a measurement resolution of + 0.1
psi is desired then it becomes important
to also specify the temperature stability
of the instrument--especially if wellbore
temperatures are expected to vary during
the test. Often it is not sufficient to
know only the instrument's temperature.
As we shall discuss later, even small tem-
perature gradients on an instrument can
result in dramatic errors in measurement.

INSTROMENT SPECIFICATION GOALS

Table ! lists a set of pressure in-
strument specifications that are propose.
as design goals for measurement in tight
formations. The preceeding analytical re-
sults were used along with a range of ex-
pected reservoir conditions {i.e., 108 ¢
a €107 %) to provide measurements that
would satisfy the interpretation made in
Reference 3. Commercially available pres-—
sure transducer specifications are listed
in Table 2 (from Reference 2).

Inspection of Table 2 indicates that
none of the transducers currently avail-
able satisfies all the requirements put
forth in Table 1. some may satisfy one
requirement or another but none of the
commercial instrument's advertised speci-
fications even address all of the needs.
Accuracy has not been called out as such
because it is not a prime consideration in
that it can be determined by the instru-
ment's stability, resolution, and correc-
tion for nonlinearities.

There will be specific instances
where a particular instrument will satisfy
the immediate needs. For instance, an
interference test at a moderate tempera-
ture would not have any relatively abrupt
temperature changes and the Hewlett
Packard* (HP) modei 2811-P pressure gauge
system combined with a temperature probe
would meet the requirements.
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Figure 4 shows the basic element of
the generic types of pressure instruments:
the resistance strain gauge, the capaci-
tance type transducer, and the two quartz
crystal transducers. The HP instrument®
operates on the principal that a quartz
crystal resonator's natural frequency can
be changed by applying stress. Two types
of resonators are in common use, the shear
mode of crystal resonator used in the HP
gauge, and the transverse mode used in a
gauge bullt by Paroscientific.® The ad~
vertised performance characteristics of
the HP and Paros gauges are given in Table
3 along with representative strain and
capacitance gauges.

Figure 5 indicates the activities
that are underway at Sandia to upgrade
these transducers for geothermal and geo-
pressure applications; Figures 6 through 8
summarize the key elements of those pro-
jects.

As an example of some specific design
and development factors, we will briefly
review our activity in the quartz trans~
ducer area. Over the past 2 years, con-
siderable work has been done®~® at Sandia
to understand the temperature and pressure
tzhavior of quartz-resonator-type pressure
transducers so that they may be applied to
geothermal logging.

Ideally, the crystal's resonant fre-
quency should be sensitive to pressure or
stress and independent of temperature.
Unfortunately, temperature has a very
large effect. Figure 9 showa a family of
curves of frequency versus temperature for
various crystallographic rotations of the
common AT-cut crystal. As can be seen,
most of the curves have one or two points
where the slope is zero. For a particular
crystal, this point is referred to as the
turning point, and, if the crystal were
operated very close to this temperature,
very small frequency deviations could be
achieved for a smali change in tempera-
ture.

Figure 10 shows an AT-cut which has
been rotated beyond the limit of Figure 9
to achieve a turning point at 275°C. This
curve is contrasted with the rotated X-
cut, showing the significantly reduced
temperature effect of this new cut.

In practice, to achieve the required
regolution, it is necessary to have two
closely matched crystals, one of which is
used to provide a reference frequency to
compensate for temperature. Even so, Fig-
ure 11 shows that for good pressure reso-
lution the two crystals must be within a
few millidegrees of each other or must
both be within a few degrees of the turn-
ing point.



Figure 12 displays the requirenents
and approaches being taken by our project
to incorporate the above knowledge into
the technology applicable to quartz prea-
sure instruments.

CONCLUSIONS

The pressure time history of well
tests in low permeability formations is
characterized by extremely large ranges of
test time. This requires more stringent
instrument resolution and stability than
the usual pressure testing in moderate
permeability formations. It is also im-
portant to consider the temperature gradi-
ent sensitivity of the instrument; aven
small temperature gradients in a well test
can result in dramatic errors in measure-
ment .

None of the pressure transducers cur-
rently available satisfies all the re-
guirements for the entire range of well
testing expected in low permeability for-
mations. Some transducers may satisfy
some of the requirements, but none of the
commercial instruments' advertised speci-
fications even address all of the needs.
For example, in cases where there are no
abrupt temperature changes, the HP model
2811-B guartz resonator pressure gauge
combined withi a temnperature probe meets
most of the performance requirements.
However, this instrument has exhibited
large errors in the presence of even mod-
e .t temperature gradients.

Using the measurement needs identi-
fied by reservoir engineers and an under-
standing of the function and performance
limitations of existing pressure instru-
ments, a development project is described
that is directed toward correcting the
technical deficiencies. The exiating in-
struments are being upgraded with more
stable components such as a rotated X-cut
quartz crystal for the resconator-type
gauges: special electronics are being de-
signed to improve the stability and output
signal strength of strain gauge pressure
sensors; and improved materials and design
configurations are being investigated to
upgrade the capacitor-Lype pressure in-
strument.
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Table 1, Pressure instrument requirements
for low permeability reservoirs.
® PRESSURE Pax 2 7500 Psi
® RESPONSE SPEED Iglx’-' 210 228
» RESOLUTION 12p] = 0.01 psi
» TEMPERATURE Thax 2 200°C
o TEMP. STABILITY |:P:“Tﬁl zo.01 B2
TEMP SPerr si
®TEMP. GRADIENT TreRpve | = 1 i
z se¢
® TIME STABILITY "w'" <1078 B2
Ztine! = sec
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Table 2.

Down-hole pressure gauges (from Earlougher, "Advances in Well Test Analysis")
Section 1: Seif.Contained Wireline Gauges

Mzwmyen  Sensitinty Accuracy, Approximate Service Type Time Chart Size,
Pressure: Percentot  Percentol 0D Length?® Temperature’ Pressure Dow:s Hole* pxt
Gauge (ps1) Full Scale  Full Scate  (in) on.} °F) Element*  (hours) tn)
Amerada RPG-3 25.000 0.08 0.2 1.25 77 650 8 360 2x5
Amerada RPG-4 25,000 0.056 0.2 1 76 650 8 144 18x5
Amerada RPG-5 20,000 0.05 0.25 15 20 450 8 120 2x5
Kuster KPG 25,000 0.05 0.2 1.25 €6 700 8 360 2x s
Kustes K-2 20,000 0.0% 0.2% 1 41 500 C 120 2x3
Kuster K-3 20,000 0.042 0.25 1.25 a3 500 B lgO 24x4
Kuster K-4 12.000 0.067 0.25 075 42 450 8 2 15x25

Leutert Precision

Subsurface Pressure
Recorder 6,400 0.005 0.025 125 139 3co P 360 98x131
Leutert Precision
Subsurlace Pressure
Recorder 10.000 0.005 0.025 142 139 300 P 360 98x3}
Sperry-Sun Precision
Subsurface Gauge 16.000 0.005 0.05 15 108 300 8 672% 23x71
Section 2. Permanently instalied, Surface-Recording Gauges
Maximum
Maumum  Sensitivity,  Accuracy, Approximate Service Type
Pressure’  Percentof  Percentof 0D Length? Temperature® Pressure  Type Type
Gauge {ps1) Full Scale  Full Scale  {in} {in.) °F} Element*  Signal”  Conductor®
Amerada EPG-512° 10,000  0.002 002 125 13 300 D F s
Amerada SPG-3 25,000 0.04 0.2 125 45 350 a R S
Flapetrol 10.000 0.001 0.06 1.42 29 297 S F S
Lynes Pressure Sentry
MK-9PES 10.000 Q.2 0.2 15 33 300 B 8 S
Marhak $G-2 5,700 01 1.0 3.54 11.54 170 D £ s
Maihak $G-5 5,700 0.1 1.0 1.65 843 176 D F S
Sperry-Sun Permagauge '10.000 0.005 0.05 1.66 1200¢ 240 o max o ¢ Al
BJ Centrit-PHD
System'® 3.500 3 N/A® NiA!? a [ P
Section 3. Retr.2:able Surface-Recording Gauges
Maximum
Maximum  Sensitwity,  Accuracy. Approximate Service Type
Pressure'  Percent of Percent of oD Length? Temperature® Pve;sure Type Type
Gauge (psn) Full Scale Full Scale  (in.) n} CF) Elerment  Signal' Conductor®
Amenada EPG-512° 10.000 D DO2 0.02 1.25 13 300 0 F S
Amerada SPG-3 25,000 0.2 1.25 49 350 B R S
Flopetrol’® 10,000 0 001 0.06 1.42 29 257 S F S
Hewiett Packard
HP- 281 18 12,000 0.00009* 0 025" 144 39 302 Q F S
Kusler 5000 0.04 02 1.38 36 212 a F S
Lynes Senl MK-9PES 10,000 0.2 0 2 15 33 300 -] 8 S
aihak 5700 0.1 10 176 0 F S
Sperry-Sun Surface
Recording 15,000 0.006 0.05 1.5 72 300 8 ] S
“Qther gauges e available — N0 endOrseMENT 3 1Mphed by Mciaion «n this tatle Date are ! wpRhed by 00 CENY 30LC 3 el eved (o De rehabie AlthOugh et

have been carel.: 1 #33#mMbling thes tatde aeither The authos nor SPE.AIME can |uuln|n sccoracy of the mu supplied The reader shoultd contatt the manutactures for specihcs Blank vatuey
could nol be obtamed by e author

Normally elements are avlilabie in seveal ranges -.m the lowes! Deung about Ota 500 o O'ta 1 000 pst

1
2 Length may vary notmal leng! w0t secloms
3 Nearly. llmp-ll\l! above which ghuge :IM‘OI b( uied NOt maarmum temperature for norma) calibratan
. - Bourdor )

G - Dapreagm

G -GS chamber with teansducer ot sudace

P — Rotating piston

0 — Qsuilatmg quanz crpstal

5 — Stran gauge

Tume deends on CiCk chasen CroCks nOMmatly COME in severa) (ANGES SLAMing a5 fow a4 about 3 houn
Cloch /5 electroniC withaut mechanical hokage 16 1ecox

8 — Bunary sqgrat

€ — Current

o

cy
G — G#s columa to surface
R — Resatance
8 P— Normal powse Cable for pumd no 1pecul conducior
S — Sing-condutton srmored table. ground relurn
T — ¥gin -0 stoel tubing
9 Atsomess loan 010 1 °Fang 1001°F
10 Partofthe 81 Centriiht submersibie pump Gauge s an ‘ntegrat pact of the molx assembly
11 A7prommately d percent of reding
12 Imbedaed in pump motor asyembly

13 Fiopettol hes under e The gauge 5 1el «n 2 5:0e pOCKET MUNdrel 3 CONQUCTON Cable gOPY from the mandee: 1o the Surtice on the OVISIGe
ofthe tubvog
14 Sensitrvity i constant acrous the entirg pressure range O @1 psr with nominal 0001 10 ume

19 Accuracy  tempevature g knownwithir 1°C +0 5psito 2 000 pss =0 025 w'unlovmml ubu\l? 00003
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Table 3.

Manufacturers' specifications for three types of pressure gauges.

Hewlett Packard

Quartz
Specification Pr;zz?re
Max Pressure (psi) 11,000
Accuracy (+%) .025O
Resolution (+%) .0001
Hysteresis § non-
tepeatability (+%) .004
Operating Range (°F) 32 to 302

Thermal Shift (%/°F)

Sensitivity to Thermal
Shift Rate (%/°F/min)

)

GRC Paros CEC
Capacitive Quartz Pressure
Pres/Temp Pressure Strain
~_Tool Gage Gage

10,000 5,000 10,000

.05 -- ()
.01 -- [0)
.02 0.02 0.25
32 to 300 -65 to 225 75 to 400
(calibrated) (compensated}
0.005© .004 0.02
.0075 -- -~

@ Requires that temperature is known to + 1.8°F

@ Hysteresis and nonrepeatability include accuracy and resolution

® Thermal shift is corrected to obtain indicated accuracy
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Figure 1. Calculated injectivity pressure response
for Example 13.2 in Ref. 2.

1-Pyltpe)
Pyn{tpe)

0.01 —L— L 0.99
0.1 1 10 100

tor

akK
DIMENSIONLESS TME Tpe= 72 0 (20)° T

w
(from Wang et. al. LBL)

Figure 2. Type curves at early time for a finite
fracture volume (from Earlougher, Ref.2).
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Figure 3. Normalized

pressure decays {from Wang et al., Rer. 3).
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RESISTIVE STRAIN GAUGE-Resistor bridge pattern on diaphragm
changed by defiection.

% 82 (cecy
Ap
p

CAPACITIVE TRANSDUCER- Capacitance changed by
deflection of diaphragm.

Lttt Lt Lt L2
£ -££ (ero)
% =T 1 ap

p

SHEAR MODE QUARTZ RESONATOR-Stress in quartz sauses
resonant frequency shift

= LIPS
P — P AP N ¥

—_t

TRANSVERSE MODE QUARTZ RESONATOR-Stress in vibrating
element causes
change of frequency

af
P —Pe—p —p (PAROS)

Figure 4. Types of gauges in common use.
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e GEOTHERMAL - 7500 PSI, 278°C, + ,01 PSI

1.

2

3

DEVELOP QUARTZ CRYSTAL GAGE SIMILAR TO H.P,

JOINT PROGRAM TO HARDEN COMMERCIAL CAPACITIVE OR STRAIN
GAGE TOOL. (LESS RESOLUTION)

ADD HIGH TEMPERATURE BOURDON TUBE GAGE TO EXISTING
GEOTHERMAL TEMPERATURE TOOL CIRCUITRY, {LOW RESOLUTION)

® GEOPRESSURE - 20,000 PSI, 206°C, £ 0.1 PSI

1,

3

DEVELOP CIRCUITRY FOR STRAIN GAGE TOOL ON JOINT PROGRAM
WITH LBL.

JOINT DEVELOPMENT PROGRAM WITH A MANUFACTURER TO HARDEN
THEIR EXISTING CAPACITIVE GAGE TOOL.

MODIFY EXISTING H.P. PRESSURE TOOL FOR OPERATION IN THIS
ENVIRONMENT.

Figqure 5. Sandia/DOE pressure instrumentation program.
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OBJECTIVE - TO DEVELOP AN ACCURATE, MEDIUM RESOLUTION
LOGGING TOOL FOR USE IN GEOPRESSURE WELLS
UP TO 20,000 PSI AND 200°C

CAPABILITIES - ACCURACY OF *+ 5 PSI
RESOLUTION OF + 0,1 PS]
(OVER PERIOD OF 5 DAYS)

APPROACH - ADAPT A COMMERCIALLY AVAILABLE STRAIN GAUGE
TRANSDUCER TO SPECIAL 200°C CIRCUITRY

Figure 6. Geopressure logging tool using a strain gauge
pressure transducer.
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e STRAIN GAGE TRANSDUCER - BELL & HOWELL, CEC DIVISION STRAIN
GAGE MODEL 1000, HAVING SPUTTERED GAGE PATTERNS, A
SPECIAL GAGE WILL BE REQUIRED FOR 20,000 PSI,

e CIRCUITRY - SPECIALLY DESIGNED VCO AND CHOPPER-STABILIZED
DC AMPLIFIER CIRCUITS ARE BEING DESIGNED EMPLOYING
HARRIS 2600 HIGH TEMPERATURE OPERATIONAL AMPLIFIERS.
THESE CIRCUITS WILL BE COMPATIBLE WITH THE NEW HARRIS
300°C OP AMP NOW UNDER DEVELOPMENT,

& READOUT - TEMPERATURE, PRESSURE, AND FLOW WILL BE MULTIPLEXED
AND SURFACE INSTRUMENTATION WILL BE USED FOR TEMPERATURE,
CORRECTED PRESSURE, AND FLOW INDICATION.

® PARTICIPANTS - LBL: TOOL HARDWARE, TESTING AND RESERVOIR
ENGINEERING SUPPORT

SANDIA: ELECTRONIC DEVELOPMENT, FABRICATION,
AND TEST SUPPORT

Figure 7. Geopressure and pressure instrumentation
development at Sandia.
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OBJECTIVE - TO ENHANCE THE CAPABILITIES OF A STANDARD
COMMERCIAL PRESSURE TOOL TO SATISFY THE
GEOPRESSURE ENVIRONMENT OF 20,000 PS[ AND

200°C,

CAPABILITIES - ACCURACY UF + 2 Psl
RESOLUTION OF + 0,05 PSI
(OVER PERIOD OF 5 DAYS)

APPROACH - TO APPLY SANDIA AND COMMERCIAL TECHNOLOGY, AS
APPLICABLE, TO EXTEND THE APPROPRIATE CAPABILITIES.
THIS WORK IS BEING DONE AS A JOINT DEVELOPMENT
EFFORT WITH THE MANUFACTURER.

Figure B. Geopressure logging tool using a capacitive
diaphragm transducer.
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REQUIREMENT - MINIMIZE FREQUENCY SHIFT DUE TO TEMPERATURE.
1., FREQUENCY SHIFT OF CRYSTAL RESONATORS MUST BE MINIMIZED
2. OVERALL THERMAL INTERACTIONS MUST BE MINIMIZED
3. OSCILLATOR CIRCUITS MUST BE VERY STABLE

4. TURNING POINT OF CRYSTAL MUST BE INDEPENDENT OF
PRESSURE

APPROACH

1. SELECT CRYSTALLOGRAPHIC AXIS TO MINIMIZE FIRST AND
SECOND DERIVATIVES OF FREQ. VS, TEMP. CHARACTERISTIC
AT 275°C

2, USE TWO IDENTICAL CRYSTALS, COUPLE THEM THERMALLY FOR
TRACKING, AND ENCLOSE IN TEMPERATURE CONTROLLED OVEN

3. USE PIERCE TYPE OSCILLATOR CIRCUIT WITH AUTOMATIC
GAIN CONTROL AND ENCLOSE IN OVEN

4. INVESTIGATE CONFIGURATIONAL CHANGES TO MINIMIZE SHIFT
OF TURNING POINT CAUSED BY PRESSURE

Figure 12. Quartz crystal transducer development program.
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THSTRUMENTATION FOR DETERMINING ROCK MASS PERMEABILITY BY HYDRO-PNEUMATIC PRESSURE TESTING
W. 0. Miller
U. S. Army Engineer Watervays Experiment Statica
Vicksburg, Mississippi

Thr Waterways Experiment Station (WES) has a
research project underway which has the goals of
1joveloping better analytical techniques for inter-
ireting and evaluating rock mass permeability as
s 1) as determining and describing the phenomena
thal, control the flow of water through a rock mass.

a by-product of this Investigation, new and im-
oved instrumentetion hes been developed for use
in the ficle of pressure testing.

The requirements for accurate measurements of
rock muss permeubility in low-permeability environ-
ments are preeision, repeatability, and reliablility.
At the initiastion of this study, a deteiled review
~f existing pressure test cquipment was mode, end
re a result, new instrumentation was devceloped by
¥WES which eliminates many problems neted in earlier
systems,  Some of the problems which were noted in
vxinting systems were the unrcliability of eleetron-
ie transducers in the testing environment; the in-
ability Lo verify or cross-check downhole pressurc
measurement.s; a difficulty in meintoining or assur-
ing o positvive packer tc test section differential
pressure; and very long packer inflation and defla-
Lion Limes in deep borings. The time required for
inflation and deflation ranged betw.en 15 and 20
winules in deep borings (1500 to 2000 feet) when =
supply ol compressed air on Lhe surface was used
for packer inflation. It was also noted that per-
forated pipe was frequently used in the test sec~
ticns which constitut~d a source of excessive fric-
tion losses il high Tlow rates were attained.

Iz ¢rder Lo eliminate the problems encountered
with existing pressure test equipment, e downhole
control unit, Figures 1 end 2, was designed for con-
dueting tests in NX boreholes. The wnit mainteins
@ preset minimum differential pressure between the
packers and Lhe test section, and controls infla-
tion and deflation of the packers. The packer re-
sponse to inflation end deflation commends is
Ereatly increased in deep borings since the control
unit is located downhole, and inflation is accom-
prlished with the testing fluid (which is normally
either water or air). For increased flexibility,
the control unit was designed with the cepecity for
opernting ns either a single- or double-packer sys-
tem by the use of simple ground surface control
commands.

Within the control unit four transducers (rated
from O to 3000 psi} are used to memsure packer pres—
sure, test section pressure, and the pressures above
and below the packers. Redundancy was designed into
the system by interfacing three of the downhole
pressure sensing points {above packer, test section,
nnd below packer) through & nine-way valve to three
transducers. In the event of a transducer failure
during testing, a critical pressure sensing point
can be moved to ancther transducer with simple
ground surface controls. With such flexibility, a
test can be continued as long as one of the three

interfaced transducers is functioning. Additional-
ly, this capability provides the ability to verify
pressure meesurements by changing transducers while
a test is in progress. The electronic components
of the unit are protected from the testing environ-
ment with & waterproof housing and O-ring seals.

To reduce friction losses in the test section
at high flow rates, stainlecs steel, wire-wrupped,
keystone-slotted well screen is used in lieu of per-
lforated pipe. For KX boreholes, the test section
screens currently being used are 1-3/h inch in di-
ameter and have a No. 80 slot, i.e. 0.080-inch slot
width.

To fucilitate the control end monitaring or
uny pressure test, various uphole systems have boen
designed and mssembled. Constant prassure t
controlled with a specially fabricated pr
ulating by-pass valye, Figure 3, ‘'The flow rate
monitored with flow meter manifolds, Fipgure «, o
pable of measuring water flow rmetes from 2.032 *c
250 gpm, and air flow rates from 0.15 <o 750 efm.
1 constant Clow tests are conducted, they are ron-
trolled W th a specially designed culomatea
control valve, Figure S5, which monitors the fj
meter output end maintains the desired flow ra‘»
with a reguiating valve.

An uphole control system, Figure 6, has beewn
designed and constructed to monitor test data amd
operate the downhole control unit. Control and
monitoring of the downhele electronics is accom-
plished with a single, multiconductor, <:aterproct
signal trensmission cable, Figure 7. A programaabic
data acquisition system, Figure 8, has been inter-
faced with the uphole control system to provide -
permenent reecord of test data. Data which are
currently monitored end recorded at a test well are
lest section pressure, pressure beneath the test
section, pressure above the test section, packer
pressure, line pressure on the ground surface, and
flow rate. The deta acquisition system, hewever,
has expansion capeabilities for reading up tc 1003
data points (either strain gage or analog signals).
With the above menitoring capacity, a complete
three~dimensional array of piezometers may be in-
stelled around a pressure test well for the purpoze
of deseribing the pressure bulb generated. Since
data reduction techniques in pressure testing are
a function of the assuwsz2d flow pattern from the
well, a knowledge of the pressure bulb generated by
a test is very useful.

Various components of the presuure testing
sysiem have been tested individuelly. The mito-
mated flow control valve, flow meters, and data
eequisition system, along with transducers designed
cspecifically for water level measurements, have
been field tested in a series of field pumping tests
and have proven teo be very successful to date.

The downhole control unit and the uphole contraol

-153-



system have been tested extensively in the labora-
tory. One fleld test, Figure 9, has been conducted
to date with the complete pressure testing system.
All components checked out satisfactorily in the
testing environment.

The entire system is ready for field applica-
tion, with the following exceptions. Prior to per-
forming an air pressure test, thermocouplea must
be instelled in the duwnhole control unit for
measuring fluid tempernture In the Lest section es
well as in the flow meter manifold to measure up-~
hole fluid temperature. All the necessary moni-
toring and recording provisions have been included
in the existing instrumentntion for temperature
measurements and iustaellovion of the sensors is the
only remaining requirement.

The equipment and instrumentatlion which have
been developed provide the accuracy and reliability
required for an evaluation of pressure testing date
and techniques. The primary emphasis of futurc
work will be directed toward developing interpre-
tative techniques, using pressure test end geologlc

datm, which provide e better understending of the
phenomena which control the movement of water {or
air) through rock masses.

Initiel pressure tests (water and air} will be
conducted at well-defined or geologically predict-
able sites. Rock coring as well as borchole
logging will be conducted at each site to accurate-
1y deliermine the geologlc features and fissure
characteristics which eould control flow through
the rock mass. In the interim, a modeling effort
1s being Initiated which will identify and delin-
cate the relative contribution of the various
geologle features which control the overall per~
meability. If the model studies reveal flows
which are significantly different than the usual
assumption of flow in continuous porous medim, a
disecontinuum approach to data reduction will be
mede. The end product would be formulas which
better reflect the boundery conditions and provide
a means of possibly integrating geologle and
pressure test data Cor a more accurate evaluation
of the permeablliity.

Fig. 1. Downhole control unit with packers and screen.
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BETVERN PACKER PRESS.

BELOW PACKER PHESS.

- 0
[ & SCREEN SECTION

Fig. 4. Flow meter manifold with pressure regulator.
CONTROL SECTION DETAIL

Fig. 2. Downhole control unit schematic.

76
FLOW MANIPOLD

PRESSURE REGULATING BY-PASS VALVE

Fig. 5. Automated flow control valve with
Fig. 3. Pressure regulating by-pass valve schematie. flow meters and ingtrumentation.
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Fig. 6. Uphole control system for hydro-pneumatic Fig. 8. Uphole control system, data acquisition
pressure test equipment. system, and 50-channel expansion unit.
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Fig. 7. Signal transmissicn cable. Fig. 9. Sinple-packer pressure test data.
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ABSTRACT

FRACTURE CHARACTERIZATION IN CRYSTALLINE ROCK
WITH THE BOREHOLE TELEVIEWER

Mark D. Zoback
0ff ice of Earthguake Studies
U. S. Geological Survey
Menlo Park, California

The borehole televiewer is an ultrasonic device originally
developed by Mobil 0i1 Corp. to map the smoothness of well bores and
casing. Planar fractures that intersect uncased boreholes are easily
detected with the tool and as the tool contains a fluxgate magneto-
meter, it is straight-forward in reconstructing the strikes and dips
of the fractures. ‘Results are reported from studies that have been
done in eight wells drilled into granitic rocks. Six of the wells are
in California; the depth of these wells is about 250 m. In South
Carolina data are available from two wells approximately 1.1 km deep.
The following generalizations characterize the data:

1) Although moderate decreases in fracture density with depth are
observed, this effect is not dramatic, even in the deeper wells.

2) In some cases a predominant fracture trend persists over the
entire depth range of the well; in other cases distinct fracture sets
are limited to a particular depth range.

3) Correlation between the televiewer and sonic velocity logs is
generally good; zones of dense fracturing have much lower velocity and
a progressive decrease in fracture density with depth correlates with
a moderate increase in velocity. In some zones of little apparent
fracturing, however, low velocities are sometimes observed suggesting
the presence of microfractures or undetected fractures.
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ABSTRACT

DOWNHOLE DOUBLE PACKER INSTRUMENTATION WITH HIGH PRESSURE
RESOLUTION CAPABILITY AND IMMEDIATE SURFACE MONITORING ABOVE,
BELOW AND IN THE STRADDLED INTERVAL

K. G. Kennedy, W. Miller and R. R. Phillips
Science Applications, Inc.
Albuquerque, New Mexico

Surface monitoring of transient and static test data is essential
for effective utilization of high cost downhole testing instrumen-
tation. Science Applications, Inc. (SAI) and Lynes, Inc. have
developed design and testing methods for allowing this type of
monitoring. We recently tested basalt rocks to depths of about 1500 m
(4500 feet) on a project funded by Rockwell Hanford Operations in
Richland, Washington.

The downhole instrumentation consists of a modified version of the
Lynes 'Treat and Test Tool' Packer Assembly, integrated with a sensor
carrier lacated just above the top packer that contains three quartz
pressure transducers ported above, below and into the straddled
interval. A shut-in tool is located above the carrier; it is closed
to preveat disturbing the formation pressure when the tool is run into
the well.

Downhole multiplexing of the frequency signals allows rapid
transmission of both pressure and temperature data to surface proces-
sing equipment, where it is printed, displayed, recorded and plotted,
utilizing Hewlett-Packard microprocessing equipment.

The 0 to 5000 psi quartz pressure tranducers have a demonstrated
resolution of +0.01 psi and an accuracy of about +2.5 psi.

The water-inflatable rubber packers provide excellent berehole
sealing capability using a packer inflation pressure typically 1500 psi
above the downhole pressure. The inflation procedure, however, can
create a 'squeeze' or overpressure in the interval between the packers.
This is vndesirable in testing low permeability zones and can create
extensive interprotation problems and delays.
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The instrumentation package is particularly well suited to conduct
instantaneous pulse or slug tests and drill stem-type tests. Incor-
porating a shut-in tool just above the packer and downhole electronics
assembly allows much more versatility in testing than would an open
conduit connecting the formation with the surface.

When testing in open hole conditions with muitilayered aquifers,
additional packers installed below and above the double packer system
would be an improvement in the method for documenting fluid movement

in the rock around the packers.
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