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SUMMARY

This report summarizes research carried out at Woodward-Clyde Consultants
between September 1977 and May 1979. 1In this study the requirements for a
subsurface geothermal subsidence instrument were reviewed. Available
instruments for monitoring subsurface displacements, both vertical and
horizontal, were studied and the most capable instruments identified.
Techniques and materials for improving existing or developing new instru-
ments were evaluated. Elements of sensor and signal technology with
potential for high temperature monitoring of subsidence were identified.
Drawing from these studies, methods to adapt production wells for monitor-
ing were proposed and several new instrumentation systems were conceptu-

ally designed. Finally, four instrumentation systems were selected for
future development. '

These systems are:

o TRIPLE SENSOR INDUCTION SENSOR PROBE
(with casing collar markers)

o TRIPLE SENSOR GAMMA RAY DETECTOR PROBE
(with radioactive markers)

o TRIPLE SENSOR REED SWITCH PROBE
(with magnet markers)

o TRIPLE SENSOR OSCILLATOR-TYPE MAGNET DETECTOR PROBE
(with magnet markers)

A1l are designed for use in well casing incorporating slip couplings or
bellows sections, although the gamma ray detector probe may also be used
in unlined holes. These systems all measure vertical movement. Instru-
ments to measure horizontal displacement due to geothermal subsidence were
studied and the required instrument performance was judged to be beyond
the state-of-the-art. Thus, no conceptual designs for instruments to
monitor horizontal movement are included in this report.

It is proposed that these four systems be laboratory tested to identify v
the most promising system. A full scale prototype of that system may then
be constructed and field tested. Expected cost of this development is
$1,040,000 over a 3 year period. ' s
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B 1.0 ?'IN;TRODUCTION_' |

The measurement of subsidence in geothermal areas can contr1bute to an-
understanding of the processes occurring in a geothermal reservoir area
during production. Subsidence data can be used to build mathematical
models, to assess the value of various production schemes such as water
inject1on and to predict future movements that may affect land use and .
particularly that might endanger wells and plant equipment. This study is
concerned with identifying capable’ available instruments or _recommending
and specifying developmental “work necessary for new’ 1nstruments to monitor
_subsurface movements due to geothermal production, . -

"The geothermal env1ronment is- host1le and convent10na1 equipment usea for
~o0il, gas and’ groundwater wells will not function in it. The cha11enge of
this project was to develop a sub51dence mon1tor1ng instrument that will
survive the geothermal environment and that will provide accurate results.
In tne 3000 hot saline water of" geotherma] wel]s, rubber and p]ast1cs '

disintegrate, electronic components fail, corrosion and abrasion attack
all but the most resistant steels, and severe scaling fouls. moving parts.
“Conventional techniques have been carried to the limit for use in hot oil
wells. In general they. ‘cannot be pushed further for geothermal use. -
Thus, of f-the-shelf instruments do not exist for geothermal use. However,
as we indicate throughout this report, technology in high temperature ’
electronics and high-temperature corrosion-resistant materials is rapidly
improving as a result of research on jet engine components, space
vehicles, geothermal instrumentation, microwave transmission, and other
areas. We have surveyed this emerg1ng technology and have.proposed four
subs1dence-mon1tor1ng 1nstrument systems that incorporate many of these -
new developments  and that we recommend for geothermal subsidence monitor-
ing needs.” The 1nstruments and the development process are dlscussed
be]ow.‘

1.1 OVERVIEw .,
This report summarizes a research project carried out at woodward-C]yde_
Consultants from September 1977 to May 1979. "It is part of a comprehen-
sive study of geothermal subsidence, sponsored by the Department of Energy
(D.0.E,) and administered by Lawrence Berkeley Laboratory. “The D.O.E."
project encompasses many aspects of geothermal sub51dence, such as'a
review of case histories and an, _analysis of the economic impact of subsid-
‘ence.” The purpose of Category 3 of the overall LBL study is to develop a
capability to measure vertical subsidence between two points in a geologic
formation. The resulting instrument system must withstand. the geothermal
‘,env1ronment and must provide accurate data. -This study of’subsurface
mon1tor1ng is the first part of a three- part project, as shown in Flgure
1.1. 'The report represents the. completion of Part 1, COnceptual Des1gns
for Subsurface Monitoring of ‘Geothermal Subsidence. The decision to . .
undertake Parts 2 and 3 has not yet been made. A panel of industry
‘representatives, reservoir engineers, and geothermal experts met in -
October 1978 to assess the feasibility of the proposed instrument develop-
ment and to advise the D.0.E. whether the probability of . geothermal Sub-
sidence and associated problems was high enough. to justify ant1c1pated
development costs. Feedback from that workshop has béen incorporated into
~ the text of this report and is presented in Appendix A.

e 1=
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This report provides a brief summary of research reported in four previous
reports. It also contains a synthesis of that material, and concludes
with recommendations for future research. .The four interim reports,
references WCC (1977a), WCC (1978a), WCC (1978b) and WCC (1978c), are
included in this report as appendices, bound separately as Volume 2.

1.2 ORGANIZATION OF THE STUDY

The study of instruments for subsurface mon1tor1ng of geotherma] SubSId-
‘ence began with a concerted effort to define the problem and measurement
goals. The study then proceeded with a review of available instruments
(WCC, 1977a), an examination of methods and materials that could be used
to improve existing instruments or develop new ones (WCC, 1978a), a review
of sensor and signal technology to determine what instrumentation might be
useful for new instruments or to modify existing ones (WCC, 1978b), and
finally, the conceptualization of several new instruments wh1ch incorpor-
ate some of the favorable features of the techno]ogy stud1ed and may be
successful for geothermal work (wce, 1978c) : ,

A1l of these studies are brought together in this final report (Section
2). The candidate instruments are comparatively rated, and the most prom-
ising instruments are identified for future. deve10pment (Section 3).
Research needs and priorities for development of the instruments are dis-
cussed in Section 4.

1.3 INTRODUCTION TO SUBSURFACE MONITORING SYSTEMS

This report discusses 1nstrumentat1on systems that may be used to monitor
ground movements in and above geothermal reservoirs. The basic components
of instrumentation systems that monitor vertical displacements (extenso-
meters) and of those that detect horizontal movement (inclinometers)
inciude (1) a porehole, (2) markers, (3) a sensing device and read-out,
(4) a logging system, and (5) an orientation device (inclinometers only).
The performance of each component of the instrument system will affect the
quality of the data, as discussed in the report and in Appendix A.

Sketches of three common types of extensometers are shown in Figure 1.2.
Wire- and rod-type extensometers compare the known length of the wire or
rod to the vertical distance between the downhole anchor.and the surface.
One type of probe extensometer measures the distance between a downhole
~marker and the surface using a. a1stance-graduated cable. . Another type
compares the probe length to-the Spac1ng between adJacent downho]e mark-

'Inc11nometers are usually probes. ‘The: angle of tilt of the probe is meas-
ured at successive depths. This value is then converted by integration to
horizontal offset. Movements due to subsidence are determined for both

:xtensometers and inclinometers by comparing data taken at d1fferent
imes. , , , o . .

The major portion of this report concerns extensometer deVe1opment.
Inclinometers were not studied after Interim Report 1 in view of the
greater need for vertical subsidence monitoring instruments, and because
we concluded that the technology needed to adapt inclinometer monitoring

'schemes to geothermal environments was beyond the present state-of-the-
art,
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2';0‘ -IVNSTRU'MENT bEvELOPMEuT

This section provides an overview of the’ various studies that made up this
project. : . : ‘ s . ,
2 1 REVIEN OF AVAILABLE INSTRUMENTS

2.1.1 Measurement Requirements 5

The first step in this study,was'to define what the instrument must do and
what hazards it must cope with (WCC, 1977a). We began by considering what
measurements the instrument must make, the probable magnitude of those
movements and:what accuracy, monitoring frequency, and spacing between
points would be useful to hydrologists, modelers, and civil .engineers.

Our review drew on available information on geothennai fields and produc-
tion. techniques (Table 2.1), supp]emented by subsidence data from water
(Table 2.2) and hydrocarbon (Table 2.3) withdrawal areas. We also exam-
ined the special environmental problems, particularly high temperature
(Tables 2.4 and 2.5), high pressure (Table 2.6), and corrosive, sca]ing
fluids (Table 2.7), that a geothermal environment presents. The require-
ments imposed by the environmental problems and measurement needs were.
summarized in a set of specifications, which can be used to evaluate
existing, modified or new instruments for subsidence monitoring, refer to
Tables 2.8 and 2.9. T o

Reinaection of waste brine w111 probab]y be practiced in most geothermal
areas, with the benefit that the magnitude of subsidence.is minimized.
Consequently, the specifications in Tables 2.8 and 2.9 may in fact be
minimum standards if reservoir engineers are to derive useful data on com-
paction processes from the fie]d,measurements,(refer,to,Appendix A-3).

2+l 2 Role of the Borehole .

To date, ail reported subsurface strain measurements have been made in
cased wells. We first evaluated whether a borehole is necessary at all.
Gravity measurements appear.to be the only geophysical method that can
detect compaction at depth without a-borehole. - Unfortunately, this method
is not likely to be useful because the neeeded.input on fluid withdrawal
and reservoir dimensions .are hard to detemmine. Also -while this method
may -provide average compaction, it -does not provide a. suDSidence profile
with-depth (WCC, 1977a). Con L s v _

For measurement in cased wells, the effect of the casing on the local
subisdence pattern and its measurement was examined, There are three
basic problems. (1) Slip may occur between the ground and the well so
that the commonly used technique of monitoring casing movement may not be
meaningful. Slip, as indicated by well protrusion from the ground, has
“been noted in Mexico City, Mexico; the Po Delta, Italy; the Santa Clara
valley, California; and other fluid withdrawal areas (Table 2.10).

(2) Where a good bond exists between the casing and ground, the casing

-5-
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will draw loads onto itself in proportion to its modulus and may locally
alter the settlement pattern. (3) In areas of large subsidence movements,
a good casing/ground bond may result in compression large enough to fail
the casing and render the well unsuitable for monitoring. Well failures
due to subsidence have been observed at Wilmington, California, Lake
Maracaibo, Venezuela and other fluid withdrawal areas.

In view of the three monitoring problems cited above, we then looked at-
geothermal well completions to evaluate what types of geothermal wells may
be susceptible to monitoring problems. Above the production zone, all
U.S. geothermal wells are cased and cemented. In the Gulf Coast areas,
subsidence due to non-geothermal causes may cause casing slip or buckling
in strata above the production zone. In other U.S. geothermal areas, cas-
ing performance above the product1on zone is not expected to be a problem.
Within the producing zone, the completion method and associated potential
measurement problems vary accordlng to the type of geothermal resource.
Vapor-dominated wells are unlined in the production zone, so casing com-
pression is not a factor. L1qu1d-dom1natedkwe]lsﬂgenera]]y use a slotted
liner, perhaps with a gravel-pack. In these wells movements are expected
to be small because of the anticipated use of brine reinjection for this
type of field. Slip between casing and the ground may be a problem, par-
ticularly where no gravel packing is used. In geopressured wells, the
production zone is cased, cemented and perforated."Large movements are --
expected wh1ch may threaten the 1nsta11at1on due to cas1ng collapse. -

For the cond1t1ons where casing slip or co]lapse threatens the accuracy or

stability of the monitoring installation, it is necessary to introduce
flexibility into the casing. - This may be done by the use of slip coupl-
ings Or)oellows sections. (See Section 3 for discussion of these tech-
n1ques '

2.1.3 Avallable Extensometers and Incllnometers

Displacement-measuring instruments used for geotechnical, geophysical, and
subsidence monitoring applications were examined with respect to availa-
bility, performance characteristics, and installation and operating
requirements (Table 2.11). The 1nstruments were then rated for their
ability to make the measurement (axial or normal displacement) with the
desired range and accuracy, and for their ability to cope with the unique
temperature, corrosion, scaling and depth problems associated with geo-
thermal environments’ (wcc 1977a). None of the available instruments were
found ‘suitable without extensive modification for geothermal subsidence
?on}togi?g. The most promising of existing instruments are presented in-
abe . . :

(-



Woodward-Clyde Consuiltants

2.2 METHODS FOR IMPROVING EXISTING INSTRUMENTS

2. 2. 1 Corros1on Control

Corrosion may reduce the service: l1fe of mon1tor1ng equ1pment and 1mpa1r
its: operation. Permanently installed instruments will experience the most
severe conditions. A combination of corrosion-resistant techniques will.
be required. The best approach is to ‘select an inherently corrosion
resistant material. For _long-term application in a geothermal environ-
ment, super-alloys. such as Hastelloy-C and Inconel 625 will .probably be
the best choice. .Austenitic stainless steels such as AL-6X and Type 316
will be adequate for short immersion times. Cathodic protection by cur-
rent impression may be a useful tool to protect long-term installations if
- current. requirements are. reasonab]e. The performance of most-metals can
be enhanced by the use of coatings’ and paints. However, the hazards asso-
ciated with coating/paint, failure,. part1cu1ar1y in permanent installa-
tions, seriously mitigates their usefulpess in the harsh geothermal envi-
ronment. Addition of corrosion/inhibitors to the geotherma\ fluid will
probably reduce corrosion rates. _The risk is that: sca11ng or clogg1ng of
the producing formation may result (wcc 1978a) i

2.2.2 Sca1149 COntrol

In geothermal well 1nstrumentation prob]ems may ar1se due to the bu11d-up
. of silica (Si0,) or calcite (CaC03) scale. The problems for instrumenta-
tion may 1nc1u%e blockage or- narrow1ng of the well, sealing of moving
~parts to the casing and blockage of well Cas1ng grooves. The control of
‘geothermal scale  has not been wideTy reported, and to date has Targely
been confined to removal and prevention after scaling was observed at dam-
aging levels. Maintenance of a backpressure sufficient to prevent flash-
ing appears to be. the most successful approach. Since data on scale con-
trol are limited, the best approach is to design equipment to operate
under conditions of moderate scaling and to accommodate periodic cleaning
in the upper portions of the we]] (NCC 1978a)

2 2 3 Temperature Control - Insulat1on and Cooling

‘Most instrumentation-does not Operate effect1vely at geothermal tempera-
tures. One solution is to provide ‘insulation and cooling for sensitive
components. ‘Vacuum-type insulation appears to. be the most effective for
geothermal conditions (Table 2.13). ‘Dewar flasks.are not as effective as
multilayer foil insulation. However, multilayer insulation may pose some
problems in the design of the supports to prevent crushing of the insula-
tion.. For a 1 m long, 100 mm 0.D, instrument: chamber, maintained at
100°C, heat. flow was calculated to be 10 watts.allowing for heat 1eaks‘
through support and e]ectr1ca1 connections (NCC 1978a) ‘

For removal® of thls heat influx over-a 10.hour to 100 hour logg1ng cycle,
_several cooling systems were eva]uated (NCC ‘1978a). Two types of heat
pumps, a mechanical heat pump that uses water as a refrigerant (Figure -
2.1) and a thermoelectric heat pump that uses h1gh temperature thermoelec-
tric materials (Pb-Te, Ge-Te, Ag-Sb, or Sn-Te; Figure 2.2), may be able to
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prov1de the necessary cooling. Both reject heat to the well at tempera-

tures in excess of ambient (3009C). While these cooling devices have some
drawbacks (scaling of moving parts for the mechanical heat pump, high cur-
rent for the thermoelectric heat pump), maintenance of a constant tempera-

ture of 1009C would minimize many temperature-wnduced problems in elec-
tronic components. _ .

2.2.4 Temperature Control - Material Selection

The most serious temperature effects on measurement of subsidence are
probably length change, modulus change and electrical resistance change
with temperature (WCC, 1978a). (Performance of electrical components is
discussed in Section 2.3). In the design of geothermal subsidence moni-
toring equipment for use at 3000C, the engineer must assess and attempt to
minimize the potential effects of temperature on the response of the
materials in the instrument. Not only must the probe body be temperature-
compensated to reduce length changes, but also its component instrumenta-
tion, such as strain gauges, cantilevers, and pick-up coils, must be com-
pensated in various ways to reduce errors due to changes in length

elastic modulus, and electrical resistance. ‘

Many of the problems with length changes can be lessened by using con-
trolled-expansion alloys such as 42% Ni-Fe (Table 2.14), by constructing
the instrument using materials with equal expansion coefficients, and by
using unstrained sensors near strained sensors to monitor temperature
effects on signal levels. Note that Invar is not a low expansion alloy at
geothermal temperatures (F1gure 2.3). Similarly, a relatively new alloy,
Super-Invar, looks prom1s1ng for temperatures below 200°C, but its thermal
coefficient of expansion increases rapidly and non-linearly above that -
temperature (see Section 6.1 in Appendix A).

Elastic modulus changes can be reduced by using controlled-modulus alloys
such as Elvinar, Iso-elastic and,Ni-Spah-C;(Tab]e~2.15a)f,

Electrical resistance changes can be reduced by using alloys with near-
zero coefficients of resistance change (Table 2.15b). An unstrained gauge
near a strained gauge can be used to compensate for short term (revers-
ible) and long term (due to annealing) changes in resistance. Heat treat-
ment helps reduce long term resistance changes. ‘ ‘

2.2.5 Other Materials and Operatlon Problems

Other materials and operat10na1 problems assoc1ated w1th geothermal
instrumentation were briefly assessed. Mechanical seal design is a major
problem (Table 2.16; WCC, 1978a). Metal-to-metal seals are the best for
geothermal use, but sometlmes cannot be used pecause of electrical
requirements. A second problem is limitations of electrical cables (WCC,
1978a). Nevertheless, the manufacture of an armored, insulated cable for
geothermal environments appears to be within current technology. However,
such cable will have to be custom-made. It will be costly and may require
frequent repairs or replacement due to the harsh environment. Friction,
tool. bounce and cable stretch, and inclinometer orientation are depth-

-8 -
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related problems (WCC, 1978a). No easy solution exists for the problem of
friction of permanent]y installed extensometer rod/w1re/p1pe against the
side of the borehole. Very straight holes may minimize frictional con-
tacts, but may be hard to achieve in geothermal areas. The use of a three
{or more) sensor probe which detects downhole markers significantly
reduces the depth measuring problems associated with tool bounce and cable
stretch (Figure 2.4). The use of gyroscopes appears to be the most prom-
ising solution for inclinometer orientation to replace the grooved casing
and tracking wheels that orient conventional geotechnlcal inclinometers
used for horizontal movement measurements.

2.2.6 Recommended Materials and Technlques

A summary of materials and technlques that -can be used to improve existing
equipment and design new ones is presented in Table 2.17. The most prom-
ising existing instruments, identified earlier, were re-rated, assuming
that the recommended modifications were 1ncorporated into the instrument.
The instruments that received high ratings in this evaluation are pre-
sented in Table 2.18.

2.3 SENSOR AND SIGNAL TECHNOLOGY

A number of instrumentation components were exam1ned for their applicabil-
ity to geothermal subsidence mon1tor1ng., ,

2.3.1 Transducers

A few transducers may be capable of providing accurate data at geothermal
temperatures and may survive rough field conditions (Table 2.19; WCC,
1978b). Reed switch sensors offer the most promise because they require a
minimum of downhole electronics and have a digital, "on-off" signal
(Figure 2.5). Three gauges offer partial capab111t1es for geothermal
measurement but require some high temperature signal conditioning:

(1) electrical resistance strain gauges and (2) LVDTs are available in
high temperature packages but need high temperature signal conditioning to
get a good signal to the surface, and (3) vibrating wire strain gauges
provide a frequency signal only minimally subject to deterioration over

- long leads but need temperature compensation and sophisticated surface
signal conditioning to excite and pick-up-the wire vibration frequency.

2.3.2 Signal Cond1t1on1ng Equipment

F1gure 2.6 shows some p0551b1e 519na1 condltlonlng systems (see also WCC,
1978b). High temperature components are available to construct signal
conditioners for downhole operation (Table 2.20 and Section 6.2 in Appen-
dix A). Analog-to-digital (A-D) conversion is desirable to minimize sig-
nal degradation over long lead wires for analog-type S1gnals. However,
-the accuracy of the A-D conversion must be evaluated, even with high tem-
perature components over the the 20°C to. 300°C temperature range.
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2.3. 3 Data Transmlss1on Equlpment A ' ' i ‘ : kuJ

Hard wire telemetry using mu]tlplex1ng techn1ques can reduce cab]e re-
quirements (WCC, 1978b). Accuracy of the transmitted data will be depen-
dent on the sampling rate and the high temperature performance of the .
multiplexing equipment. The benefits of reduced cable replacement costs
and improved performance of mono-conductor cable (see Appendix A-6.2.3)
‘will have to be balanced against the problems of the more complex e]ec-
tronics associated with te]emetry use. :

2.3.4 Data Processing Equipment

A variety of data processing systems were reviewed (Table 2.21; WCC,
1978b). Simple signal conditioning equipment interfaced to a- strlp chart
recorder or event recorder is probably adequate for initial instrument °
testing. Magnetic tape recording or'more sophisticated data acquisition
systems (Figure 2.7) may merit cons1derat1on after the: 1nstrument is
debugged. ,

2.4 ADAPTION OF PRODUCING WELLS TO INSTRUMENTATION NEEDS

It is probably economical to use producing wells for monitoring since no
(or minimal) additional expense is incurred for drilling. Also, if just a
few monitoring-only wells are installed, the zone of maximum compaction
may be missed if unusual subsidence patterns develop, as at Wairakei. The
adaption of production wells to monitoring will permit a broader area of
the geothermal field to be studied.

In some geothermal wells (in particular vapor-dominated wells), the pro-
ducing zone is unlined. The use of radioactive bullet markers combined
with a suitable gamma-ray detector probe was determined to be a poten-
tially workable system for unlined wells. Radioactive bullets may also
find use in cased wells where movements of the slotted liner or casing are
not expected to be representative of formation movements. (Refer to Sec-
tion 2.1.2.) Cased or lined wells with good casing/formation adhesion
offer many opt1ons for monitoring. However, there is a neea to introduce
flexibility into-conventional well casing to key it to the-adjacent ground
and prevent casing failures in zones of large movements. The use of slip
couplings (Figure 2.8a and b) and the use of bellows sections (Figure 2.9)
along the length of the casing were considered in Section 2.1.2. Bellows
sections may be installed at regular intervals using an oil- industry
-hydraulic corrugating tool (modified casing expander) once the casing is

"~ in place. However, bellows sections may enhance corrosion and promote
collapse due to stress concentrations. Slip couplings, although used in

the o;] 1ndustry, are not yet avallable for geothermal use (see Appendix
A"40 .

To minimize 1nterference with: f]uld product1on ‘two technlques were pro-
posed. - An access gland to allow entry of a settlement probe while main-
taining flow, pressure and temperature in a producing well is shown on
Figure 2.10. Access glands are used in the 0il industry, and special
designs have been developed for geothermal logging (Veneruso, 1979). Even Qﬁ;

.‘v_, 'IO -
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with an access gland, it may still be necessary to shut in the well if the
flow1ng fluid causes the probe to bounce as it is lowered. This approach
is used in the oil industry. The access gland serves to ma1nta1n well
ﬁtemperature and pressure in that case.p

If it proves undesirable to use the product1on casing for mon1tor1ng,
small (25-50 mm) diameter auxiliary casing is proposed. This casing,
strapped outside the production -casing and installed with it, has no flow
and allows monitoring without interference with geothermal fluld produc-
tion (see Figure 2.11). However, its use may complxcate drilling and
cementing operat1ons and may be very. cost]y )

2. 5 NEW CONCEPTS IN- SUBSIDENCE INSTRUMENTATION

A number of new instrumentation: concepts ‘were proposed. AYthbugh many of
the new concepts draw on techniques and materials discussed-in earlier
reports, each of the monitoring methods and well modifications presented
includes new features to improve the ease and/or.accuracy of subsidence-
measurement.

2.5.1 New Conc;pt for Mon1tor149 in Productlon well Ca51ng .is‘ﬁ

- A multi-sensor reed switch settlement probe is proposed for use in: cased
production wells (Figure 2.12). The casing would incorporate magnét -
markers at 15-20 m intervals and s1ip couplings (or bellows sections) for
flexibility. The instrument system provides direct readout to the nearest
25 mm by using a series of closely spaced reed switches at each end of the
probe. With the addition of a precision electronic timer,: distances can
be measured to 0.1 mm, a]though irregular probe speed may not a]]ow the
full accuracy to be realized in the field.

2 5. 2 New Concepts for Monitorlng 1n Auxilwary Cas1ng

Five monltorwng methods using probes and one ‘fluid settlement device were
developed in concept for use in aux111ary casing. Key features of these
instruments are as follows: ;

o Single Sensor Reed Switch Probes -- This probe uses casing with
strain-free liner segments so in-situ calibration is obtained
without the use of a 3-sensor probe (Figure 2.13).

o Triple Sensor Oscillator-Type Magnet Detector -- More sensitive
than a reed switch, it may have a better chance of detecting mag-
netic markers at 300°c at which sensitivities of all magnet
detectors decrease. (See Section 3, Figure 3.3).

o Single Sensor Vibrating Wire Probe -- Permanently installed
vibrating wires are monitored by a portable probe. This system
monitors strain without depth or distance measurement, so results
are unaffected by tool bounce or cable stretch (Figure 2.14).

-1 -
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-

o Single Sensor Proximity Detector Probe -- The probe counts closely
spaced corrugations on auxiliary casing between adjacent coupl-
ings. In-situ calibration is provided by strain-free liner seg-
ments. The system gives direct readout of subsidence to the near-
est 12 mm (Figure 2.5).

o Triple Sensor Weigand Device Probe -- Another type of magnet
detector, it is available in commercial modules for use to 2500C
(Figure 2.16).

0 Double Fluid Settlement Device -- The surface-monitored pressure
of a slug of mercury as it moves through the system displacing
nitrogen is proportional to the distance between adjacent refer-
ence points. No downhole probes, wires, or rods are needed (Fig-
ure 2.17).

2.5.3 Comparative Rating of New Concepts

The seven new instrument methods were comparatively rated. Several of the
instruments were suitable for use in a variety of the proposed casings,
but were discussed in reference to one casing type only. To take into
account the effect of casing, each instrument was rated for several casing
types, where appropriate. The most promising new instrument concepts
meriting further consideration for development were identified as:

0 Multi-Sensor Reed Switch Probe (for use in modified production
casing).

0 Mu]gi-Sensor Reed Switch Probe (for use in simple auxiliary cas-
ing).

0 3 Sensor Oscillator-Type Magnet Detector Probe (for use in modi-
fied production casing).

-12 -



TABLE 2.1

COMPARISON OF GEOTHERMAL SUBSIDENCE AREAS

(From Atherton and Others, 1976}

Wairakei
New Zealand

Broadlands
New Zealand

Kawerau
New Zealand

SURFACE DEFORMATION
Subsidence
Area Affected
Maximum Subsidence
Subsidence Rate
Horizontal Movement

Maximum Movement
Rate

Associated Faulting

Time of Principal Occurrence
RESERVOIR MATERIALS

Tyﬁe. Age, Consolidation

Porosity
Permeability

Compaction Behavior

OVERBURDEN

Tybe , Competence,
Deformation Properties

REGIONAL GEOLOGIC STRUCTURE

Folding, Faulting, Regional
Stress S

PRODUCTION
Depth

- Fluid Type

- Temperature

. Production Rate’

Total Fluid Wi thdrawal
; Naé(ip@n ?fesshfg Decline

_ Substdence: Head Decline

65 kn® (1956-1970)
4.7m (1956-1974)
Max. 40-45 cm/yr {1967-1974)

0.8m (1956-1974) ,
Max. -10 em/yr (1970) -

None

1953-1976 +

Pumice breccia with sandstone
and minor siltstone, medial
rhyolite sill, Pleistocene

Extremely variable due to

- cementation

< 1-30 mD (intergranular)
> 1D (fracture)

Maximum subsidence outside
area of greatest production.
Local sills of volcanic rock
may prevent transfer of load
to underlying reservoir

Tuffaceous shale and sand-
stone with interbedded tuff
and conglomerate, Pleistocene

Sediments drape-folded over
basement highs, mormal
faulting with small compo-
nent of right-lateral move-
ment, indicates tensile
stress

150-1360m -
Hot wuter and flashed
steam

Maximum 260°C

1.3x107 kg/day (1975)

- 930x10° kg (1956-1974)

25 kg/en® (1956-1974)

.02 (1956-1974)

73 km? (1969-1975
0.175n (1969-1975
7.5 cm/yr (1969-1972)

0.12m (1969-1975)
Avg. 2 cm/yr (1969-1975)

None
1966-1976 +

pumice breccia and tuff,
Pleistocene, with medial
siltstone and rhyolite
aquitards, Pleistocene

15-50% (highest in_
pumice breccia)

Moderately high

Chiefly siltstone, mud-
stone, and rhyolite with
minor sandstone, tuff
and alluvium, Pleistocene

Normal faulting, with

. small component of

right-lateral movement,

- indicates tensile stress

430-1200m -~ - -
Hot water and flashed
steam

Maximum 3000C+

. Avg. 2.63x107 kg/day

(1973-1975)

2

-1 km ;
0.028 (1970-1971)
Max. 2.8 cm/yr {1970-1972)

Not measured

None

1956-1976 +

Pumice breccia and ignimorite,
with medial andesite sills,
Pleistocene

Pleistocene rhyolite flows and
Holocene (?) alluvium

Numerous normal faults, with small
component of right-lateral move-
ment, indicating tensile stress

460-915m
Hot water and flashed steam

Maximum 2700C+
Max. 1.6x107 kg/day (1956-1970)

+ Sourées: Grindley, 1964, 1970; Stilwell and otherﬁ. 1975.

o/
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COHPAR|50N>0F GROUNDWATER SUBSIDENCE
(From Atherton et al,

TABLE 2.2

1976)

AREAS

SAN JOAQUIN |
VALLEY ": SANTA CLARA HOUSTON- !
CALIF. T VALLEY, GALVESTON, DENVER, ELY-PICACHO, LAS VEGAS, SAVANMAH, BATOR ROUGE, OSAKA, MEXICO.CITY, TAIPED BASIN, [X s
{VESTERN AREA) CALIF. TEXAS COLORADO ARTZONA NEVADA GEORGTA 1OUISTANA JAPAN MEXEL A TAIWAN ENGLAND
SURFACE DEFORMATION ]
©
" Subsfdence . : -
- 2 ool 10,000kn? 2 2 2 2 . 2 2046 20106 2
Ares affected > 9,000k $00kn(1969) (1969 ~800kn% (1969} ? 500km’(1969) 130ka’(1969) 500kn° (1969) 280km! (1951) 2 ndsi) T100ke“(1969) ©  -275km?(1969)
Maximm subsidence  .9.15m [ 4n(1969) 1-2m{1969) .4-(1965) 2.3m(1969) n(1969) 0.2m{19%9) *  0.3n(1969) 3?&# o n(1969) - ?%é;}”
Subsidence rate max 15-37cm/; l-x 22em/yr 2w 10cm/yr avg 6mm/yr 1-40cw/yr 4An-cm/yr max A/ ~ ¥ '500!/ v
e 4 (1962) {1963) " (1885-1951) {1969}
Horizontal Movement . . * . . . * ¢ . . - M .
Assoclated Faulting fissuri»g due None None None Extensive None None None None Hone None None
to hydro- fissuring
: compaction w;pn:rﬂ
astn
Time of Principe) 1935-1970+ 19201967+ 19431964+ \m}r;- 1952-1967+  1935-1963+ 1933-1955 1934-1965+ 1928-1943 1938-1968+ ?-1966+ 1820()-
: Occurrence 960(? 1948-1965+ 1931(?
RESERVOIR MATERIALS
Type, Age Unconsolidated  Semi- Unconsolidated  Alluvial Unconsolidated  Unconsolidated  Soft, granular ida {dated dated fdated  Chalk aquifer
Comsol idatton alluvial comsolidated  sand and clay  deposits alluvial and  alluvial limestone with  fluviatile atuvial (7) alluvial and  alluvial overlain by
and Tacustrine  alluvial (fluviatile (age?)}; late lacustrine (7)  sediments of sand and marl; and shallow sediments of Tacustrine sediments of thick clay
sediments and bay and shatlow Cretaceous sediments of late Cenozoic  middle Eocene warine Quaternary (7}  sediments of late Cenozofc
of late sediments of marine) of shale, coal, late Cenozotc age to Miocene age sediments of age Tate Cenozoic age
Cenozoic age Pliocene and Plefstocene to  sandstone, age Miocene to age
Pleistocene Hicocene {?) siltstone Holocene age
age age (dblackish
and shallow
" . marine)
Porostty Tove 'i:s m ::;2?:"':
v
. (E‘ . ! sh bentonitic
Permeaditity 20 aquiclude
vd/lt .
Nineralogy wontror{l- wontworil- montmor{1- montwori1- montmori |-
; Tonitic clay Tonitic clay Tonitic clay Tonitic clay Tonitic clay
Compaction Behavior Most About 3/4 of Compaction 8oth primery
compaction compaction in soft and secondary
tn fine- in clays 1{mes tone, compression,
it cly T o
. H .
squitards merl lying sasfclude
QOVERBURDEN
Type, Competence, Unconsoltdated  Unconsolidated  Unconsolidated Sinflar to Similar to Silty Similar o Unconsol {dated
Deformetion aluvial and and fand and clay reservoir reservoir 1imes tone reservoir silt and
_Properties lacystrine aluvial {fluviatile materials matertals, waterials? volcanic ash
sediments of deposits and shallow plus clay {acustrine)
age of Plel marine} of aqui tard of late
and Holocene Tate Cenozoic Pleistocene
. age age
REGIONAL GEOLOGIC
STRUCTURE
Folding, Faulting, Intermontane Intermontane Stnu flat, Part of Intermontane
lq!oul Stress basin, small basin, smatl gent] subs idence basin, smal)
. dips toward dips toward dtpnlng. due to dips toward
basin center - basin center regtonal basin center .
llulung tilting, - ¢
filling of !
| Lake Mead
- PRODUCTION ;
Depth 90-9500m 50-3-0m 50-600+m 7-760m 100-300+m 60-300(?)n 40-900{7) 10-200{?)m Chiefly 10-S0m 30-200(?Y 90-7 (1969) m
Fluid Type cold water cold water cold water cold water cold water cold water cold water cold water cold water cold water cold water cold water
Production Rate s3antofaddey  eaiotey 0.0 Vay  7.6tenioY 221120000y 8- zmo‘-’/ 1.1-xr0%ed
(1943-1959) (1950's) (1956) (1951-1961) day (1937-1960} day
Total Production »1.94x10'n? 0. 32x10%? V1261093
(1943-1959) {1943-1951) (1883-1962)
Maximm Pressure mg/c- (150m) -sk?/c-'rson) 10kg/cm2(100m)  18kg/cm?(180m) 3-6kg/cm’ ~ng/c- ~akg/cu?(-40m) - 3kg/emd 4-10 kg/em?
Decltne 1962) (1962) (1962) 30-60m} 0m) {1969) ~30m) 38-99m)
1969} (1969) ;369) (1;36)
Substdence Head .01-.08 1-.08 .0 .002 .04 .0 -.003 ’
Decline Ratio .
Production From 29-50% '
Compaction {1942-1959) 22%
* Mot Measured Sources: Poland, 1969: Poland and Davis, 1969
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TABLE 2.3
COMPARISON OF MAJOR OIL AND GAS SUBSIDENCE AREAS

.~ (From Atherton et al,

1976)

MILMINGTON - LONG BEACH INGLEWOOD.. . HUNTINGTON BEACH G00SE CREEX LAKE MARACAIBO PO DELTA N1IGATA
CAL IFORNIA CALIFORNIA CALIFORNIA © CALIFORNIA TEXAS - VENEZUELA ITALY JAPAN
SURFACE DEFORMATION :
Subsidence
2 2 2 2 2 2 2 2
Area Affected >65kn" (1970) 3t e It 37 ko 10 400-700 km' »400 km' 2800 k'
Maximum Subsidence 8.8m({1928-1970) 0.75m{1925-1967) 1.73m{1911-1963) 1.22m(1933-1965) m(1918-1925) 0.3 -3.3m({1926-1954) o] 0.8m(1900-1960)
Subsidence Rate 33-77¢ulyr avq. t.Bom/yr avg. 3.3cm/yr avg. 3.8cm/yr avg. ecm/yr 30cm/yr(1930's) 1 3€m/yr(1890 1950) 40-50cm/yr
(1947, {1925-1967) {1911-1963 ?1933-1965) (1918-1923) x 0cen/yr
hefore !nJecupn) -
Horizontal Movement - .
Maximum Movement 3.Mm{1937-1970) - 0.76m{1934-1963) * . - * *
Rate 1em/yr(1937-1970) - E R avg. 2.6cm/yr . .
(1934-1963) » .
Associated Faulting .
Type Low angle None High angle, norma) None High angle,. norma) | None None None
Location Central Paripheral Peripheral
Earthquake 6(1947-1961)
Magnitude 2.4-3.3
Time of Principal 1947-1958+ {now 1925-1967 19111963 1933-1965 1917-1926 1926-1954¢ 1950-1960 1955-1960+
Occurrence halted by injection) .
RESERVOIR MATERIALS
Type, Agl. Unconsolidated to Simflar to Similar to Similar to Unconsolidated sand Interbedded sand, Unconsolidated Deconsolidated
Consol{dation semiconsolidated Wilmington Wiimington . ¥iimington and clay of clay, and sitt calcareous sands sand, sandstone
sand with inter - Oligocene to of Miocene age with {nterbedded and conglomerate
bedded clay and Pliocene age clay (Httoral with fnterbedded
shale (nrim). and lagoonal) clay, Cenozoic age
Wiocene Quaternary age
Pl{ocene Age
Porosity 20-35%
Permeability 100-1500 =D
Compaction Behavior 60% of compaction Compaction Cause of some
n sands, 40% in roughly equal subsidence prior
clays and shales in sands and to development
clays 1s unknown
OVERBURDEN
Type, Competence Unconsolidated Similar to Similar to Similar to Simflar to Simitar to Similar to
Deformation Properties shale, sand, Wilmington Wiimington Wilmington reservoir rock reservoir rock? reservoir rock?
claystone, and
s{iltstone of
Pliocene ‘and
Pleistocene age
REGIONAL GEOLOGIC STRUCTURE )
folding, Faulting, Broad anticline, Tightly folded Anticline; Anticline Gentle dome in Gently folded
Regional Stress flank dips 20-60°, anticiine, high- faulting? faulting? Miocene and
with numerous angle reverse younger sediments;
transverse normal faulting older deposits
faults indicating indicating intensely faulted |
tensile stress compressive stress
PRODUCTION
Depth 600-2300m wmedian 1630m median 900m median 930m 200-1400m 1(one well 700m) 1-1000m
{most 600-1100m) . !
Fluid Type ofl, water, and of] and water oll; water and o011; water and oil, gas, and oil and water (?) hrine with dissolved brine with dissolved
gas gas? gas? water thane methane
Production Rate ofts M-22x10% rday “avg. gy gas(1956); gas(1963):
1.8x1 /day )550110303/6»' §75x103m3/day
Total Production o011 + water: oil(plus nter? .rommse) if Total (1956), 1f
222x106m3 \917-;3.23): og‘g "“"62:5'
s »16x1 l lxl day 1.2x106m3/day
gas: 24x10%n3
tota);“24x10%3 i
Moxtmum Pressure Decline  w77kg/cm2(11000s ) 70-84kg/ w70kg/en2(10000s1)  ?( 15kg/cal 210psi)
vy 1000-1200 1) ; . . ,mi
; (mmozegs )
Substdence: - Head Decline ~ 0! .00} ~.005

Production from Compaction - 39T (1828-1962, oi1 &
. witer, fgnoring gas}

m(nn-m@) ;

fotes:

1) Dates in parentheses tndicats period of .measuremant or -year of report

2) 'Densmes used for conversions, at 259C and 1 atninatural gas, 0.829 kg/n’:
ofl, 858 kg/a’; water, 1000 k/a’

& . Not measured

Sources: Van der Knaap and Van der Viis, 1967;

-

Poland and Davis, 1969;

Verles and Castle, 1969* Imm. 1970; Allen, 1971; Kovach, 1974
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TABLE 2.4

REPRESENTATIVE GEOTHERMAL:RESERVOIR TEMPERATURES
{Modified from Ellis, ]975; aygrage ;nd maximum temperatures

‘in major. fields around the world)

Average ' Maximum
SYSTEM Tempgrature Tempsrature
‘ (7c) (7c)
HYDROTHERMAL
CONVECTION SYSTEMS
VAPOR-DOMINATED
USA ’
The Geysers 230 285
ITALY
Larderello _ » 200 260
Mt. Amiata 170 190
JAPAN
Matsukawa. 220 : 270 .
LIQUID-DOMINATED
NEW ZEALAND , , o
Wairakei 230 260
Kawerau 250 285
Broadlands . 255 ‘ 300
ICELAND
Namafjall 250
USSR
Pauzhetsk 185
USA
Niland 300+
(Salton Sea)
EL SALVADOR
Ahuachapan 230 250
JAPAN
Otake 230 250
N. Hachimantai .- >250
Hatchobaru , 250 - 300
Onikobe - } - L B 288
PHILLIPINES
~S. Luzon : ---
TURKEY o ' -
Kilzidere 190 220
CHILE L )
E1 Tatio 230 260

- 16 -
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TABLE 2.5

PRODUCTION-INDUCED CHANGES IN THE .
AVERAGE TEMPERATURE OF GEOTHERMAL RESERVOIRS

SYSTEM

TEMPERATURE (9C)

DATA SOURCE

Initial Later Expected Final Change
(year (year
- -measured) measured)
LIQUID-DOMINATED
Wairakei, New Zealand, 250 240 :
Western Area : (1957) (1969) 1 10 Sti]Wel]lagg Others,
i Hypothetical Reservoir 325 280 ~
| (Calculated Valves) (after 30 years) 45 Meidav and Sanyal, 1976
© VAPOR-DOMINATED | |
. The Geysers, California 240 _ ’ 234-237 3-6 " Dennis McMurdie, Oral
o - v ~ : ‘ Communication
GEOPRESSURED
TypicaT Reservoir 10-50? Atherton and Others, 1976

Modified after Atherton and Others (1976)
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TABLE 2.6 GEOTHERMAL RESERVOIR PRESSURE CHANGES

(a) PRODUCTION-INDUCED CHANGES IN AVERAGE GEOTHERMAL RESERVOIR PRESSURE

SYSTEM_ \ PRESSURE (kg/cmz) DATA SOURCE
Initial Later Expected Final ~ Change
(year (year
measured) measured)
L1QUID-DOMINATED - -
Wairakei, New Zealand - ~52 ~27 ~25 Stilwell and Others, 1975
| | | - (1957) (1974)
VAPOR-DOMINATED
The Geysers, C51§forﬁia 32-35 6 - 26-29 Kdénig,v1969;.MéMUrdie, oral
(1969) communication
13.6 10-0 3-6. | Ramey, 1968 .
- (1957) (1967) :
GEOPRESSURED 390-540 140 250-400 vPapadopu]os and Others, 1975

(Modified after Atherton and Others, 1976) -

(b) PROBABLE RANGE OF MAXIMUM PRESSURE CHANGES

Geothermal Field Type

Pressure Change

vapor-dominated systems
liquid-dominated systems
geopressured systems

30 Kg/cm2
50-250 Kg/m2
250-400 Kg/cm?

Note:

Based on current generating requirements




| _ TABLE 2.7 R
CHEMICAL COMPOSITION OF GEOTHERMAL WATERS, in mg/1

(ffoﬁ Various Loca]itfes in}theIWeétérn United States and Mexico; after Chen, 1975)

1

- 6L

: TOS mea- . Sus. .. R o Sui- - . Total PO ,
Place "pH... sured. ' Solid .. MNa K . (a Mg Lt o Qa Heo,  Co, S0, =B F o flde = N0,  NH,(N) i Si (3]
Brady Hot e R — — — ! .
Springs (Nev.) 1 8.6 3130 .. 6.0 1070 515 °19.5. 0.075 3.0 1610 10.0 0.15 242 8.2 3.1 NA  0.47 0.3 ‘84 85 0.01
Surprise o ‘ T ‘ ; . S = R ‘
valley (CA) 8.8 1310 80 ;: i 437 30 : 0.05 0.0 0.5 - 234 m 3.0 31 .. 6.0 7.4 NA 12.0 : 0.10 97 130 0.02
Beowove - gy e T N R VLR ' o . . . '
Well #1 (Nev.) '9.66 1170 ©., 0010 240" . 35 0. 0.0 " 1.9 1-f56 89.3 16.2 138 - 2.25 16 NA  16.8" 0.3 230 234 0.02
Beowowe : T o . S S 1 :
Well #2 (Nev.) :9.53 1620 2.8 ~ 250 35 . 0.1 0.01 1.9 655 N7 158 210 222 17.8 NA 2.4 0.2 230 234 0.02
Wabuska t ’ : : : ' C , ; ‘
Well #1 (Nev.) 8.76 1050 0.5 310 16.5 12.8¢ 0.1 . 0.3 - 50 37.5 0.80 610 . '0.96 7.25 0.36 =--- -0.10 /56 - 59 ——
Wabuska - D e IR : o 1 ( CH . B ‘
Well #2 (Nev.) :8.3 1100 ~ 0.8 3407+ 16.5 .12.8; 0.1 ~0.3 47.5 49.0 0.391 590 1.08 N 7.30 0.33 0.33- _ -0.10 53 53 ———-
Springs (Nev.) 1 8.5 1980 1.5 615 62.5 0.3 0.36 8.2 130 232 2.9 103 - - 43.5 1.7 4.42 0.4. 0.10 118 121 ————
Geysers e ST PAUUURVINCI O RPN N e oo - L :
5 &6 (CA) 7.5 1210 1.1 0.25 0.05  0.35 0.03 ——— 13.5 199 e 138 456 0.2 0.9 0.83 122 0.4 0.5 0.003
Geysers ' . A — v:  % _ ‘
8 . 7.6 575 0.8 0.25 0.05 :‘1338 0.065 ——— 1.0 116 -———- 122 232 0.22 1.5 1.2 - 66.2 0.32 0.32 ———
Geysers .- : A RIS : : seon R
98410 (CA) 1.0 164 0.7 0.25 0.05 .~ '1.85 0.03 ———- 1.0 ‘15:2 ———— 33 ‘52 0.38 0.46 5.6~_ -14.5 0.56 0.56 —
Geysers - ' ' : R . o ‘ : " 3 : .
n (CA) 7.6 400 0.6 0.5 0.05 ‘1.2 0.03  ---- 1.0 176 -—--- 78 106 0.12 0.68 072 77.5 047  0.47  ----
Cerro Prieto ‘ 2" 2ot . _ S S l '
Mexico (X) NA . 22600 6.0 6700 890 600 13 13.0 1700 NAMA 6.4 17 0.5 NA 34.8 15.6 156 250 0.04
Cerro Prieto S ) o A . ’ ) o - .
Mexico (Y) - 7.0 77400 90 1256000 4660 2000l 234 21.0 44400 97 ———— 260 50 3.4 NA 1.6 0.1 60 60 0.04
Cerro Prieto . o o R ' ' ‘ , . :
Mexico (W) 5.2 660 2.3 5.0 -~ 1.0+ 3.1 0.028 0.01 8.9 201 ---- 470 0.93 ——=- NA 45.1 147 0.95 1.0 -—--

---= below detection Timit
NA not analyzed



TABLE 2.8

SPECIFICATIONS FOR MONITORING SUBSURFACE VERTICAL DISPLACEMENTS

TYPE QF GEOTHERMAL

U VAPOR« LIQUID- GEO-
MEASUREMENT RESOURCE | o oMINATED DOMINATED PRESSURED
CAPABILITY
MAXIMUM DEPTH OF MEASURE- 3 km ‘3 km
MENT : (6 km) (6 km) (6-7 km)
MAXIMUM TOTAL COMPACTION 0.3 m 4 m
(0.6 m) (6 m)

‘DESIRED MAXIMUM YERTICAL
- INTERVAL BETWEEN
MONITORING POINTS

30. m, increas-
ing to 80m
outside reser-

30 m, increas-
ing to 80 m

outside reser-

(5-7 m)

(30 m, increas-
ing to 80 m
outside reser-

voir voir voir)
ACCURACY OF MEASUREMENT 3 mm 230 mm (£30 mm)
" OVER FULL DEPTH OF
. INSTALLATION
ACCURACY OF MEASUREMENT $0.5 mm +5 mm (x5 mm)
OVER 30 M INTERVAL
MINIMUM FREQUENCY weekly for weekly for (weekly for
OF READINGS 1st months 1st month; 1st month;
monthly for monthly for monthly for
1st years 1st year; 1st year:
then semi- then semi- then semi-
annually annually annually)
MONITORING PERIOD 15 yrs 15 yrs (15 yrs)
(50 yrs) (50 yrs)
TYPE OF GEOTHERMAL VAPOR- LIQUID- GEOQ-
ENVIRON- RESOURCE DOMINATED DOMINATED PRESSURED
MENTAL CAPABILITY
TEMPERATURE 2850¢ 3000¢C 0
(300°¢C) (3757¢C) (375°¢C)
PRESSURE 35 kg/cm? 300 kg/cn? (800-1,000
(600 kg/cem®©) kg/cmz)
SALINITY 0.01% 3%
(20%) ( 3%, increas-
ing to uwp to
20% above reser-
voir)
DISSOLVED SOLIDS 0.2% (more than 30%)

30%

Note: Long-term values in parentheses
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TABLE 2 9

SPECIFICATIONS FOR MONITORING
SUBSURFACE HORIZONTAL DISPLACEMENTS

TYPE OF GEOTHERMAL |

|  RESOURCE ; o
~ MEASUREMENT » b A1l Cases
CAPABILITY | |
MAXIMUM ANGULAR ROTATION 10
OVER DEPTH | | ‘ o
'MAXIMUM LOCAL ANGULAR ] 10 deg
ROTATION , B N
“ACCURACY OF ANGULAR - | 40 sec

ROTATION MEASUREMENT

Note: depth, frequency, monitoring
-~ period and environmental :
. capabilities same as _ . -
“Table 1 8 :
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TABLE 2

.10

RELATION BETWEEN SUBSIDENCE PARAMETERS AND WELL CASING PROTRUSION
(Selected cases from Poland & Davis, 1969)

over semi-consolidated
Santa Clara Formation
over consolidated bed-
rock

TIME THICKNESS
DURATION OF WELL
MAXIMUM OF ANNUAL | SUBSIDENCE CASING
LOCATION GEOLOGY SUBSIDENCE | SUBSIDENCE ~ RATE ZONE PROTRUSION
| ——— —— —— —
Wilmigton, Calif. Sediments (Recent to 8.1m 1941-1962 |0.3 to 1050 m No - Good bond
Miocene) 6000 ft thick. . 0.6 m/yr with ground.
Over basement schist ’ - Note: casing
(Pre-tertiary) above subsi-
011 Production zone dence zone in
from 2500-6000 ft tension.
depth. Shales, silt-
stone, sands & sand-
stone. . S
Lake Maracaibo, 0i1 produced from 3.3m - 1926-1954v‘ No - casing
Venezuela interbedded sands, hard continued - failed at
, clays, silts (Miocene) after but .|~ depth in pro-
R at lower duction strata
|rate
Po Delta, Italy 1000 m (up to. 2000 m)v 1890-1950 {1 - 3 mw/yr Yes - 714 m
of relatively unconsol- deep well
idated Quaternary 1950'1956 0.3 mm/¥' filled with
deposits; marine; san- - concrete
dy, highly calcareous
with some clay layers;
contains at least five
methane-bearing hori-
zons.
Osaka, Japan Ground water aquifers |0.3 to 0.6m|1885-1928 :A1.5#]3mm/yr’4b-80 m Yes - wells &
containing clay zones 1.3n  |1928-1943 |70-120m/yr| some to Puildings
180 m depth "
2m 1942-1951 have risen
' ; pbove ground
surface.
Mexico City Sand & Gravel w. inter- |4 to 7.5 m |to 1959 . " Imostly top | Protrusion of
beds of clayey silt 1898-1938 |20 mm/yr-- {100 m wells common
‘(andesitic detrius) 1938-1948 |150 mm/yr :
from 50-60m to 500m 11948-1952" |300-500min/yv’
comprise groundwater 1952- 250 mn/yr
aquiferjoverlain by
fine grained lake de-
posits; volcanic ash
water-transported
sediments
Las Vegas "{ Groundwater aquifer: 0.1 m 1935-1941 Protrusion as
alluvial deposits 0.350 m {1935-1950 much as 1 m
(1ate Tertiary & Quat- 0.66 m 1935-1963
ernary confined by blue
clay (lacustrine)
Santa Clara Valley |Groundwater aquifer: 1.2 m 1912-1933 300 m Protrusion as
unconsolidated alluvial 1.5m 1934-1960 deep much as 1 m
& bay deposits (clay, 3.3 m 1912-1963"
silt, sand, gravel) i
(Pleistocene & recent) 1960-1963 | 0.23 m/yr
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TABLE 2.11

CAPABILITIES OF EXISTING SUBSIDENCE MONITOR

NG INSTRUMENTS

o VERTICAL DISPL

Sheet 1 of 4

ACEMENTS

PROPERTIES

“:f?x——w-«——»—' R e e

"-| MAINTENANCE RE-

. TR B D L P ’
RANGE OF VER.TICAL MANUFACTURER'S MAXIMUM DOWMHOLE | MAXIMUM DOWNHOLE MATERIAL : QUIREMENTS & ESTI- SELECTED
. - AVAILABILITY OPERATING PRINCIPLE DEPTH RANGE - DISPLACEMERT SENSITIVITY ACCURACY . TEMPERATURE ; PRESSURE ; COMPOSITION OPERATION anp INSTALLATION - |MATED SERVICE LIFE REFERENCES
i RAT - _ ) .
INSTRUMENT , ED n2¥sr(55" , RATED m?;sssn (IMPORTANT FEATURES)
[IRE . . . Maximum:  660m; | Total:  25-50mm, 20.03mm jTotal: 1 to 1.5mm (3) (500°C, (2) above not applicadble wire usually stainless | Movement between surface and Weight anchors mayhe 1} Toliva, 1970
ﬂ'}g,{!’;ﬁ,ﬁ?‘;%‘.ﬂ;ﬁ’ﬁm‘{%-%}w- usar:fabricated | Note (a) . Typical: uwp o 300m ' |. resettable with water- re) rtod which ;tnngth Toss : sm’l way be plhstic | anchor seen as rotation of pulley 1ifted out of borehole i phnm',, and
with rotary potentiometer or Measure vertical displacement : Tevel recorder; 2.7m may become important); d. fcally at surface; counter-weight at - to replacewire; Sykes, 1
water-level recorder at surface between two markers at depth by maximum with rotary Note: frictional drag | o provision for . 1/5 in, AISI 302]" .| surface maintains constant tension | Under severe geothermal De Loos, 1973
(Uses compaction meter) comparing results of adjacent potentiometer; atistress reversals downhole temperature stranded aircraft on wire fdeally, but friction of conditions, pitting ‘ Lofgren, 1969
fnstallations; access to borehole Timit tota] length | Measurement . cable wire may affect tensfon (6) corrosion rate maybe | (5) Ritey, 1969
not necessary but wire sust be ackuracy to +3 to +8 ' 0,15 mp/manth, o woulc| (6) Bull and Killer,
free to move between bormh | (5) - - be severed in 1.1/2 5y 1975
and-transducer outside well, i years. . (7) Lofgren, 1961
strafght hole (<1/2° 1nc'|1mtton) Notes . Due to general
. z;)deﬂrlblo to reduce friction. " corrosion, thewire .
o ) m:y last 1(‘)0 yedrs, -
given m{ rate of
: : 0.59/m™.day,
WIRE-TYPE BOREHOLE EXTENSOMETER; | Interfals; user- as ab Typical: up to 100m | Total: 70-50me Tata): 1.5 to 3w a3 sbove not applfcable as above; wire tay be | Multiple wire installations  [Anchor andwire system | (1) Waddel], 1964
weight-tensioned; with grout or | fabricated (1), (2) us above b4 P resetiable; 20,5 to 1.0 mm eltimated cased 1p plastid possible, but my not be practical | usually not removable;| {2) Sellers. 1969
machanical anchor; dial gauge . . : tubing in holes; see note a; easy Vife under severe Cording et a1,
sensor at surface . to reset range. geotherma) conditions 1975
- b maybe 1-.1/2 years,
VIRE-TYPE BOREHOLE EXTENSOMETER; | Terrametrics; Peter Wire stretched batween anchor at | Maximum: 45Om; Total:  90-150mm, 40.03mm Total: +0.1mw %0 2.5 | a5 Bove. not applicable as above Wtiple wire installations a8 above Potts, 1964
" . . Typical: 15-90m some resettable; | - b . :
L - St e e | A o Ve o i TR B i, o
or micrometer sensor at surface between surface and anchor seen n . r mining condi- to reset range. Relatively rugged '
P L . as displacement of sensing rod 3 tions, accuracy of - compared to electrical transducers,
‘contacting spring. B sihgle masumt re- | Stretch of wire dus to change 1n..
A ‘. 3?"_:'“':?‘:'“"”‘0 sp;ing tension added to read out
e aey t109 value. .
~ b&ho\o co‘lhrs was
VIRE-TYPE BOREMOLE EXTENSOMETER; | Terrametrics Wire stretched between anchor and | Typical: 150w h Total: +0.5m as above’ not applicable as above “.oo| Multiple wire tnstallations poss- | *S ®Ove: 1) Sellars, 1969
cantilever tensioned; with grout cantilever spring at surface. i Total: 15w resettable; | +0.01mm et timuted: ! : ible, but may not be practices fn | except sensor may iz ounniclief, 1970
or mechanfcal anchor; and Movement between surface and anchor deep holes; see note a. Sensitive | reduire recalbration |
cantilever-mounted electricel causes bending of cantilever and ! to moisture; zero drift.can cause |97 reghcmnt at
resistince strain saupe sensor at resistance change in stratn gauge. . 1 | ‘ problems. | rterrayuent
WIRE-TYPE BOREHOLE EXTENSOMETER; . { Stnco Wire stretched from anchor, over | Typical: - 100m assumed | Total: SOmm reset- £0.05m - Tofal: +1.5m "‘!w’.h » . n~" ippnubl-. ' hid . bove 35 above s dove (1) Dunnicrtee, 1970
spring tensioned; mechantcal or pulley(to which potentiometer G table; : estimated; - -
grout anchor; rotary pomtionm coupled) to spring. Movement :
sensor at surface between surface and anchor seen as B! '
- ‘pulley rotation.
: . - Total: +0.5mm as avove not dpplicable statnless steel as above; but somewhat mor: 13- | as above (1) bunnfctiff, 1970
WIRE-TYPE BOREHOLE EXTENSOMETER; | Telemac Wire stretched between anchor and | yypicar: 100w Total: Somm 20.01m estinated wires ¢ by !
. t to i
o Stou oahor et Soncaan vetoean s thes o | t  smimm—_T prote
mounted vibrating-wire stratn 'MM' “"”’mm; e camn;f‘l’mr \ )f‘ |
9auge sensor at surfaf:e. vibntlng Yire. requel ! | . :
ROD TYPE BOREHOLE EXTENSOMETER Irad; Mvement bew ¢en anchor and surface | Maximum: Total: Total: as dove not applicable Rods generally stain- | Note C: Typical rod (pipe) 1) Toliva, W70
with mechanical Ertgrout anchor; | Interfels; appears as translation of top of 500m; 10-50 mn resettable; | ¥ 0-01mm to £0.03™ {4 0.2'm to 4 0.6 m less steel; oca. : . all thick?cs: is 3 . EZ Cording, et al.,
with dfal ga ! metrics rod relative to surface; Displace. | Typical: Add rod lengths as | estimt . sionally alumigm. | Access toborehole not required; . |Based on pitting corro- 1975
t gauge or micrometer Terral % s Disp ! 4 § te of 0. 15 wm/
-sensor Huggenberger; ment of top of rod detected by 30- 180, -required in exten- : My be plast CEC"““ but top of rod must be free to : | Sipprate of O.12 4/ [(3} seller, W&
‘Sofl Instraments ~ | sensor tensfon; in com- or cased in plastic . | move between borehale and trans: |19 -&nc be Bout
- y d ! pression, can cut tbe. ] ducer. Rod installed in flexble ‘_,72 rs. 1F some
rods as needed; Anchor usually chdmium | tbe {f hole unstable and requires 1nho1{:.cu'| be toter | |
N i plated mild steel n A straight hole (1/2°0 4 !
‘ ) K ' hclinagion) is desirmle to re. | ated, service life may
! ! cast iron, .| duce fricticn. be as long as 100 yrs.,
: i | Rod is typically small | based on a general
dismeter 6 mm poitd .| 'If multiple installation not ‘°""‘:;°'3."“(h°f
. i rod - 17 mm pipk; practical for deep hole, measure | 059/ doy
i . vertical displacement between 2
i markers at depth by comparing
‘results of adjacent installations.
. . Tothl: as move;
R?'"" BOREHOLE € NTENSONETER, "'“'f"" as dove T O:C:;.IBO Total: 10 - 160 mm 20.01 mm to 0.1 mm $0.2t022m, as dbove not applicable as dbove ‘ts dove vipﬂ\-conncis of
with mechanical or grout anchor; S"\C?- L0 estimated; potenhometer may de-
with 1inear potentiometer sensor [rad; . . ‘grade and wear and
Sofl Instruments A require replacement
| m‘-t;:ca'l‘ bration
: within 1 year.
PE BOREHOLE ETENSOMETER Interfels as dove Typeal: . Total: +.01meod 0.1 mm s bove not applicable as dove i Bove a3 bove;
mum‘:ﬂ or grout anchor; . 30 m 2o 180 m, 12 mu, resettable: - to X ;B 2to+2m sl : except service life of
t estimated; LVOT should be some-
with LVOT sensor
i what longer than for
potentiometer if ndo-
) ; quately sealed.
- — as wove;
ROD- TYPE BOREWOLE EXTENSOMTER; | Mathak as bove Typteal: Toul: $.o0nmeot oam |l s [ rot applicable 18 wove 8 sove except service 1ife of
with mechanical or grout anchors 30m to180m, : ’ reported; but friction vbratingwire strain
with vibrating wire strain gauge estimated. may make + 0,05 mn . gauge should be se-
sensor unrealistic; veral years.
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TABLE 2,11

' CAPABILITIES OF EXISTING SUBSIDENCE MONITORING

INSTRUMENTS

o VERTICAL DISPLACEMENTS

Sheet 2 of 4

PROPERTIES : o : ' ' L MAINTENANCE RE-
SR R T (RANGE OF VERTICAL | MANUFACTURER'S | - . . MAXIMUM DOHSHOLE . | MAXIMUM DOWNHOLE |  MATERIAL QUIREMENTS & ESTI-
AVATLABILITY OPERATING PRINCIPLE DEPTH: RANGE Y I ACCJRACY : SELECTED
INSTRUMENT TR : DISPLACENERT SENSITIVITY TEMPERATURE : PRESSURE.: COMPOSITION OPERATION anp INSTALLATION  |MATED SERVICE LIFE REFERENCES
RATED OR (gsTI- RATED OR (ESTI-
o ) ; ‘ thf bl mm,f i (IMPORTANT FEATURES)
ROD-TYPE BOREHOLE EXTENSOMET User. Fab Movement, between surface and 1: 100 m. T +2.5m, Total: ‘ not app}t ‘ T} Howe
with ucMnicalLerglsﬁ mcrfgr:. sor Fabricated (1) anchor seen 8 transTation of top | TYPI®? C 415 mmjestimated is above Ppiicante 8s above as above as above l(lezringe:': 1‘9“7';Slht ind
attached wire at surface with of rod relative to surface; wire . s '
scale readout . attached to rod goes over pulley
c and is tensioned by a weight,
Elevation of wt or rotation of
pulley also are measurements of
displacenent.
ROD-TYPE BOREHOLE EXTENSOMETER, Trad; Terrametrics Inner vod anchored at base of Max imn: Total: +0.01 mn Total: above 1 Outer rod: galvanized | See note (c); Hole can be grouted | Probably not recover-
with two concentric rods; mechani- borehole, Outer rod extends only 1% 100 - 300 m + 0.5 wp estimated o not applicable steel (Irad); probably | 1f extensometer tools Placeg in able for replacement.
cal anchors; and dial gauge partway down the hole and ‘is Can be increased in A 15 xm B; protective tubes; not for use in | Corrosion resistance
readout anchored. Movement between sur- extension with exten- cased hole. will be higher for all
.. face and other anchor seen as sion rods by 600 ma; Inner rod: stain] stainless steel as-
(DOUBLE-POINT BOREMOLE EXTENSO-" translation of top of appropriate ’ o steel; O stainless sembly; removal of
METER) k rod relative to surfacei position : galvanized coating will
of inner or outer rod relative -jbe rapid; sealing may
' to fixed measuring surface read impede movement be-
with dial gauge. h:een concentric
. pipes.
. Service 1ife probably
Tess than 1 year due
to corrosion of outer
¢ rod and due to scal-
ing.
PIPE-TYPE BOREHOLE EXTENSOMETER, | User Fabricated- (1), | Movement between surface and Maximan: (3) Total: + 0,01 mn to Total: as above N
anchored by own weight, attached | (2), (3) anchor seen as translation of top 1200 m; 25 - 50 wm. .03 mm 0.2 to .6 rot applicable Cast fron €3, ::';:d":::l]yo}:::”;:dd;"e?“l z:r ’J’Jg? °:es:':f' 3 ::'l’:::r,];zy
::cr:r;:ds:::;cetﬂth water level of pipe relative to surface; “n typical resettable; 10.03m estimated lg}nlo{ stee'livo?; pipe usually found:dr'\‘a ’5‘ to"]‘(‘,‘m mvez tor r{phcement 3) Hirono, 1969
ou attached to pipe goes over pulley : sible; pipe typically . .
and fs t,,.:"',’,.ed §°°. weight. Elev-]| 300 - 600 m S0 mm to 100 mm dia- | Delow base of casing. but with difficulty. 4) Toliva, 1970
Typical wall thickness
ation of weight or rontion off meter. See note (c). for pipe cited is 4 mm;
) :'::;?{c::n:.“ measurements o : for a qeneral covrosion
- rate of 8 g/m.d {4);
y it would last a max-
imum {f 10 years in
a severe geothermal
environment.
MULTIPLE BASE LENGTH EXTENSOMETER, |Telemac - Central rod, able to move freel 50 m estimated; Maximum: - 0.00 Total B - P
uiglinducunce sensors, mechanical - in hole, contains inducuncc-t,y]yn Maximm of 1 sensor 125 mm - o;f(l)g.: :7::;::‘ 50% €500 -kN/n? :mbly stainless ::::::mt:“h:]:o:u n:c::s;ry : but 272{{:.',,,{“ ::nt:‘lning
metal anchors sensors. When rod moves relative | per meter. ' estimated) displace toward x:f ree to s s no
ace. Will not | mechanical coupling to
::n::::’::::t'::?:g;e‘""“ﬁ:"c‘ work in metal casing; probably o.k. | anchors, so probably
of each anchor. position H anchors installed outside flexi- | could be replaced.
¢ plastic casing. Under geothermal con-
ditions, central rod .
and el::tron:cs‘housing
may suffer pitting
corrosfon. Electronics
as designed not suit-
able for geothermal
environment; Life in
non-geottel:‘ullenviron-
ment probably 1 yr,
. Tonger 1f rod replaced.
MULTIPLE BASE LENGTH EXTENSOMETER User Fabricated. Permanent, movable central rod con- - : 1Y . . : j "
with reed switch sensors; and .2, 4) tains reed switches, at approxi- %-10n T°§;2, - 250 m 1 0.02 em to £0.7 mf") reported. |G0°¢ estimates; (700 KV/n? estimated Rod: thin-walled hooess t°t"°‘:t"°b: :f:‘:’zish‘]‘:ce Stzﬁs:lmmv“" be o | (2) Snith and Burland,
umt urkers mately same spacing as magnets +01m with rods © | possibly higher since |based on depth range) | stainless stee] tube |Ins rdm" fW pe ; Ly hﬂp i thdeaw 10" replac 1976
duchors e buraiole i el 2 e cape | eecite % € wiin preciion b1l | toard surface, My be ORIy | o MM Toss o accur-| 1) Burlana, paore an
SW es My red or - . ith ta; . CONN . .
single; Rod Installed S0 tnitially oo om $0-1s vt e Tape: stainless steal. | agnertc fletd. oo | Stainless stee) tape | (3 ?':"é and Moo
each reed sw approximately ‘ ' or tube would become urland an re,
opposite a magnet. Movement of Brass housing for reed severely pitted in
m:::;ingmtncedcd to ;‘l’:gn reed switches, ;’: y:ars of service,
W w s corresponding mag- sed on pitting cor~
net measured with a micrometer. rosfon rate of 0.15 mm/
Can replace rods with upe for month.{3) Electronics
e easier handling, . - as designed not suft-
: able for geothermal
environment. Brass
housing not suitable
for geothermal environ-|'
' ment.
Life probably 1 yr
) R R under non-geothermal
- - mditi?ns; longer 1f
: replaced.

e
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TABLE 2.11  CAPABILITIES OF EXISTING SUBS

IDE

-

§
|
5
.
¥
§

NCE MONITOé

ING INSTRUMENTS

o VERTICAL D]

SPLACEMENTS o

Sheet 3 of 9

casing collars

Geotesting

diameter casing, pawls will lock
if pulled upward against smaller
x-section. Depth measured on

graduated tape at these x-sections.

limited to allowable
movement per coupling.

otal:
4 40 mm estimated.

Interval:
¢ 10 wn estimated;

Best in hole within

but should operate {f
some Teakage occurs.)

hous ing

different 1.D. from casing. Latch-
ing mechanism released when probe
hits hole bottom, allowing with-
drawal.

Requires applied upward force at

regular intervals to detect collars.

portable, may be dif-
ficult to mdify for
geothermal conditions.

5.\ " L :
PROPERTIES " o " \ FACTURER'S o 1. . . 3 . RURR . -1 MAINTENANCE RE-
A e o e e L . RANGE OF VER.TICAL, ! MANUFACTURE MAXIMUM DOHNHOLE | MAXIMUM DOWNHOLE MATERIAL |- QUIREMENTS & ESTI- SELECTED
S~ AVAILABILITY - . OPERATING PRINCIPLE DEPTH RANGE DISPLACEMENT o SENSITIVITY. _ ACCURACY  TEMPERATURE : PRESSURE : CONPOSITI(#N OPERATHON anp INSTALLATION  |MATED SERVICE LIFE REFERENCES
INSTRUMENT - : e R o o ! RATED oR (ESTI~ RATED OR (ESTI- ; RY AT
_ : MaRED) aED) g (IMPORTANT FEATURES)
CHAIN TYPE EXTENSOMETER, §.501t Instruments; Device consists of a linear sensor Typtcal: e Maximm: po.1m to nterval: [0 - s0° 2 Probably stai fess' Generally used in d fi
mechanical or grout anchor, with Interfels housing in a steel case, and fixed | 50 - 100 m, but Vead 10 mm to 300 mm 1.0 mm +2¢tS5mm estimtgd') . “°°3n*1"£"m; steel ’ S Requires’mn compa:?edo:m?‘;:'sofe ﬁ::?::e:' {mim’ngd
linear potentiometer or AVOT .. | .. -~ '-"l’-‘ “":"’" ‘,""‘:""'. or "'"‘g" fronl ¥Wire could extend per sensor. : ' estimated . “ grout around dnchors and no casing | by sensors; LVDT prob-
sensor, N Bhate. A moveanie rod extends fron} several hundred m. : : * "7 |in hole. Rods may be protected by |ably more relfable
;-‘; ::":::::::y“ ch:n;a:hg: Sween | - from dast sensor to otal: flexible plastic casing. than linear potentio-
anchored sensor case and 2nd readout. Assuming 10 sensors ,Only lead wires exit at surface; no T't"’ U:: probably
anchor detected by sensor. ! ;Otzt"fg‘:h access to borehole Y. year :‘:1 :cnn::;fons
Extensometers can be coupled by = - i
-{-using 2nd anchor of 1st extenso- estimated,
meter to anchor sensor case of
next extensometer. :
- - - P - o 2 .
SONDE-TYPE EXTENSOMETER, . .. Telemic; Mathaks Probe Towered down hole on cable; | Typical: ~ - Ideally unlimited; but |5 o 1 my to + 1.5 wm nterval: up to 1107 (3000 KN/m” estimated, | Casing usuallyjplastic.f goct when hole wi ° - | If ‘probe can be odi-
with induction sensor and meta Terrametrics; Sincoi  when 1t passes anchored meta) | 75 W to 100 m: nds on casing; wp £ 01 ™ %02 'éﬁgr::d? - based on depth range) |Metal markers fay be | cal, Markers :n:h:m :ut::d:eni fied to take geo't‘::z‘-
markers. Soil Instruments marker, current change induced in . | waximum: to 7% strain pos- : any comon metil. ' | flexible plastic casing. Access to | ™1 conditions, will
Zndary colland detected at sur- 300 m Siole; tased on typical Fotal: ; Instrument hout fng hole required ’ be easy to maintain
ace. Dep “marker 1S length elastic compress t; : stainless s g . .
of cable played out. -~ . s of casing. . o b to 10 mn estimated Not for use tn wetal casing, ::‘n::n;:mved between :
SONDE-TYPE EXTENSOMETER Provided as a service . |Sonde consfsts of two or 3 probes { Maximum: - . Ideally unlimited; but (4) interval: : [Probab) to 120°¢C; N ' 2 | Instrument housing - | Operates in cased hole. Accessible | as above Alten, 1960
with 2 or 3 induction sensors; and |only; by Dresser- rigidly connected in serfés. Works 1500 @ depends on conpressi- |13 ™ iwproved to 415 wm reported t,,,c.,’,:ﬁ.,mm,;,, (::?::,“’t;g"gg? ::{_" | stainless stedl. = ' | hole required. Works best in holes deLoos, 1973
“casing collars” as markers. Atlas, Schiumberger, = ]like above sonde, but-senses change . bility of metal casing {¥bout + 0.1 mm at 1) for double; 1ogging ge1s) At production loggtng = | Csing: low-alloy where casing collar has a recess Allen, 1971
and others.- 1n metal thickness at collars; dis- i and casing/ground bond. [¢ onsoen(2) - or doubles Gronigen(2), induction | tools.) 9 steel, standard o1- | to provide sharp signai(2), Allen, 1368
(CASING COLLAR LOCATOR) tance between adjacent markers de- : : +3.5m for triple  |gensors connected by * -] well casing.
termined by cable played sut be- (2) invar mandrel to mini-
tween probe detection upper marker . mize temperature
(cotlar) and lower probe detecting fotal: effect.
lower marker (collar): Depth of : 9.05 m(2) -
. {probe also.determined. by wheel on . s x 9 Q;
tool which. tracks against edge of i |
casing. Wheel has several attached ¢
magnets, and each partial rotation H
of wheel detected by reed switch in R ~
tool. With triple sensor .data can S - P — - - -
be calibrated in-situ using known
distance between 1 pair of semsorg, |~o s hs o . ; 1.
rUwents s Probe Towered dowh hole on cable. | Typicali - i ; Qa fnterval: {(Probably up ta 120°C 2 . |Probe: tn brass)or ‘Operates in hole cased with as above 1) Burland, Moore
ms;:zisﬂ{i:sglgz'(lmna Soil Instruments; When it passes anchored magnetic ”l’oo » 31:::11{ ::‘::::f::' 3:'; $1-2m ) 1 - 2 mm reported (1); |as above; Reed switch- (lluoggd‘:{:mde:::':::') stainless stee gnétic casing; A - (1 and Smith, 1972
on cable) and magnet markers Terra Technology; marker, reed switch closes and to 17% strain possible, "otal: es can tolerate up to R "N:U’S‘*:E- babl ible hole required; Magnets 2) Marsland and
' ELE detected at surface. Depth of . 2 2.5 mm reported for 200°¢.) . .. et pro anchored to ground outside " Quarterman, 1974
- marker is length of cable played v = . nico.. - o casing or attached to flex- . i
‘ - lout, and is measured with steel - 30°m; 2 5 mm estimated May be(ggated with . | ible casing cemented to
tape. . . for 100 epoxy N ground. Magnets may also
RN ’ Lror 100 m. S be pneumatically forced into
: Accuracy limited by ground.
. Steel tape. N
. . — - -
SONDE-TYPE EXTENSOMETER, Sofl instruments. Probe lowered down hole on coupled | 30 m estimated Total: % 0,05 mm b 2w estimted; | (S0°C estimated) (300 KN/m? estimated su:n}m stee]'rods; | As-above; requires hole with mini- |25 dbove
with two ‘Peed switch sensors aid | o rods. Probe consists of tws reed as above g b 0.1 we claimed b based on depth) "w“‘l "' ess stee mal curvature since not very -
magnet markers {iowered on rods). switches spaced 0.5-1.0mapart; Interval: e Yy : sing. flexible.
R C magnets also spaced at this depth. 150 - 250 mm nfg. :
Depth of any marker determined by N
‘{rod used to Yower probe. Distance .
between adjacent markers deter- ]
mined by rod movement between up-
per reed switch detecting upper
magnet lower reed switch detecting B
Tower magnet..: Incremental rod
travel measured with micrometer. ) - -
- 0, . . E erates in cased, open hole;
s ot mrkers | rovided 15 8 sarvice | o ate) comestae e | bujats outside castng |11 ™ e R o o R -ty Sl S e S e e bier v’
with radioac only; by ser- é . mation with orati » best
and 2 or 3 gamma-ray detectors Atlas, Schlumberger series. Signal sent to surface n formation. { m‘,""'e::ﬂ)gf'wm" Togging tools) Yogging tools) gm:s:: 3"‘:.; :f‘ to install t::fbeforzgug:'i'ﬂg- * 2:;":0""“":;\;:':"1?!\2 g:»:"'l;zy
and others. when x-ray detector locates ! IAccuracy probably . Otherwise, to prevent leakage, only | portable. Some problem } Allen, 197
(GAMMA-RAY LOGGER) bullet. Depth determined by amount ! higher than for casing Tool cooled with dry ) th the production zone cam be marked. |pay arise if RA bullets ’
. of cable played out and by rota- 4 collar locator once Tee (3). Invar housing'|’’ May be impossible to place bullets |are disloged or dif-
tion of tracking wheel-(see casing- | strain exceeds elastic in hard formations such as anhydrite guse into formation.
collar locator). Distance be- ? Aimit of casing; and dolomite.(1) Can install free-
tween adjacent markers determined : nterval: ¢ 30 mn hanging casing length inside com-
by amount of cable played out - . P n 2-detector pleted borehole with R/A bullets
between upper probe detection of- | ",’fz can be reduced welded at known {ntervals to use as '
upper bullet and lower probe + 3 m error | tn-situ calibration for tool. In
:e:ec:ion of lower I]wl'l:t.'uﬂ? 3 -detector tool( ?;“) Japan, welded buttons{to production
etectors, can use 1 pair for 1n. 1+ 1 casing to get compaction of casing
situ calibration. otal: 10 to 20m as well as ground (4).
‘ - ; r - uires cased hole with telescoping Too! has moving mech-
SOMDE-TYPE EXTENSOMETER Soiltest; Sinco; When probe Towered down through Typical: Tota) and Interval: *ltos+3m (50°C estimated) (1000 k/n esti . | Chrome/brass or gal Requ !
with latching pawls to detsct - | Soil Instruments; small diam. coupling into larger - | 100 m 3-6% vertical strains |° Siritated: | vantzed steel tubing and collars which have a |anical parts; although

|

)’250 of vertical.
|

|
|

r
\
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TABLE 2.11 CAPABILITIES OF EXISTING SUBSIDENCE MONITORING INSTRUMENTS o HORIZONTAL DISPLACEMENTS e Sheet 4 of 4
PROPERT [ES
. ’ . ‘ . . MAINTENANCE RE-
: RA'IGE OF ANGULAR | MANUFACTURER'S MAXIMUM DOWNHOLE | MAXIMUM DOWNHOLE |  MATERIAL QUIREMENTS 8 ESTI- SELECTED
AVAILABILITY OPERATING PRINCIPLE . . DEPTH RANGE DISPLACEMENT - SENSITIVITY CCul ; ’
INSTRUMENT : i A nch TEMPERATURE :  PRESSURE: COMPOSITION OPERATION anp INSTALLATION  |MATED SERVICE LIFE |  REFERENCES
- . . RATED Hg;ﬂ(’;sn— RATED "%E Sm- (IMPORTANT FEATURES) ’
SONDE-TYPE BOREHOLE INCLINOMETER; | Galileo; Dames and As probe inclines, pendulum remains "
with pendclom sl EVDT se:?c:r R | Noore : verzlcll. The LYDT measures the 300 m estimated 1289 + 1 min + 10 win estimated (50%C, estimted 2 ripated| PTODIDY stainless To get orientation, must install in|Probe temporary; if it
§ dfsplacement of the bottom of the pased on typicel elec- (3000 W:’“ Eh? mated| steel housing; casing | grooved or square casing, survey [can be modified to
. B e ative to the instrument Srontce) based on depth) - usually grooved, PVC. | fnftially for spiral; for best meet geothermal condi-
case. Depth determined by amount of results, casing should be tele- tions, it should be
cable played out at measuring scoping if cemented or keyed to easily maintained.
point. surrounding ground. Casing may be |5caling and distortion
inserted inside flexible grouted of casing grooves may
casing. Take readings at intervals |iimit life. Casing
corresponding to tool length. materials now used not
: suitable f:r geothermal
- . enviromment.
e el h 1 aCLINHETER: | sinco veriiea. el ines pendulum remans | 300 12189 . 25989 +3min + 20 min es{imated | ( ' -2 Prob ° ’
w pendulum and linear poten- . ulum contac: s- |- - - - as above) - robe ha:
tiometer sensor po tance element fixed to case. Re- . ve) 1400 KN/w”, housing;scz:::; 35 above 3s above Wilson, 1962
sistance varies with angle between usually aluminum or
pendulum and instrument case. plastic.
Depth determined by amount of cable
played out at measuring point. —
SOMDE-TYPE BOREHOLE “INCLINGMETER: | Terra-Technologys ‘ 300 m - ' - e
with pendylum and servo- Geo-Tes:?:?? g?'v‘c o c:r:;g:: 1¥:}1ms.tp¢nduhn remains Typical: £10 sec + 1 min reported (1) L Typical:’ Probe has stainless s above as above (1) Bromwell, Ryan and
accelorometer 3 . This system measures deg ) Typical:: 3500 w,,z ) | steel housing; wheels Toth, 1971
force required to return pendulum 25 de 509¢ o 909¢ Up to 140,000 wﬂz may be aluminum,
to inftial alignment in probe. 45 - 909¢9 ] :? .p itable stainless steel or
Depth determined by amount of “avaflable available. vl hard plastic; cable
cable played out at measuring ) cased in polyurethane
point. or neoprene.
SONDE-TYPE BOREHOLE INCLINOMETER; |TerraTec, developmental | As above, except: )
with ’ ' : 100 B estimated * 35 sec ; as abo as above Dunnicl
devic:mm_ and air pressure Ti1t measured by preumatic force 23 deg wstipated (50°C estimated) (1000 k¥/a® estimated) ‘;{2‘3"?.3..2?:3'.‘"” v nmiciife, 1970
{air pressure) required to return
pendulum to original alignment i
in probe. |
SONDE-TYPE BOREHOLE INCLINOMETER: | maihak; Telemac; Cantilever with weight at unsu . .
5 ppor-{ 300 m estimated Typical: -
w::h antil:vere: p:nduhn and Geonor; ELE ted nds as probe tiles. Bond. 050 deg 230 sec - + 2 min + 3.ta 4 min reported | (50°C, estimated based | (3000 Kycn’, estimated Prob:b’l‘gus::ainlg:“ as above as above
vibrating wire strain gauges ing of cantilever measured by vi- - on typical electronics)|based on depth) sm“ S "géd Pvcg
brating wire strain gauge. Depth o usually grooved, FAL.
determined by amount of cable .
played out at measuring point, ‘
SONDE-TYPE BOREHOLE INCLINOMETER; . ents; 1th weight at unsuppore
with cantilevered pendulum and - Soil’ Instruments; mt;l\d"::n:s oy rgbe e B:m- 2008 5 deg to 30 deg 215 sec t0 £ 40 sec ) bove) 2 Chrome: plated brass or | as above as above (1) Kallstenius and
Soiltest P! s. + 1 min'!) deported (as abo (2000 KN/cm®, estimated Be 1
bonded electrical resistance ing of cantilever measured by R B 110w jdepth: based on depth) stainless steel hous- roau, 196
strain gauges. electrical resistance strain or shallow deptns ing; neoprene sheathed
gauges. Depth determined by amount . cable, stainless steel
of cable played out at measuring wheels.
= . int. . . :
SONDE-TYPE BOREHOLE INCLINOMETER: | sperry Sun; As _y o © availabl ‘ Maxtman: 2 Instrument d
: probe inclines, A ins| Deep holes, more than | 2° to 130° available | 140,000 Probably stainless nstrument determines both orien- | Probe temporary; {f
with pendulum, compass and camera Schlumberger vertical. Camera m""m‘f’:.p‘:s"’" i k: 4 315% for & hrs; kN/m steel housing. tation and tilt; camera operated can be modified to
pendulum position relative to - 1 with special insu- by timer; accuracy of depth meet geothermal condf-
m‘p:“ fixed to case. Depth de- | lation; m:::mx aﬁ?:;:t?l un? lngleed tions, should be
compass ‘ w oW unless us easil intained.
out at uazumring“:o?:t?»" Played I Typical: ‘| as single-shot device. ] Y maincain
i 175%
SONDE-TYPE BOREWOLE INCLINOMETER; = [ Eastman For compass orientation, rotary -~ 540m re tha °; 1° for tilt; 2° for ! 0, imated 2
pendulum,linear potentiometer, wtor rotates mirror until indica- | Used at :a;oang‘l::" % 1 orientation (0% estimated) 6200 Ky ghr;::‘:a:l“ed 2:“?';“: inc}inltion :“d grienta- | o above
compass and-rotary wotor tor-facing nerth. For angle -from ’ ' : : ’ on; device also contains TV
vertical as probe tilts, pendulum canera.
remains vertical, Pendulum con-
tacts resistor fixed to case. Re-
sistance varies with angle between
pendulum and instrument case.
SONDE-TYPE BOREMOLE mq_lmgfm. Service too) only; by |AS probe inclines, pendulum remains |6.2 km reported; maxi- | 0 o + 15 min tilt, ¢ ted, wi 2 : X 1 Determines fnclination and as a
with gyro-compass camera, and Sperry Sun, Schius- | |vertical. Camera photographs pen-  |mum range probably T P 4 ’ mm;egﬁeﬁ f:r‘:p 0'2;300;"/.: st Housing K-Hone orientation. bove 011 and Gas ani, 1971
penduium | berger dulum position relative to gyro- 9 km 19e9 o, 39¢4 %o 11% hr mated, based on dep
compass, fixed to case. - orientation . and muds reported.)
SONDE-TYPE BOREHOLE INCLINOMETER; As probe inclines pendulum remains {6 - 10 km estimated 7,14, 21 deg 8win fal models avail- 2 Make reading at one depth only -.
with needle-pointed pendulum.and Totco vertical. At pre-set time point of ' . 15 min estimpted :m for u:ms(?\';oac) ?..°2;3°° bf’:/g: q:s::.th)v Prob:b:z s%ainless gives tﬂt°=‘¥ - not o:ien:at{on. i above
punchable chart . pendulum punches chart fixed to and hot (€300°C esti- : PR} |steel housing Must be retrieved to determine tilt,
probe, giving inclination of mated) holes : Tilt simply determined by examining
probe. Depth determined by amount chart with magnifying glass, will
of wire-1ine played out.- - operate in any type of hole-cased
X . . ) or uncased.
) E X Terrametrics Stee] tubes anchored 1n hole and 54.m with 6 @ inter- 143 sec " 2 Tubes are stalnless Designed for use in uncased hole  |Permanent; may be im-
.‘.525":‘.’2‘25."3&5 E:::c“;mﬂm i connected to adjacent tubes by can- v‘nls between. canti- = $ 20 sec se’c Ls«:d m/n“e:'t'i)mted. Stee but could be installed in flexible |Possible to recover
electrical resistance straip gauge Sl'ﬂé i ool mvgﬁnt De ucen fers sed on dep casing. ::‘rm‘:{":]ﬁﬁ?gs
ubes causes can . -
sensors pend. Bending sensed b;:::.f: &'"":‘“"" must be determined tion for geothermal
 qauges. : en nstalled. environment; stainless
steel housing may leak
s after several years
service, due to pitting
corrosion.
FIXED BOREWOLE DEFLECTOMETER interfels Steel tubes anchored in hole and | 64 m with up to 8 35 min/element; +2to % 20 sec 21 to 3 mip estimated| (50°C estimated) 2 * Probabl as above
th inductive se connected by tensioned wire. resettable = - estim (540 KN/m" estimated robably stainless as above
v uctive sensor Position of wire changes as angular measuring elements based on depth) ' | steel housing.
movement between tubes occur. Move-
ment detected by inductive sensors, o -
FIXED BOREMOLE INCLINOMETER s61 Pendulum remains vertical as probe 0 -1 deg. toseveral [ +6mintos 7 sec .. |%3 de9 estimted (50°C estimated) (100 KN/nZ estimated, | Probably stainless Install fn flexible tube. Deter- | As above; probably not | (1) Kallstenus and

with pendulum, electrical contacts
and micrometer

tilts. when tilt exceeds a preset
value, perdulum has swung far
enough to touch electrical contact
and complete circuit. Micrometer
can be turned from surface to

deflect pendulum to determine angle.

10 m estimated

degrees(1)

based on depth)

steel housing.

mine orfentation when instrument
installed. Requires mechanicatl
connection between surface and
instrument.

suitable for geother-
mal environment.

Bergau, 1961
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‘Table 2.12- PROMISING INSTRUMENTS FOR GEOTHERMAL SUBSIDENCE MONITORING

CINSTRUMENT

Displacement]

B8] DESCRIPTION OF INSTRUMENT'

Measures
Vertical

’ u . A pipe 1nside a cased boreho\e is permanently anchored at the base of the
o Pipe Type Borehole Extensometer - Anchored by 0un ueigm Attached / . borehole and extends to the surface. The movement of the bottom of the
Wire at Surface with water level recorder readout.. : : " | borehole relative to the surface is directly determined from the movement
R U : - ) the top of the pipe relative to a surface benchmark

.

. Sonde-Type\Bo‘rehole Extensometer. - With 2 or.3 Induction Sensors:and . \/ . S S SRR e Ll . -
“Casing Collars" * ‘markers. s : A probe containing electronic sensors is lowered down a borehole. It detects
: .. permanent markers placed at regular intervals along the borehole.. The
‘ ‘ o . ~markers may be magnets, casing collars or radiocactive bullets. The distance
¢ Sonde-Type: 30"9"0'3 Extensometer "W‘ 2 or 3 Gamma-Ray Detectors and v " between markers may be determined by the amount of cable played out:or by
Radioactive Buﬂet Markers. CTe Gt : “'calibration of the strip chart record using the known'spacing between probe
L ; O : e " sensors {f 3 or more sensors are used. The probe is retrieved after the ..

L : e a : -~ : hole is surveyed.
o Sonde-Type: Boreho‘le Extensometer with Reed Switch Sensor: {Towered on - |- / * y
cable) and Magnet Markers, o e

By 5

FE—

] Sonde-Tyﬁe”ﬁor'ehole Inclinometer with Pendulum and Servoagcelerqméter ; o v e . o ‘ :
¢ Sonde-Type Borehole Inclinometer with Cantilevered Pendulum and o J .~,A probe containing a electromc or mechanica! sensor, whose s1gnal s
Vibrating Wire Strain Gauges , T . proportional to the tilt of the probe, is Jowered down a borehole. ~The

) o e .- sensor’ may bea servoaccelerometer, a strain-gauged cantilevered pendulum
Lo R B ; b 2-or a‘pendulum whose. movement is.recorded by a camera- or punchable chart.
o Sonde-Type Borehole-Inclinometer with Pendulum, Compass and Camera v ' The depth of the probe is the length of cable played out. Horizontal
) . : deflections are calculated from the continuous tilt profﬂe with depth.
The pr‘obe is retrieved after the hole is surveyed

) Sonde-Tyf)e Borehol'Ee' Inclinometér‘with Pendylum and Pum:hable( Chart . v
[ Sonde-Type Borehole Inclinometer with Pendulum, Gyrocompass and s /
Camera , : : .
A permanent instrume;\t consisting of two tubes, hinged by 2 strainogaugeb
e Fixed Borehole Deflectometer with Cantﬂever Mounted Electrical . v - cantilevers at. the junction. Angular movement between the two tubes bends
Resvstance Strain Gauge Sensors ’ “the cantilever, The strain in the cantilever i$ measured electronically

from the surface, Horizontal deflections are calculated from the continuous
tilt profile provided by a series of these devices.

! Note: Refer to Interim Report #1 for more information on these instruments




TABLE . 2. 13

INSULATION SUITABLE FOR GEOTHERMAL TEMPERATURES

(Malloy, 1969; Barron, 1966)

Range of k

Range of k
; at 93°¢C at 315°C R
Insulation {w/m0c) (W/m°QlL Comments

CONVENTIONAL INSULATION

Asbestos Fibers | 0.047-0.064

Calcium Silicate | 0.047-0.065
Diatomaceous Silica 0.046-0,224
u ©0.060-

'0:035-0.076

Cellular Glass

Glass Fibers

Magnesium Carbonate 0.050-0.065

Mineral Fiber

Expanded Perlite | 0.045-0.051

Silica (and Alumina)
Fibers

0.037-0.068

0.073-0.095

£ 0.073-0.088

0.109
0.059

0.065-0.097

10.077
0.051-0.087

- 0.068-0.118

With binders; without
binders, but woven, etc.

With binders and ioose

With binders; without
binders but woven, etc.

With asbestos filler
With binders; without
binders but woven, etc;
loose

With binder, loose

Woven and other without
binders; loose

VACUUM INSULATION

Cylindrical Déwar

Multilayer Vacuum
Insulation

0.0004 betw
and 300°0C (

0.0073 between 100%C
and 300°C (calculated)

een 100°C
calculated)

Two concentric cylinders;
space between evacuated

to 10""*mm Hg; 100mm$, Im

long external dimensions;
12.5mm gap between concentric
cylinders

| Aluminum foil at 2 layers/

mm; fiberglass spacer
material; 10-4mm Hg
pressure between foil
layers.

Note

and granular insulation together,

- 28 -
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TABLE 2.14 THERMAL EXPANSION CHARACTERISTICS OF SELECTED MATERIALS

Material

Aluminum

Low Carbon Steel
Invar .

copper
Coﬁcrete E
Vulcanized Rubber

Nylon

Glass (Silica) - -

Calcite

Coefficient of Expansion at 20°C
(mm/mm/°C)

20-22 x 1078
11-12 x 107
1.4 x10°%
16 x 1078
13 x 107
81 x 107
99 X 10

6
6

..0. 5 X 10

-6

6

-6
-6 x 107" one axis;
-6

25 X 10 other ax1s

- (after Van V]a;k, 1964; INCO, 1968)

Aﬁerage aL‘ }-Rahge of Temperatures
For ~ - Over Which o
Alloy Name % Nickel vIempergture Range - Ngar1y Constant
Invar 36 1.4-1.6x10"mm/mn’C -70°C to 120°C
42-Nickel | g T 0
Iron Alloy 40-42 74.8-5.6x10.\mm/mm C- | o 40 Q»to 230°C
49-Nickel | 6 on om0
Iron A1loyﬁ’ii47’50fi* 9.1-9.9x10 “mm/mm"C . « 0 C.to | 4004C
Carbdhv3t§e1 :'iOWﬂ" ‘12{é§10‘6mm/mh°C S gradua11y 1ncreases over

range 0 to 300°C

{Carpenter Steel Co., 1977; Inco; 1949)




TABLE 2.15 - EFFECT OF TEMPERATURE
ON ELASTIC MODULUS AND ELECTRICAL RESISTANCE

(a) ELASTIC MODULUS

~ The change in the modulus of elast1c1ty due to temperature change .is
given by: AE M'E AT

= Modulus of Elasticity
= Thermal Coefficient of Modulus
AT = Temperature Change

Typical values of the thermal coefficient of modulus ay are given below.

Material | M (0-150°C)
Controlled Modulus Alloy -36 to 27x107%/°¢
(Iso- e1ast1c Elinvar, Ni-Span-C) A
Spring Steel -342x10'6/°c
Type 316 Stainless Steel -400x10'6/°C

(Tnco, 1963; John Chatillon & Sons, 1978)

Note:

The controlled modulus alloys have a relatively small and constant thermal
coefficient of modulus to 150°C (Inco, 1949). Age-hardening increases
the temperature range (Inco, 1949), but data on the value of ay above
150°C are not readily available.

(b) ELECTRICAL RESISTANCE

The chahge in electrical resistance due to temperature is given by:
AR = a,*AT-R

R
where
R = Electrical Resistance
ap = Thermal Coefficient of Resistance

AT = Temperature Change

Typical values of the thermal coefficient of electrical resistance ap
are given below.

Conductor . '~ ) aR(AQ/Q~°C near 20°C)
Aluminum _ “v,v, A o » 0.004
Carbon CTT el : : -0.0003
Constantan (222 gg; - "0 (average)
Copper 0.004
. 4 ; -
Manganin (?22 ﬁg, 8% Ni) 0 (average)
Evanohm (74% Ni; ‘
20% Cr; 3% Al; ~0 (average) (to 250°C)
3% Fe) o
(Grqb, 1977; Inco, 1968)
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TABLE 2.16
TEMPERATURE LIMITS OF MECHANICAL SEALS

Temperature limits of common seals are:

Neoprene 135°C
vitm 190°C
PTFE T 245%C
Asbestos o : 345°C
Nitfno] with Cohposifes o 400°C

" grafoil 400°C
Metal to Metal I 480°C

(6riffith, 1978; Baker, et al, 1975b)

- 31 -



10

n

12

13

14

15

16

17

18

19

TABLE 2.17

SOME RECOMMENDED MATERIALS AND TECHNIQUES

FOR GEOTHERMAL INSTRUMENTATION

MATERIAL OR
. TECHNIQUE

AL-6X or Type 316, Stainless Steel

Hastelloy-C or Inconel 625, Nickel
Alloys

Cathodic Protection with impressed
current

Chromium/Nickel or Aluminum Coatings

Inhibitors for pH control and oxygen
removal; film-forming amine inhibi-
tors -

Design to minimize effect of
scaling on instrument

Multi-layer foil vacuum insulation

Thermoelectric cooling or "special"
mechanical heat pump cooling

40-50% Nickel/Iron Alloy
Temperature-Invariant Reference Bar

Isoelastic, N-Span-C, Elinvar

Evanohm, controlled resistance alloys
Use of two strain gauges¥one strained
and one unstrained

Heat treatment of strain gauges
Metal-to-metal seals

Metal sheathed, 4-wire, butt -
welded electrical cable with strain
member

3 or more sensors per extensometer
probe

Conversion to frequency or on/off
signal or use of downhole recorders

Gyroscope

APPLICATION

To construct instrument housing for temporary probes.

To construct .instrument housing for permanent -downhole

" instruments.

To protect well casings used as part of subsidence-
monitoring system; to protect permanent downhole
instruments.

To extend life of metal parts exposed to well environ-
ment; use only with recognition of implications of
coating falure

To reduce the rate of corrosion due to well fluids of
of well casing and permanent downhole instruments.

To prevent probable build-up of calcite and silica
scale from rendering instrument inoperable.

To reduce heat flow into instrument capsule. Use
inside pressure-resistant housing.

To remove heat from instrument capsule to maintain
temperature at 100°C for aminimum of 72 hours;
this allows for slow accurate logging with available
electronics.

To construct internal instrument parts to reduce
temperature effect on length.

To support internal instrument parts to reduce
temperature effect on length.

To construct springs, cantilevers and tensioned members
to reduce temperature effect on elastic properties
and to reduce inelastic behavior at high temperature.

To construct precision resistors to minimize reversible
electrical resistance change with temperature.

To compensate for temperature effects on resistance (both
reversible and annealing-type changes) and on length.

To reduce cumulative resistance changes in strain gauges
due to gradual annealing at geothermal temperatures.

To minimize leakage into the instrument at geothermal
pressures and temperatures.

To design and construct electrical cable to withstand
geothermal fluid pressures and temperatures.

To make measurement of distance between markers indepen-
dent of cable stretch and minimally affected by tool
bounce.

To eliminate inaccuracies due to signal loss between

sensor and surface. . ‘ }

To orient inclinometer measurements in deep cased holes.
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TABLE 2.18
PROMISING IMPROVED INSTRUMENTS

PROMISING . |~ APPLICABLE
IMPROVED - - R IMPROVEMENTS
- INSTRUMENTS o o
' (parentheses indicate
improvement of lesser
A s , - o importance)
SONDE TYPE BOREHOLE EXTENSOMETER | 1, (3), 5, 6, 7, 8, 9, (10), 12
with 2 or 3 induction sensors - - 15, 16, (17), 18 .
- and casing collar markers ~ '
SONDE TYPE BOREHOLE EXTENSOMETER . 1, (3), 5, 6,.7, 8,9, (10), 12
with 2 or 3 gamma ray detectors | . 15, 16, (17), 18 -
and rad1oact1ve bu]let markers AT D
SONDE TYPE BOREHOLE EXTENSOMETER . f 1, (3), 5,6, 7, 8, 9, (10), 15
with reed switch sensor and - 16, 17, 18
magent markers - SRR E
- | SONDE TYPE BOREHOLE INCLINOMETER'— 1 l,i(3); 5, 6,7, 8,9, (10), 1
' with servo-accelerometer T 12, 15, 16, 18, 19
SONDE TYPE BOREHOLE INCLINOMETER | . 1, (3), 5, 6, 7, 8,-9, (10), 1
~with cantilevered pendulum and - -{ =~ 12, 13, 14, 15, 16, 18, 19
vibrating strain gauge sensors : ’ .

Tsee Table 2.17 for identificatiod’bf n@mbered improvements
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TABLE 2.19
TRANSDUCER APPLICATION FOR GEOTHERMAL SUBSIDENCE

Sheet 1 of 2

TRANSDUCER

RATING

COMMENTS

Electrical Resistance
Strain Gauges

Potentiometers

Capacitance Sensors

Electromagnetic Vibrating
Wire Sensors

LVDTs and RVDTs

Electrical Force Balance
Transducers

Magnetic Induction
Sensors

Time Domain
Reflectometers

Reed Switch Sensors

Optical Fiber
Transducers

2-3

Weldable strain gauges offer much promise because of good
stability at high temperatures. -Bonded gauges are also
available for high temperature use, but are not as stable.
Both have successful field records.  Downhole high
temperature signal conditioning will be required to return
a good signal to the surface.  Resistance and length
changes due to temperature will .require compensation on
all resistance gauges.

Suffering the same resistance problems as electrical
resistance strain gauges, potentiometers have additional
problems of friction, wiper contacts and current inavail-
ab111ty for high temperature use.

AIthough they have good high temperature stability, they
are too fragile for field use. : Also, moisture and signal
loss over long leads are problems.

Their main asset is that the output signal is frequency
which is not sensitive to long lead lengths. However,

the sensor is temperatire sensitive and requires relative-
1y sophisticated sigrial conditioning including some .
adjacent to the vibrating wire. It is not currently avail-
able in a high temperature package. Temperature compensa-
tion will be more comp]ex than for resistance sensor.

LVDTs are available in high temperature -packages providing
the signal conditioning equipment is not at high tempera-
ture. LVDTs output a voltage signal and are thus sensitive
to long lead lengths. High temperaturé signal conditioning
for downhole use will be required to return a good signal.

Because they minimize vibrations, these have been the most
accurate sensors for tilt measurements. However, they are
not available in high.temperature packages. Both the
restoring coil system and the proximity sensor would
require redesign to compensate for length,electrical
resistance and magnetic permeability changes due to tem-
perature.

Their main asset is that they have been used in downhole
probes to make accurate measurements of settlement. They
are not currently available in high temperature packages.
Redesign would have to compensate for lead length,
electrical resistance and magnetic- permeab1l1ty changes
due to temperature.

Although advantageous because no downhole electronics or
probes are required, this method is too inaccurate. Also
with numerous markers, it is hard to analyze.

Very promising because only simple downhole electronics
would be required. The signal is off-on, another good
feature. The effects of temperature on the strength of
the downhole magnets and on the permeability of the reed
switch blades must be assessed. Corrosion of the magnets
may be a problem.

Problems arise because of fragility of fibers and depen-
dency on high-powered lasers. However, it may offer
promise at a later date due to resistance to hostile
environments and stray electromagnetic fields.

DEFINITION OF

RATING RATING CATEGORY
1 Limited Potential
2 Some Promise
3 Very Promising
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' TABLE 2.19°
TRANSDUCER APPLICATION FOR GEOTHERMAL SUBSIDENCE (CONT'D)

Sheet 2 of 2
TRANSDUCER RATING - o COMMENTS
Light Sensitive - 1 - May have future application if optical fiber transmission
Transducers 1. - -becomes practical for field use. Not available in high

.. temperature packaging, and because of limited temperature
., range of semiconductors, may not be adaptable.

Radiation Sensors oo} o sPromising because of successful application for settlement
. TR - measurement in oil and gas wells. Also, radioactive
2-3 markers can be used with conventional casing. To adapt to
high temperatures, it will probably require a return to
‘. Gefger tubes. '

Acoustic Transducers . = “5&- . Not-promising due to lack of :accuracy in correlating

acoustic emissions to settlement or in application of

1 echo-ranging. Although echo-ranging might offer promise
: 4.-. since.no downhole equipment. is required, it only gives
. data on the depth to one point..

Static Column Fluid Not'brbmising; suffers all the problems of electrical

Pressure Transducer - ' A;‘f “{ % "transducers plus problems due to fluid density and material
R 7T - corrosion, : e -
Traversing Column Fluid I mssme'ﬁromise since 1t"s a multipoint sensor with no down-

Pressure Sensor 2 hole electronics. However, density problems and material
: o o + el os corrosion problems must be solved.
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PERFORMANCE OF

TABLE 2.20

CIRCUIT ELEMENTS AT 300°C

Sheet 1 of
‘ PERFORMANCE
CATEGORY COMPONENT (1 = best choice) COMMENTS
RESISTORS Dupont 121 2 a 1
erage resistance
Cermalloy 530 2 change 5% over
Electro Science 2 25-300°C
Lab 3813
Cermalloy 530 '
Tot 2430 1" average resistance change TCR adjusted for tempera-
0.2% over 25-300°C. After ture range 25-300°C.
cure, 0.2% resistance
change when aged @ 300°C
for 1000h
CAPACITORS 3 low insulation resistance;

PASSIVE COMPONENTS
(General)

ACTIVE DEVICES
{discrete)

©($10,5 SigN,)

porce]ain

solid tantalum

thin film .. .

multilayer ceramic
brick ‘

thick film
(Electrode metal-
1ization; DuPont
8653; 1ink: DuPont
8299)

reconstituted paper
mica with silicone
impregnation

solid Al electrolytic

high temp. passive
components

Si - JFET (n&p)
Si - MOSFET

Si-8ipolar transistorsj
Si-Bipolar diodes

GaAs MESFETs

GaAs JFETs

integrated thermionic
devices

ceramic vacuum tubes

large bond gap semi-
conductor devices
-$iC, GaP, InP, dia-
mond crystals

“30-60% dissipation factor
© 300°C

3 irreversible changes
@ 300°C .

2 not as good as thick film

2 good to 220°C; low insula-
tion resistance @ 300°C
random drift above 250°C

1 7% dissipation factor
@ 300°C; capacitance
“change of 5%; 1% drift for
.1000h aging @ 300°C

1 2% drift @ 300°C for 100h

1 5% drift @ 300°C for 100h

- Experimental

1 n&p channels functional to
300°C; 1ittle change after
aging 1000h @ 300°C

2 n&p channels functional to
300°C; slow degradation
after 100h @ 300°C

3 large increase in leakage
current

2 migratfon of metallization
above 250°C; susceptible
to spontaneous internal

2 oscillations

- not yet available

- high voltage large size
- experimental

Small capacitances to
5000pF

0.1-1.0uF large-size,
expensive

1.0-100uF; limited to
40V DC

University of Arizona Solid
State Engineering Lab
Tuscon, Arizona

Best available currently for
high temperature circuitry

Aging problems may be improved

by change in fabrication
process

Fundamental limitation of
silicon

- Improvements possible by re-
design since GaAs has intrinsic

high temperature capability

Under research at Los Alamos
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TABLE 2.20

PERFORMANCE OF CIRCUIT ELEMENTS AT 300°C (CONT'D)
B L ' Sheet 2 of 2
o PERFORMANCE .
CATEGORY COMPONENT ~ (1 = best choice) COMMENTS

ACTIVE DEVICES
(integrated circuits)

COMPLETE CIRCUITRY-+

BONDING

integrated circuits

ultrahigh temperature
amplifier )

Au-Au
Au-Al

Al wire bonded direct-
1y to Cermalloy 4399

or DuPont 9791 Au:thick

film conductor

Al-wire bonded directly
to tolerant Pt-Au thick
film conducted; Al bond-
ed ultrasonically

Al-wire bonded directly
to modified Au Dupont
9910 thick film
materials

Buffer: Ni or silicon .
discs between Au thick
film and Al wire .

Au ribbon; parallel gap-
welded to Pt-Au con-
ducting layer

Au/Ge solder-

- - experimental -

1 best if feasible; no degra-
dation @ 500°C for 1000h

3 ihterhé&h]lic problem

3 excessive resistance and
weak pull strength with
-~aging due -to Au-Al
intermetaliic problem
2 Weak pull strength; no
electrical degradation
@ 300°C for 1000h

1-2 1000h @ 150°C with no
degradation Upper
1imit -300°C

2 No bond degradation
@ 300°C aging; weak
pull strengths with
A1-Ni connection -

1 1000h @ 500°C with no
degradation

‘Improvements possible with
dielectric isolation

3 failed -200°C due to fail: |
ure of junction isolation

- resistance connection

. cans to printed circuit boards
--and small discrete components

System Development Corp.,
Santa Moniqa, California

Requires semi-conductor device

with Au metallization
Aging degradation produces high

for Al»w1r§ systems

Add-on component bonding
and crossovers

Attach active devices in TO

to ‘hybrid substrates

(Palmer et al, 1978; McBrayer et al, 1977; Palmer, 1977; Baker, Campbell andVHughen.~1975)
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SELECTED

T A

BLE

2.21
RECORDER

SYSTEMS

~(For Above Ground Data Recording)

TYPE OF APPLICATION MAX 1IRIM RANGE OF RECORDING RATES ACCURACY ADVANTAGES &
RECORDER NO. OF B QAT . DISADVANTAGES
’ : CHART WRITING ES FOR
CHANNELS SPEED SPEED EVENTS/POINTS
;esarx or u& to :o 6 tmvn; - 0.015-0.02 . up tg 50 ;yst$ Inexpensive; reliable.
. n- events; channels 200 mm/sec sec-full scale events/sec ependence :
EVENT suitable for use | typical; typical; 0.0010 |max approx 0.25% Tedious to analyze the data.
e with reed switch,| Some to 150 Use 30 strokes available to 2%
contact closure | channels per inch of :
- jdevices . - chart
Generally used - |Up to 48 6 mu/hr - ©10.3 to 1.0 2 secs/point 0.25%+ of Very slow; not computer
for slowly- Channels 100 sec. full to 16 points/ full scale compatible.
MULTIPOINT changing indus- mm/min scale sec
trial operations; response
many variables
vs. time )
Variable input- 1-4 channels 4 m/hr - 0.3 to 1.0 sec- Z-Q-Hz 0.25% to Relfable; cheap compared to
STRIP such as current, |typicals 200 mm/sec full scale re- |typicals 0.5¢ full magnetic tape. Not computer
CHART voltage of strain|Up to 30 typical; sponse typicals |piqiqanle scale | compatible; available with
transducers vs. |possible yP * 0,12 sec avail. |4 o5 yz typical; galvanometric or servo-
time - 1-2% at high potentiometer mechanisms;
frequency tedious to analyze
CIRCULAR As above; usually|q-2 typical 4 hr-8 day Very slow ~1 event relative Too slow for most appli-
oR dedicated to rotation per minute to 24 hour - cations; data not compu-
ROTARY single variable : system ter compatible.
CHART such as tempera-
ture, water level
Rap;d events, gp to }6 0.5 mm/sec ggot;/sec 10-}000 Tz 5% {ull Not suitable for field use -
such as hannels full scale; scale
OsgétsgggﬁPH geophysical p to 1.3 m/sec . delicate, not easily portable
and s-wave
tests
Store events up |y_» N/A Very fast Very fast + 3% Data difficult to reduce.
to 450 KHZ; Typical Difficult to interface to a
STORAGE Store size: computer. Excellent for
OSCILLOSCOPE 1024 x 8 bits rapid data examination.
Permanent record
can be made on
strip chart
recorder
Digital data 1-2 10 to 30 Encoding digital Cheaper than mag. tape at
. recording Typical characters dependent dropout low speed; as expensive at
PAPER per second : rate may be high speed; moderate’y ac-
TAPE Typical significant curate; can feed into ai-
PERFORATOR most any teletype; inter-
faces to most computers;
not sensitive to dust &

- field conditions; possi-
ble to verify operation by
looking for certain punch
patterns.

For large quanti-| 6 channels 23 mm/sec- Very fast; Excellent; Band width 20Hz to 2MHz;
MAGNETIC ties of data; with data 6 m/sec compatible dropout rate faster, more info than paper
TAPE Also for future |acquisition with computers for digital tape; cheaper models may not
analysis of data | system; 7 or Each track data is interface with many computer
by computer 9 track tape req's '?C negligible installations. Good way
typical na? sdg- to store data a long time;
cond. Relatively expensive; sensi-
tive to dirt.
Use with CRT, 1 .|Relatively Can be very Special purpose - data
downhole instru- |Typfcal slow useful for difficult to process.
PHOTO- ments requiring (typically) extensive
GRAPHIC 2-D records, data
such as compasses compression

and pendulums
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FLOATING PISTON —|

INJECTOR ““\~

(meters in fixed amount
of water from reservoir
into EC—eylinder when
actuated) .

EXPANS 10N
CYLINDER (EC)

PISTON ———— 1"

INSULATION —%

PISTON"ROD (PR);_; -

PACKING ——

e

ACCUMULATOR (A) NITROGEN —]|

(at same pressure as
accumulator brine)

ACCUMULATOR (A) <

~ ACCUMULATOR (A) BRINE ——T’
PISTON ROD (PR) STOP —

|_—BRINE (at amblent pressure)

| FRESH WATER RESERVOIR (with additives)

- EJECTION VALVE (when open allows
water to flow from cylinder
“back into reservoir)

H— EXPANSION CYLINDER (EC)

. (for expansion of water into

' -vapor; vapor absorbs heat from
“instrument capsule; heated vapor
then forced back into reservoir)

L INSTRUMENT CAPSULE (iIc)

(houses temperature sensitive
instruments)

. “‘-lNSTRUMENT CAPSULE. (IC) NITROGEN

. (at ambient + 10% approx. when

 EC-piston all the way up;

* pressure increase due to pulling
EC-piston down Is used to return
EC-piston later in cycle)

/,f1ACCUMULATOR PIsTON (AP) sTOP

| ACCUMULATOR (A) PISTON

_— ACCUMULATOR PISTON (AP) LOCKING PIN
(Yocks automatically when pulled
above A-piston; released when
PR-stop hits bottom)

— ACCUMULATOR (A) VALVE

(opens to release A-brine back

: R  PUMP to well on. downstroke of . .
(connected here, it pumps\\\\~)' accumulator piston)
in brine to a pressure

just above ambient; this
pushes up the A-piston
and compresses the A-
nitrogen)

PISTON ROD STOP (PRS) LOCKING PIN
(locks when PR stop hits it;
releases when A-piston reaches
top of stroke)

Figure 2,1 - BASIC ELEﬂENTS OF POSSIBLE MECHANICAL HEAT PUMP
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C — . COOLED JUNCTION
P N
ELECTRICAL wl | . R
INSULATION - | r' ’“| 1 . HEATED JUNCTION
WITH GOOD ~
THERMAL =~

CONDUCTION —
7 . COOLED JUNCTION

HEATED

COOLED

wol IR

HEAT

" Figure 2.2 - CASCADING .3-STAGE THERMOELECTRIC REFRIGERATOR
(after Wolfe, 1962; Heikes and Ure, 1960)
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. LENGTH INCREASE, meters
(of bar, initially 1Im in length at -62°C)

25 x 10-%

20 x 107"

~ CARBON STEEL

15 x 107"

INVAR

10 x 10°*

5x 107"

=

-100 0 100  © 2000 300 . 400
' TEMPERATURE, - °C ;

Figure 2. 3 - RELATION BETWEEN LENGTH INCREASE AND TEMPERATURE
FOR CARBON STEEL AND INVAR
(after Carpenter Steel Dlvision, 1976)
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VARIOUS PROBE POS!TIONS

- > UPPER AS LOWERED OR RAISED
_ PAST MARKERS
_ VMARKER I 1}
I O
1
. L
L 12 SENSORS

w o WELL

1 El‘ | .
: L LOWER , |
| MARKER S e , - 3b

; : PROBE -CONTAINING 3
g SENSORS AT FIXED
: DISTANCES APART

a) POSITION OF PROBE AS EACH SENSOR
RECORDS MARKER . 2 bd

Sensor Nos. Time
1 2 3 (secs)

[ Lyz + Loz - L 1
4 _Liz L2z - Ly Lss
P d ——J’
. CALCULATE L FROM
+ KNOWN VALUES OF
, STRIP
T 7 chasr Liz L2s AND Liz

3 Y
A)

L ¥

b) DETERMINATION OF DISTANCE BETWEEN MARKERS
FROM STRIP CHART

Figure 2.4 - USE OF THREE SENSOR PROBE TO DETERMINE
DISTANCE BETWEEN DOWNHOLE MARKERS
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. a e o358 o
inert gas glass envelope .:,:.:-.:E}‘:-::".‘m'-":':'.-.’_-’.’.{-‘_:_-,-._
\) overlap e :

..-,‘. : ) S ‘ .
Vo gunn X S\ Yy X0 * N
// A\ § T~ I L. . = 17
N
reed ﬁ\\gap /)
contact coating blades . o .
a) REED SWITCH COMPONENTS b) NORMAL OPERATING POSITION OF SWITCH
(F~-R Electronics, 1972) : : (F-R Electronics, 1972)

Cable reel
with buzzer

«}——Borehole filled
-with flexible grout

|__—— Probe with reed switch

b-ﬁ Magnetic ring

Plastic guide tube ——f-=

R Springs-\\

4 4,_‘

c) APPLICATION OF REED SWITCH IN GEOTECHNICAL ENGINEERING

Figure 2.5 - REED SWITCH SENSOR
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TRANSDUCER
(SENSOR)

TRANSDUCER

>
LINE
AMPLIFIER
& LINE
DRIVER
a) A SIMPLE SIGNAL CONDITIONER
A/D o] MODEM

CONVERTER

AMPLIFIER

b) A MULTIPLE ELEMENT SIGNAL CONDITIONER

TRANSDUCER

c) A SPECIAL SITUATION WHERE THE TRANSDUCER IS SELECTED
TO PROVIDE SUFFICIENT OUTPUT TO DRIVE THE LINE DIRECTLY

LINE

LINE

LINE
DRIVER
AMPLIFIER

Figure 2.6 - SOME POSSIBLE.SfGNAL CONDITIONING SYSTEMS
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- e PERIPHERAL
P — =]  MODEM . }—p» INTERFACE
SI1GNAL TRANSMISSION 1 | ELEMENT
LINE e
.  CENTRAL 1. BUFFER
— PROCESSOR . MEMORY
CUNIT N
© MEMORY
GRAPHIC L . TTY or
TERMINAL - PRINTER

Figure 2.7 - A POSSIBLE ABOVE GROUND COMPUTER STATION
(E1 ther a mini- computer or micro-computer system
is apphcable)

ki



g [T

1lm STANDARD STROKE

a) COMMERCIAL CASING EXPANSION JOINT
(after Lynes, 1978)

Figure 2.8 - SLIP COUPLINGS FOR SUBSIDENCE MONITORING
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’ ‘/CASING
7 A

SN
c>\'

" FLEXIBLE MEMBRANE-
KEEPS CEMENT OUT
OF COUPLING

SN

- .

% ZIN ‘1% -
B T N\ e y CEMET Ut
FROM TWISTING; ///// INSERT oy ggggvmvn TO

TN THESE GROOVES 2 \\‘é %\\\\

7z

///\

77
‘ SO\ ‘ R
Z

777

.V
| A\ 7

- b) SKETCH OF POSSIBLE -SLIP -COUPLING INCORPORATING
RING MAGNET AND FLEXIBLE MEMBRANE

Figure 2.8 - SLIP COUPLINGS‘F'O'RASUBSIDENCE MONITORING (CONT'D)
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STANDARD A
COUPLINGS\*.
. | |
N
2 :D . _ |Le—— WELL casiNG
RING MAGNET L;l o

- 5T
CORRUGATIONS i -
(not to scale; - S
18mm long @
300mm centers)

10m
_ : N
CORRUGATIONS
.{not to scale;
= = E © . 300mm ldng
— section of
cc ] corru agigrsxs
space mm
WELL CASING ——— [: cfe’m,_ ers)
] .
a) REGULAR SPACING b) CLUSTERS AT WIDE SPACING

Note: Corrugations shown schematically; corners will be rounded

Figure 2.9 - POSSIBLE '>CORRUGATION ARRANGEMENTS
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PACKING-GLAND IN PIPE CAP
FOR WIRE LINE . :

PROBE INSTALLED INSIDE PIPE AND
PRESSURE RAISED TO EQUAL
WELL PRESSURE :

WIRE-LINE

TURN BALL—VALVE 90° FOR PROBE ACCESS
AIR COMPRESSOR TO WELL WHEN PRESSURES EQUALIZE

ASSEMBLY

WELL~HEAD .

J—.- TO TURBINES

T

| NOTE: ALL EQUIPMENT EXCEPT PROBE IS LEFT AT WELL HEAD.

F1gure 2. 10 ACCESS GLAND FOR SETTLEMENT PROBE
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-.OS-

WELL CASING
WITH SLIP

COUPLINGS OR -

FLEXIBLE
BELLOWS

FLEXIBLE CASING:
FILL WITH RUST-
INHIBITOR FLUID
BEFORE CEMENTING

STRAPPING:

HOLDS CORRUGATED
CASING TO WELL
CASING DURING
INSTALLATION

PLUG

a) SCHEMATIC OF INSTALLATION

‘Figure 2.11

AUXILIARY

AUXILIARY
CASING
FOR
MONITORING

: B)

CASING IN

CONDUCTOR
CASING

1] jt,—————-SURFACE

CASING

-3 ‘ INTERMEDIATE
- HT’f’—____CASING

PRODUCTION
CASING

A

USE OF MULTIPLE AUXILIARY CASING

STALLATION



SAND LINE
(or strain-reinforced electric cable)

. ; 4
15— CENTRALIZERS 9
RING MAGNET
(fixed to 6
casing) UPPER REED E
4o SWITCHES : H
«m 25mm O.C. .
OH 3= ‘ SO0mm } oL > e B
10 - 7 SO el -
TELESCOPIC J o oL 115 . 3]
JOINT : 3 SWITCHES B ~ E PROVIDE
. et ||| . FOR OVERLAP CAPABILITY
- - S 7 WITH TOLERANCE FOR
. . | |J . VARIATION IN INITIAL
: » SSRRE ‘11 MARKER SPACING
-_,gigEgEcT%iéNG 0123456789 ABC
"100mm BETWEEN L R
POINTS EVENT RECORDER CHART
® @ FOR CASING POSITION (D
PROBE BODY ——_| !J
150mm :':5
,Arjv‘x/ i Aol
T/\,—’\r :r Ty
CASING ——g 0123456789 ABC
EVENT_RECORDER CHART
FOR CASING POSITION (2
AT LATER DATE -
RING MAG & "LCWER REED
NET | A~ swITCHES
\ ) / 25mm 0.C.
"= NOTE: ;
TELESCOPIC ; :{;, *PROBE MAY BE ‘MONITORED BY A MULTIPLE
: JOINT . 1= . CHANNEL EVENT RECORDER AT SURFACE; OR
) PROBE DATA MIGHT BE RECORDED AND STORED
n b . ON AN INTERNAL RECORDER.EMPLOYING:A .. ' . =
olo| . MAGNETIC TAPE CASSETTE OR POSSIBLY A
. PUNCHED TAPE SYSTEM; IN WHICH CASE om.y
© A SAND LINE IS USED 'ro RETRIEVE THE
. PROBE.

Figure 2.12 - MULTI-SENSOR. REED SWITCH PROBE
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NEXT MONITORING SEGMENT

RING MAGNET IN COUPLING

N X-STRONG NON-MAGNETIC

. EXPECTED MAX. STAINLESS STEEL COUPLING

. COMPRESSION OF
_ GROUND PER 30m |

=28 -

STEEL PIPE 25mm & ‘ ;
I .\ - | Ny .
: * SOFT METAL SLIP RING COUPLING
RING MAGNET . (to seal out fluid) MAGNET SIGNAL
IN INNER PIPE -~ _ 250mm | i
/‘\O 1% L Ij INNER PIPE
o g?ggle-gAGNETIC IQIOWN DISTANCE | MAGNET S’IGNAL
(stress-free member) (if temperature :
measured) ‘ .
‘ v SETTLEMENT ,
- ¥_(June' 78-June’ 79) :
S - L
' \ ~— COUPLING
RAISED DEFORMATIONS r
(for better adherence » MAGNET SIGNAL
to cement) JUNE JUNE
1978 1979
PRODUCTION ‘ b) HYPOTHETICAL CHART RECORD
CASING FOR ONE SENSOR IN PROBE
200mm-300mm | SFie——
)

|.a— CORROSION-RESISTANT

CORRUGATIONS
STRAPPING (factory rolled;

provide flexibility)

/ X~-STRONG NON-MAGNETIC

STAINLESS STEEL COUPLINGS

\ (must resist mechanical damage
of casing during lowering;

rovide anchoring points
Oéné 2 or keying to rocg via cement)

\r

a) MAGNA-CASING

(T Figure 2.13 - AUXILIARY MAGNA-CASING FOR REED SWITCH PROBE



CALIBRATION
WRENCH

SEE UPPER
ANCHOR

DETAIL ~

TENSIONED :
CABLE ———————

VIBRATING-
WIRE HOUSING A
TUBE |
{non-magnetic ]
I
!
|
|

Cald

stainless
steel)

VIBRATING
WIRE

CRIMPED-PIN
CONNECTION
TO TUBE ‘

=y

. J=

KEEPER

(]
/
/
WASHER ———8

2s).

At

[

i

V1

BB
¥

LT e e Y
T 40mm g -
- CASING ————#m
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Figure 2.15 - PROXIMITY SENSOR PROBE METHOD
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Figure 2.17 - DOUBLE FLUID SETTLEMENT DEVICE METHOD (CONT'D)
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3.0 RECOMMENDED SUBSIDENCE MEASUREMENT INSTRUMENTS

3.1 COMPARATIVE RATING OF EXISTING, IMPROVED AND NEW INSTRUMENTS

3.1.1 Promising Extensometers for Further Development

In the Interim Reports prepared for this project, numerous instruments
were discussed. In each report, the most promising of the instruments
considered were identified by use of a rating procedure. Developmental
work and testing can proceed on only a few of these instruments. To iden-
tify those instrument systems most likely to monitor geothermal subsidence
movements successfully, the top instruments from each of the interim
reports are comparatively evaluated in this section. The rating system
for this purpose is adapted mostly from the two rating systems already
used in this study. In Interim Report No. 1, a rating system was devel-
oped to evaluate the instrument's ability to meet basic monitoring objec-
tives (accuracy, depth, etc.) and basic environmental requirements (corro-
sion, scaling, etc.). The rating system in Interim Report No. 4 examined
in more detail certain technical problems such as the modifications to
well casing installation. The present, comprehensive rating system is
shown in Table 3.1. The instruments are rated in Table 3.2. The exten-
someters identified as meriting further development are:

o TRIPLE SENSOR INDUCTION PROBE
(with casing collar markers)

0 TRIPLE SENSOR GAMMA RAY DECTECTOR PROBE
(with radioactive markers)

0 TRIPLE SENSOR REED SWITCH PROBE
(with magnet markers)

o TRIPLE SENSOR OSCILLATOR-TYPE MAGNET DETECTOR PROBE
(with magnet markers)

A1l are designed for use in cased wells and will function best if the well
casing incorporates slip couplings or bellows sections. The gamma ray
detector probe may also be used in unlined holes. Table 3.3 summarizes
the basic specifications for these instruments. ' .

3.1.2 Promising Inclinometers for Future Development

“As work proceeded on this study, it became increasingly apparent that to
reach the primary goal of this project, the development of an instrument
to monitor vertical displacements, many problems had to be overcome. At
the same time it became clear that the secondary aim, measurement of hor-
jzontal movements, was perhaps even more difficult to achieve. First, an
inclinometer will experience the same temperature, corrosion, scaling and
electronics problems that a settlement probe must cope with. It must be
capable of measuring not only inclination, but also orientation and depth
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for accurate results. In fact, to ensure that horizontal measurements are
repeatedly made at the same locations, the inclinometer may incorporate a
probe-type settlement sensor to detect downhole markers. The depth of the
horizontal measurement could then be determined by 1ooking up the depths
of the markers in the vertical displacement survey. Secondly, the hori-
zontal movements due to subsidence are genera11y much smaller than verti-
cal movements, requiring relatively more sensitive sensors. Because of
these measurement prob]ems and because the measurement of subsurface hor-
izontal movements is not commonly performed in subsidence engineering
studies, in this study extensometer development has been emphasized over
inc]inometer development. o o ,

Promising inclinometers incorporat1ng mechanical and mater1als improve--
ments were identified in Interim Report No. 2. Some of the electronics
problems can be resolved using components and techn1ques discussed in
Interim Report No. 3. These inclinometer systems:

0 SONDE-TYPE BOREHOLE INCLINOMETER A
(with servo-accelerometer‘and'gyrocompass; modified)

0  SONDE-TYPE BOREHOLE INCLINOMETER ﬁ
(with cantilevered pendulum, vibrating wire stra1n gauge
sensors, and gyrocompass; mod1f1ed)

merit further deve]opment. However, we feel that such work should not
begin until the major developmental ‘problems in vertical subsidence moni-
tor systems have beenr resolved. Consequently, these instruments are not
further rated or discussed in this report. o

3.2 REVIEW OF SELECTED EXTENSOMETER SYSTEMS

The rating procedures identified four instrument systems for further
‘development. Recommendations for the developmental process are presented
in Section 4.0. A discussion of the basic features of each of these can-
didate'instrument systems is presented below.

3.2. 1 General Considerations .

- A1l of the systems proposed for further deve10pment use probes conta1n1ng
" three sensors that detect downhole markers._ The fol]ow1ng comments apply -
~to all of them. _ o e

Sensor ‘and Marker Spacing In general it appears to be most convenlent to
Tncorporate the downhole markers into the casing couplings. The distance
between couplings is typically 10-15 m; in design of the probe, the top
and bottom sensors should be separated by the typical coupling spacing for
a_given geothermal field. The middle sensor should be one-third that dis-
tance from the top (or lower) sensor. "The system may be des1gned so that .
the top (or lower) and middle sensors share a transmission channel since
they wi]] not lntercept a marker S1mu1taneous1y. .
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asin Of the four proposed systems, all except the radiation sensor _
sys em must operate in cased holes. For measurement purposes the most
accurate results will be obtained if the well casing is keyed to the pro-
ducing formation. As noted previously we can then then monitor casing
compression as a measure of formation compact1on. This keying effect can
be achieved with a well casing that is cemented, perforated as needed and
incorporates slip couplings. Accurate results may also be obtained using
a gravel-packed slotted liner with slip couplings. In addition, in the
Gulf Coast geopressured formations, the use of slip coup11ngs will prevent
loss of the installation if large compact1on movements occur.

Unfortunately, slip couplings are not yet available for geothermal‘use.
They should be considered a high priority. development item, Without slip .
couplings, satisfactory compaction monitoring of somewhat lower sensitiv-
ity is still possible in liquid-dominated areas as long as the casing is .
cemented or gravel-packed. In these areas slip couplings may not be
needed to prevent casing damage, since compaction is expected to be small’
due to reinjection of brine into the formation. - Where slotted liners. are
used without a gravel pack, results may be less accurate. If the
ground/liner adhesion is poor, it is still possible to measure ‘the average
compaction between the end of the last cemented string.and the bottom of
the hole. The use of at least slotted liner in the producing Zone is
desirable because markers can be conven1ently and reliably incorporated
into the couplings. For monitoring in unlined production zones, the only
viable system appears to be the use of a triple sensor gamma-ray detector
probe with radioactive markers shot 1nto the fonnatlon.;_

In-Situ Calibration: The distance between the sensors is considered to be
a know quantity for analysis purposes. Downhole temperature must be mea-
sured in the probe body so that the distance between sensors, measured at
the surface, can be corrected for temperature-indUCed changes in probe
length in the well. Once this value is determined, the distances between
markers can be scaled from the strip chart record, as shown in Figure 2.4
of Section 2. This method makes the assumption that the probe velocity is
constant between adjacent markers. This assumpt10n seems to be accep-
table.

Insulation and Refrigeration: One of the first research priorities will

be to determine if insulation and refr1gerat10n can be used to maintain-a
constant temperature of 1000C or less in the probe's instrument chamber.

This would simplify circuit design of many signal conditioning equipment

elements. However, the basic sensors, such as the coils of the induction
sensor or the reed switches, still may have to be outside the 1nsu1atlon

and exposed to 3oo°c in order to have adequate sens1t1v1ty.~

3.2.2 Triple Sensor Induct1on Sensor Probe -

This lnstrument uses a probe contain1ng three 1nduct1on sensors.szhe”cas-
ing couplings serve as markers and are detected by the probe; refer to
Flgure 3.1a." Induction sensors are prun1sing because marker” degradat1on

appears feasible with high temperature materials and components. Casing Qﬁ;
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collar locators, a similar instrument which operates on the induction
principle using a permanent magnet in lieu of an exciter coil, have been
used successfully in several subsidence monitoring programs in oil and gas
- wells at lower temperatures (Anlen 1969; deLoos 1973)

The Sensors: Induction sensors used for geophys1ca1 logging typlcally
consist of an exciter and a pick-up coil. The exciter coil induces eddy
currents in the well casing. The eddy currents in turn induce an alter-
nating voltage in the pick-up coil. The phase of this signal is shifted
from that of the exciter coil. The phase shift is transmitted to the sur-
face by appropriate signal conditioning equipment (Fig. 3 1b)

The coupling between the exc1ter and pick-up c01ls depends on the metal
thickness, its magnetic permeability, its electrical resistivity and the
gap between the sensor and the metal. “With suitable centering devices,
the last factor is kept constant. A typical 51gna1 from a ca51ng log 1s
shown on Figure 3. le. -

The Markers The casing couplings (co]lars) serve as markers. The
Tncreased thickness of metal at the coupling is detected by the induction
sensor. At Gronigen (deLoos, 1973), it was found that certain coupling
designs give  sharper 51gnals than others. For subsidence monitoring, slip
couplings are recommended. = It is probable that the thickness of metal
necessary to give such couplings adequate strength would also provide a
good signal though the signa] shape may change as the coupling te]escopes
during subsidence. - ,

Development Needs: Current induction sensors are not designed to operate
at 300YC. - Because of--the decreased magnetic permeability of coils and the
inceased resistivity of the well casing at these temperatures, some con-
sideration will have to be given to adequate coupling of the Coils via the
well casing without direct coupling. Downhole signal conditioning typi-
cally includes an ‘oscillator for the exciter coil and electronics to
-amplify and transmit the pick-up coil signal by modulating a suitable car-
rier. The signal conditioning equipment can probably be designed with
high temperature components.\; .

The signa] conditioning equipment must be designed to prov1de a clear Sig-
-nal even if corrosion or scaling occurs. Induction ‘sensors detect loss of
metal as well as casing collars, @ Severe ‘corrosion may make it difficult
to identify the signal due ‘to the casing collars, as shown in-Figure 3.1d.
A signal conditioning system, which transmits a 0 1 signal where 1 repre-
sents an event above a certain threshold value, is probably not recom-
mended here. The risk is that a deeply corroded zone might register as an
‘event. ‘A related problem is caused by ‘scaling. -A coating of lTow perme-
ability high resistivity scale 'may reduce the coupling between the exciter
and pick-up corls and lessen the sensitivity of the system. T

S -61 -



Woodward-Clyde Consultants

3.2.3 Triple Sensor Reed Switch Probe

This instrument system uses a probe containing three reed switch sensors.
Magnet markers installed downhole are detected by the probe.  Refer to

Figure 3.2a. Reed switch sensors are promising because no downhole signal

conditioning is required and the output is an “on-off" signal as a marker
is crossed. : : ; R

The Sensor: Reed switches are made of two thin reeds of high magnetic
permeability in an evacuated glass housing (Figure 3.2b). In the presence
of a magnetic field, the reeds contact and close an electrical circuit.
The reed switches thus provide an on-off signal. No downhole signal con-
~ ditioning is necessary. The position of the reed switch (open or closed)
may. be detected at the surface by current measurement. However, if stray
currents are a problem, the 0.1 amp allowable current through a reed
switch may be hard to detect. In that case reflectometry may be used by
monitoring the phase change between open and closed positions of the .
switch. A temperature sensor must also be included in the probe to deter-
mine its length. ; : R :

The Markers: Rare earth or possibly Alnico magnets may be used. They .
require non-magnetic stainless steel {annealed) backing to concentrate
flux in the center of the ring, minimizing flux through the well casing.
The magnets may be factory installed in (slip) couplings (Fig. 3.2c). To
reduce the reluctance between the magnet and the reed switch, expendable
leaf springs and a core of soft iron may be incorporated into the probe
(Figure 2.2d).

Development Requirements: The key development is to determine whether
existing reed switches will close at 3000C. If not, a suitable reed
switch can probably be developed. Factors. in the development process may
include selection of a high permeability material suitable for reeds at
3000C, selection of a non-magnetic housing with expansion characteristics
compatible with the reed material, and design of a seal between the reeds
and housing. : :

Rare earth magnets have adequate magnetic strength at this temperature. A
suitable housing which can be welded to a well casing coupling must be
designed which minimizes flux in the casing, protects the magnet from cor-
rosion-and from mechanical damage, and prevents corrosion between the mag-
net and its housing and between the housing and the coupling materials.

3.2.4 Triple Sensor OSciiIétor-Txpe,Mégnet Detector System -

This instrument system uses a probe containing three oscillator-type mag-
- net detectors. Magnet markers installed downhole are detected by the
probe. Refer to Figure 3.3a. This system offers promise because it is
more sensitive than a reed switch and thus more likely to give a good sig-
nal at 3000C, at which sensitivities of all magnetic systems are reduced.
Its simple circuitry can probably be constructed from high temperature
components and the frequency output is good for transmission over long
electrical leads.
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The Sensors: An oscillator using a: saturab]e core reactor can detect
smalT changes in-a magnetic field. This sensor type is much more sensi-
tive than a reed switch, increasing the probability that it will operate
at 3000C, at which all magnet detectors decrease in sensitivity.

The oscillator is formed from two transistors and an inductor with a high
permeability core of pu metal (Figure 3.3b). The transistors come into
play so that the frequency of the oscillator is proportional -to the time
required to saturate the core of the inductor. An-external magnetic field
will speed up or decrease the saturation rate and consequently a. frequency
change occurs. This: frequency is:directly related to the magnet1c field
strength along the 1nductor $ longitud1na1 ax1s. ' :

The Markers Rare earth or p0551b1y Alnico: magnets 1ncorporated 1nto
coup11ngs are suitable, as d1scussed 1n Secton 3 2 3 :

Developmenthequlrements Further research 1s requ1red to assess ‘the per-
formance of u-metal at 3000C. Newer alloys (such as HyMu-80) may be
superior. Temperature alone will cause a frequency shift and its effect
on- the ‘accuracy of marker detection must be assessed. - The main- components
of the basic circuit and signal conditioning-equipment.can probably‘be
developed from high temperature components,: such as those listed in Table
2.20. To improve the sensitivity of the detector, the use of a soft iron
probe core and leaf springs as discussed in-Section 3.2.3 should be evalu-
ated.

The problems of magnetlc marker des1gn also requ1re cons1derat1on, ‘as dis-
cussed in Sectlon 3.2. 3. n g

,3 2 5 Tr1p1e Sensor Gamma Ray Detector System e

Th1$ 1nstrument system uses a. probe conta1n1ng three gamma ray detectors.
Radioactive markers installed downhole are detected by the probe. Refer
to Figure 3.4a. This system has been used by several researchers and in
- particular was refined to a high accuracy in the Netherlands (deloos,
1973) for use in gas wells. It offers promise because it may be used in
both cased and unlined holes and because the radioactive markers require
no special shielding, as do the magnets, for use in steel casing.

~The Sensors: Conventional modern gamma ray detectors use scintillation
counters with photomultiplier tubes or semiconductor crystals. These are
unlikely to operate at geothermal temperatures. In fact, the refinements
provided by such counters (i.e., an exact particle count)]is'unnecessary.
A signal indicating the presence of a radioactive source is all that is
needed. The Geiger-Muller (G-M) tube (Figure 3.4b), commonly used before
1950, may be adaptable to high temperature use. When a radioactive par-
ticle enters this device, the gas inside the tube is jonized. The ijonized
gas allows current to flow between a thin wire at the center of the tube
and the outer shell under an applied voltage of around 800 volts. Current
will continue to flow unless the discharge is suppressed or "quenched."
Once quenched, the G-M tube is ready to detect the next gamma ray. Since,
- for settlement measurement, an exact count of the radiation particles is
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not needed, self-quenching types should be adequate. These contain a gas
which is decomposed using energy that otherwise would have caused emission
of electrons. The dimensions of the G-M tube should be selected so the
tube intercepts enough y-rays as each marker is passed to produce a clear
signal.

The Markers: - Radioactive bullets made of cobalt-60 (3-6 uCuries; Sano,
1969) or Cesium 137 (100 uCuries; deLoos, 1973) have been shot into the

- formation around a cased well using a perforating gun. This technique is
necessary if the hole is unlined. Radioactive bullet placement should be
shallow to.maximize signal 'strength, but deeper penetration will pe needed
in unlined holes and in boreholes with uncemented casing compared to -
cemented casing because of the possibility of wall slump. Radioactive
markers have also been welded as "buttons" to casing (Sano, 1969). In
cased holes, the best approach may be to weld such buttons to the inside
of casing couplings, prior to installation. Radioactive matierals require
- special handling and precautionary procedures for .all field and shop per-
sonnel.- S : " }

- Development Requirement: The development of a G-M tube is probably more
difficult than the development of the previously discussed sensors. In
particular, ionizing and quenching gases must perform their functions over
209-300°C. The associated signal conditioning equipment (Figure 3.4c) can
probably be designed from high temperature components.-

The radioactive markers must be safe to handle in the field while provid-
ing an adequte signal.- The radioactive material must be bound so that it
resists corrosion and subsequent diffusion. In unlined holes, bullet
penetration may be a problem. Consideration should be given to bullet
configuration and gun design so that a uniform penetration can be achieved
in all formations. The optimum penetration, adequate to embed the bullet
securely while providing a clear signal, should also be assessed.
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© TABLE 3.1

"MODIFIED RATING SYSTEM

RATING
CATEGORY 3 2 1
WORKING Greater than or-equal|l 3 km to 300 m less than 300 m
-DEPTH to 3 km : o
ABILITY Many intervals in 2 to 5 intervals | More ‘than one
TO MAKE one hole ~ in one hole ~ | hole required
INTERVAL CRDEL ‘
- MEASURE- - -
MENT
RELATIVE Sensitive to movement| Sensitive to . ,D1stance between
SENSITIVITY | over short intervals | movement between | markers may not be -
T0 (100 m or less) widely spaced representative of
GROUND o reference jground movement -
MOVEMENT _— po1nts (>100- m) =t .
NEED S11p coup11ngs or Aux111ary casing | Auxiliary casing’
" FOR bellows sect1ons T 7 | with special inserts
CASING on]y T -
MODIF- o
ICATIONS
OPERATION No access to -Requires special | Substantial :
REQUIRE- | well required fittings at ~ = interference with we]]
. MENTS = surface; some - operation for readout;
S interference - well may have to be "
with fluid taken out of production
v ‘production . . for monitoring use
Lo ~during readout - !
©“DEVELOPMERT {Current des1gn = | High temperature As 2, but significant
- ~REQUIREMENTS ifunct1ons at 300 C - | ‘components ‘avail-| developmental work
O DUETO |- < | ‘able to construct| required for certain
. - TEMPERATURE: g - ; | most of system; | components :
L R ‘| Development of
remaining compo-
N ‘nents'promising
- .SCALING = .| No mechanical parts WheeIS or mov1ng Permanent downhole
. AND ;»is ;exposed No parts -~ | parts on tempo-: | mechanical probe parts
- 'CORROSION '} “sensitive to corro- | rary probes;” - | or casing parts
- -POTENTIAL . }-:sfon downhole -'| "downhole magnets
‘ used
~_DOWNHOLE None M1n1ma1 Downho]e s1gna1
- ELECTRONICS | : cond1t1on1ng required
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~ TABLE 3.2
INSTRUMENT SYSTEM RATING MATRIX

1
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INTERIM REPORT NO.
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o Ol F |ZF0 WX 06 =5 & oed o8 SO
PIPE TYPE BOREHOLE EXTENSOMETER (Anchored a 16 2 1 2 3 1 3 1 3

by Own Weight, Attached Wire at Surface with
- Water Level Recorder Readout)

TRIPLE-SENSOR INDUCTION SENSOR PROBE a 16 | 2 3
(with Casing Collar Markers)

INTERIM REPORT
NO. 2

INTERIM REPORT -
NO. 4

TRIPLE-SEPISOR GAMMA-RAY DETECTOR PROBE a 16 2 3
(with Radioactive Bullet Markers) ‘
SINGLE-SENSOR REED SWITCH PROBE a 15 1 3
(with magnet markers)

TRIPLE-SENSOR INDUCTION SENSOR PROBE b 19 | 3 3
(with Casing Collar Markers; modified)

TRIPLE-SENSOR GAMMA-RAY DETECTOR PROBE b 18 3 43
(with Radioactive Markers; modified)

TRIPLE-SENSOR REED SWITCH PROBE b | 18 3 3
(with magnet markers; modified)

MULTISENSOR REED SWITCH PROBE (with b 16 3 ‘3

magnet markers; in modifed well casing)

MULTISENSOR REED SWITCH PROBE (with magnet c 16 3 3
markers; in simple auxiliary casing)

TRIPLE-SENSOR OSCILLATOR-TYPE MAGNET DETECTOR b 18 | 3 3
PROBE (with markers; in modified production
casing)

™)

g
g with s1ip couplings or bellows sections

(c) - auxiliary casing

KEY (a) - unmodified casin
(b) - casin
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“.TABLE 3.3 - GENERAL SPECIFICATIONS FOR SELECTED;INSTRUMENT SYSTEMS

INSTRUMENT

Location of
Transducer

Marker

Other-
Instruments

in_ Probe ,

Accuracy of
System!

Temperature!
Capability

Pressure!

Capability

M3 in Probe at

0,10 and 15 m
from end

Casing
Collars

Temperature
Sensor

* 5mm over

30m interval

0-300°C

to 300kg/cm’

3 in Probe at
0, 10 and 156 m
from‘end e

Radioactive
Bullets on

Collars or Shot .

into Formation

Temperature
Sensor

t 5mm over
30m interval

0-300°C

to 300k9/¢m2  ‘

ﬂ.3_1n;Pfobe at
0, 10and 15 m
from end :

' Magnets on

Casing Collars

Temperature.
Sensor -

t 5mm over
30m interval

0'390°C,W

to 300kg/cm2

< B 3-Sensor
SYSTEM -3-Sensor 3-Sensor 3-Sensor Oscillator-Type
ITEM o Induction v-Ray Detector Reed Switch Magnet Detector
Probe Probe . Probe Probe
- Transducer Induction G-M tube Reed Switch Oscillator-Type
' Sensor . : ! Magnetometer

3 in Probe at
0, 10and 15 m
from end

Magnets on
Casing Collars

Temperature
Sensor

t 5mm over

30m interval

0-300°C

to 300kg/cm?

lFor non-geopressured area use; these are recommended ‘short-term goals. -
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Figure 3.1 - TRIPLE SENSOR INDUCTION
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4.0 RESEARCH PRIORITIES

The first step toward the development of an instrument to monitor geother-
mal subsidence was undertaken with this research project (Geothermal Sub-
sidence Research, Category 3, Project 1). With completion of this fifth
and final report, we have assessed monitoring needs, reviewed relevant
technology and selected four instrument systems for further development.
These instrument systems, for monitoring vertical displacements above and
within a geothermal reservoir, are presented in conceptual form in Section
3.0. The instrument designs include tested techniques and new technology
from many disciplines, including electronics, materials science, geophy-
sics, and the petroleum industry. Further development work is needed to
determine which of the four instruments should be advanced to the proto-
type construction phase. This section discusses research strategies that
will result in a working subsurface compaction monitoring instrument.

4.1 PROPRIETARY INFORMATION

Development of geothermal technology has been hampered by the limited

?arket for it. According to a forecast developed by the Mitre Corporation
1978):

“The number of geothermal wells ... does not exceed 2000 in any
year prior to 1990, and it does not exceed 500 before 1985.
Compared to the 40,000-plus oil and gas wells now drilled
annually in the U.S., the perceived market is likely to be too
small to motivate industry to undertake major research, devel-
opment and demonstration on its own in the near term. Govern-
ment participation to accelerate the pace of geothermal specific
well technology therefore appears justified."

Unfortunately, to date much of the research in the private sector, par-
ticularly with respect to scaling research and well logging technology, is
proprietary. The authors of this report feel that if the government
underwrites the development of geothermal subsidence monitor tools, it
should be on a non-proprietary basis. Modifications and field testing can
be performed more easily, and geothermal measurement technology can be
advanced more quickly. The manufacturing and bench testing for instrument
development should be open to any qualified precision mechanical or elec-
trical fabricator, including well-logging service companies with manufac-
turing facilities.

No patentable items have been deveIOped as a result of this study. How-
ever, if these conceptual instruments can be carried through to the proto-
type stage, patents may be possible. We feel that progress in geothermal
well technology will be facilitated if the government owns all patents for
which it financed the research.
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4.2 POTENTIAL RESEARCHERS

F1gure 4 1 proposes a management structure, based ‘on the assumption that
instrument development will proceed under the overall management of Law-
rence Berkeley Laboratory under the Geothermal Subsidence Research Pro-
gram. A key feature of the management plan is the use of a geotechni-
cal/subsidence engineering consultant to ensure that a workable, accurate
subsidence monitoring system results from the research efforts of all the
subcontractors. The roles of researchers with expertise in (1) geotechni-
cal/subsidence engineering, (2) geophysical instrumentation engineering,
and (3) geothermal well and production engineering are discussed below.

- Geotechnical/Subsidence Engineer - Technical-evaluation of research to
ensure that the goals of the research program are being achieved is cru-
cial to the successful development of a downhole compaction monitoring
system. Civil ‘engineers traditionally have managed technical projects
involving other disciplines, such as mechanical and electrical engineer-
ing. With respect to the objective of deve]op1ng a monitoring tool, geo-
technical/civil engineers are experienced in the measurement of 1nterest
to this project. They understand the limitations of various direct mea-
surement techniques and how all the~c0mponents*of a monitoring system
interact to provide accurate data. Further, through the geotechnical
engineers, techno]ogy transfer to and from related research “in min1ng and
waste disposal is facilitated. =

LBL has excellent technical expertise, but may have limited staff avail-
ability to provide technical coordination and guidance to all of the
researchers involved. We recommend that LBL seléct a geotechnical/sub-
~sidence engineering consultant as a prime contractor to ensure that the
research program achieves its objective of successful development of a
compaction monitoring system (Figure 4.1). A more complicated but poten-
tially satisfactory ‘arrangement is shown in Figure 4.2 in which LBL man-
- ages all contractual arrangements and provides overall technical direc-
tion. The geotechnical/subsidence engineering consultant is responsible
for day-to-day technical coordination, essentia1ly in the role of an LBL
staff member, to achieve the project goa]s. R

Geophy51ca1 Instrument Specialist5~- Development of ‘a probe can probably
best proceed under the direction of an organization exper1enced in geo-
physical instrumentation {e.g., Sandia Labs, Sch]umberger, etc.). Because
of the many techno]ogies involved, 1nc1ud1ng ‘mechanical, electrical and
materials engineering, they may find it appropriate to. contract out por-
tions of the work.” Well 'logging companies should be ‘involved in the
development work because they are experienced in the costly and tricky
procedures for running sensitive instruments through thousands feet of
borehole. They also have support equipment for field operations, some of
which may be dIrectly and economica]ly useful to the present prOJect.

Geotherma] We11 and Production Engineerlng - A probe is only one component
of @ compaction monitoring system. Successful ‘instrument system operation
may require specialized couplings or casing, bullet-type markers, well
head access glands, and means for c0ntroll1ng downhole sca1ing and corro-
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sion. Development of components for permanent downhole or wellhead appli-.
cation m1ght best proceed under overall supervision of a petroleum/geo-
thermal engineer experienced in all phases of drilling and well comple-
tion. This management role could be .filled by an energy (0il/geothermal)
company or,possibly a national laboratory such as Sandia or Los Alamos.

Because of the wide variety of downhole and wellhead needs, several sub- -

contractors may be involved, including designers and fabricators of tubing
and couplings (e.g., Hydril, NL Atlas, etc.), well completion fluid sup-
pliers, and well head assembly manufacturers. : . -

4.3 STRUCTURE OF FUTURE RESEARCH

We recommend that future work be divided into two principal contracts (see
Figure 4.3). -InProject 2, the first of the two contracts, the four =

recommended instrument systems will undergo laboratory testing and devel-

opment. From those results the most prom1s1ng system w11\ be selected for
field testing in- PrOJect 3.

4.3.1 Project 2 Research - Laboratory Test1gg

This project comprises ]aboratory,tests of'the four key systems identified
earlier in this report. The testing will evaluate materials, casing and
coupling desing, sensor and signal conditioning design, and capabilities
and other key features of the four candidate geothermal subsidence moni-
toring systems.

The project will require several areas of expertise. As noted in Section
4.2, it is recommended that the prime contractor be a firm experienced in
geotechnical or subsidence englneerlng and monitoring. The prime contrac-

tor will coordinate the research in Project 2 and provide continual feed-

back to the subcontractors on the appropriateness of their findings to
subsidence monitoring. Two main subcontractors will probably be required,
as discussed in Section 4.1, one for probe development and one for well
and logging equipment development. In the scheduling of probe develop-
ment, it is recommended that research on the mechanical -components begin
six months in advance of the research on the electrical components because
the capabilities of insulation and refrigeration systems will influence
sensor development. In evaluating the sensor components, initial testing.
should determine the one most promising sensor type of the four recom-
mended and further work should focus on improving probe performance.

While probe development is underway, concurrent well and logging component
development will concentrate on the design of slip couplings, wellhead
access glands, and logging cables. Overall, Project 2 should identify one
of the four instrument systems and design, test and modIfy components to .
the point where a work1ng field tool can be constructed in Project 3.

The use of consultants by both the prlme and subcontractors shou]d be
encouraged. For example, in the probe development subcontract, it is
unlikely that one company has expertise in reed switch construction,
hybrid circuit design and magnet technology together. However, it would
probably be inefficient and cumbersome to award each of these study areas
as separate contracts. Similarly, it may be useful for the prime contrac-

- 74 -



<

Woodward-Clyde Consultants

tor to retain one or two consultants with expertise in 0il well drilling
and geothermal well operation. These consultants would advise on poten-
tial problems, operational requirements, and degree of acceptance by the
geothenna] industry for the proposed 1nstruments systems.

At the completion of Proaect 2, the most pron1s1ng 1nstrument system from
among the four tested will be selected for field testing in Project 3.

4.3.2 Project 3 Research, System Construction and Field Testing

In this project, a full scale subsidence monitoring instrument system will
be developed and tested. As in Project 2, the project work should be the
responsibility of a single prime contractor,.who should be experienced in
geothermal or subsidence engineering and instrumentation. The function of
the prime contractor is primarily inspection, coordination and administra-
tion. He will also be responsible for approving design changes as needed.
The body of work for the project can be divided into three parts, as fol-
lows: (1) :construct a prototype instrument, (2) concurrently furnish and
install modified well-casing and related equipment, and (3) then field
test the prototype lnstrument system.

Before the letting of the subcontracts, an agreement w1th a geothermal
operator must be obtained. .. The agreement will include the consent of -the
operator to install in a production drill hole modified casing furnished .
by the contract and permission to use the well for materials testwng,
mon1tor1ng, and probe testing for approximately two years. .

The geotherma] operator may a commercial venture or an experimental pri-
vate or institutional operator under contract to a government agency, such
as the national test site at East Mesa in the Imperial Valley of Califor-
nia. A cooperative agreement permitting the modified casing installation
might be arranged in principle by LBL, with installation and cost details
to be negotiated between the prime contractor for Project 3 and the geo-

thermal operator, subject to approval by LBL. To allow for negotiating

flexibility, it might be well to have more than one candidate geothermal
operator ava1lab1e.

4.4 ANTICIPATED COSTS AND TIME FOR INSTRUMENT DEVELOPMENT

It is expected that the development of a working subsidence monitoring
system may cost about $625,000, as follows:

PROJECT 2 - Design and Laboratory Test  $150,000
Well and Logging Components

- Design and Laboratory Test 200,000
Probe Components

- Management = - 60,000
- Subtotal Project 2 $ 410,000
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- PROJECT 3 - Construct Prototype : 200,000
IR Instrument o —
- Furnish and Install | 150,000
‘Modi fied Well Casingl | |
- Field Test Prototype 200,000
- Instrument System :
- Management S A 80,000
- Subtotal Project 3 R 630,000
- Tota1 Development Costs o B 1 000
All costs presume that full advantage will be taken of all geothermal
research efforts in related areas, so that the basic research for th1s
project will be very specific and consequently not too costly.
Project 2 will take 1 year to 15 months to complete. Project 3 will take
an additional 15 months to 2 years to complete. Its scheduling will
depend on the availability of a geothermal well installation for field
testing. These costs and schedule do not include verification of instru-
ment ability to resist environmental damage and to monitor ground move-
ments over a long-temm monitoring program.
‘1Cost of modifications only | O
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Figure 4.1 - RECOMMENDED MANAGEMENT STRUCTURE FOR SUBSIDENCE TOOL RESEARCH
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APPENDIX A: REPORT UPDATE IN RESPONSE TO GEQTHERMAL SUBSIDENCE WORKSHOP
1.0 INTRODUCTION

In October 1978, a Geothennal Subsidence uorkshop was held on the Geother-
~mal Subsidence Research Program, sponsored by D.0.E. and managed by Law-
rence Berkeley Laboratory. At that workshop, Woodward-Clyde presented the
results of this study, LBL directed that the feedback from the workshop
be 1ncorporated into our veport. This appendix contains our summaries of
relevant opinions expressed at the workshop by industry representatives,
government regulators, and reservoir engineers and modelers. It also con-
tains the results of some additional research performed to answer some of
the questions raised at the workshop. The workshop provided constructive
criticisms and suggestions which ue believe have contr1buted significantly
to the value of this report.

This appendix details selected problems raised at the Norkshop. In the
following sections, we d1scuss.,_ o o .

monitoring system components
measurement requirements - ‘
re-evaluation of slip eeupllngs
ﬁth problems :
other material and tool problems.

000 00

These discussions are inclyded as an Appendix to gllqw the main text to
remain a concise summary of our research, Pertlnent points fran this
append1x are 1ncorporated in the main text,

2.0 MONITORING SYSTEM CDMPONENTS S *"i‘*

Some part1c1pants at the Geothermal Subsidence Ngrkshop were not familiar
with the various components of a subsurface monitoring system to detect
ground displacements, Since the performance of a menitoring. system -
depends on the capabilities of each of its components, we briefly veview
here the elements which comprise 1nclingmeter and extensometer systems,

2.1 Component Descrlpt1on 3 L
'COMPONENT DESCRIPTION
Boreho1e, 7 In geothenna1 practice a varlety of hole complet1on

. techniques are used including unlined sect1gns slotted
liners, and cemented, cased holes.

be studied, Two examples are grouted anchors and radio-
. active bullets shot into the formation, For inclino-
- meter use, the markers may be simply marks on the
logging cab]e ipdicating distance from the downhole
instrument to the surface cable reel,

Markers ~  Markers are used to identify points in the fomation to
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Sensing Device In an extensometer, the sensing dev1ce locates the
(with readout) markers and determines the relative vertical displace-
ment between them. In an inclinometer, the sensing
device measures the relative angular rotation at the
~ points under study; these points are located by the
‘length of cable played out. ,

Logging System  Most extensometer and 1nc11nometer systems use sensing
' ~devices which must.be lowered down a borehole to.make
readings. A logging system may include a winch, elec-
- trical cable, access gland and other equipment for
handling the sensing device.

Orientation Inclinometers only. An orientation device such as a
Device gyroscope or grooves in a casing is needed to indicate
the compass bearing of the measured. angular movement.

2.2 Influence of System Components on System Performance

While every engineer can identify some aspect of an instrumentation system
which he feels is most critical, it is important to recognize. that each
component of an instrumentation system will influence its performance. In
particular, the quality of the markers and sensing device should be com-
parable. An example from surveying may clarify this point. Good practice
prohibits the use of low accuracy wooden rods or wooden stakes with a high
accuracy first order level. Rather, an invar rod and carefully con-
structed benchmarks are used. Similarly then for subsurface mon1tor1ng,
markers which provide a fuzzy signal are not compatible with precision
sensing devices. Conversely, if the economics of geothermal well comple-
tion prohibits installation of precision markers in the well, then it may
be sensible to develop a subsurface subsidence monitoring too] that pro-
vides only approximate measurement of downhole compaction.

In the main text of the report, we discuss ways in which each of the com-
ponents of a compaction monitoring system can be improved to provide bet-
ter performance. However, we recognize that, in the final analysis, the
components for a compaction monitoring system for geothermal use will be
selected based not only on the desired performance level -but also on econ-
omic constraints. .

3.0 MEASUREMENT REQUIREMENTS

In Interim Report 1 (Appendix B) and in Section 2.1.1 of this report, we
briefly examined what accuracies and other monitoring characteristics
might be useful to people studying subsidence phenomena. However, a
detailed study and interviews with potential data users was beyond the
scope of this study. The workshop provided valuable insight into (1) who
might use the data and why compaction data may be ‘collected, and (2) what
specifications might be desirable for instrument development. The discus-
sion below summarizes some issues’ ‘and opinions expressed at the workshop.
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3.1 Probable Users/Uses of Data

Two motivating factors will probably be responsible for subsurface compac-
tion instrument development and use: (1) expectation of future federal
regulation, and (2) data requirements for reservoir engineering. It was
felt that specific federal requirements for subsurface subsidence monitor-
ing were not expected, and subsurface monitoring would only be used if '
specifically required. Industry representatives appeared hesistant to
endorse development of a compaction monitoring tool because they feared it
might encourage federal regulation along those lines.  With respect to
(2), the modelers and reservoir engineers felt that in-situ compaction
measurements were valuable because they (a) would permit a direct compari-
son of laboratory and field measurements of rock response, (b) they would -
help refine reservoir models, and (c) they would be useful to help mini-
mize reservoir damage. However, one attendee commented that, at Wilming-
ton, subsurface compaction data from the field measurements were not used
to any extent by reservoir engineers. Many of the workshop attendees '
envisaged compaction monitoring as a long-range scientific tool, not
necessarily required by the DOE “on-]1ne“ date of 1985. .

3.2 Spec1f1cat1ons

3.2.1 Magnltude of Movement. and Assoc1ated Accuracy - Because of brine
disposal problems, injection will almost certainly be practiced. In most
geothermal areas, brine will be returned to the producing reservoir. As a
result of injection, the magnitude of subsidence movements is likely to be
small, although it may vary from the injection area to the withdrawal
area. Consequently, to observe compaction where reinjection is practiced,
sensitive instruments will be required to detect and define the compacting
zones. Thus, the specifications detailed in Table 2.8 (1n main text) are
reasonable and possibly even too lax.

In geopressured areas (Snyder, 1978), the situation may be somewhat dif-
ferent. Early laboratory data suggest that reinjection may substantially
reduce the permeability in the fine sands of the geopressured zones
(Snyder, 1978). Also very high injection pressures will be required to
match downhole pressures, overcome flow loss of head, and ensure adequate
fluid take. Consequently, waste brine may be re1n3ected into relatively
shallow non-producing zones (Snyder, 1978). Without this source of
recharge to the producing reservoir, the large movements (5-7 m total com-
paction) listed in Table 2.8 are more likely to develop. ' Thus, geopres-
sured wells may be monitored satisfactorily with coarser instrumentat1on -
than is needed for other geothermal areas. :

3.2. 2 Areal Extent of Mon1tor1ng

At the Geothermal Subsidence workshop, the question of the area] extent of
monitoring was raised. A study of the number of installations in a given
field and the locations of those installations was beyond the scope of
this project. However, this point merits further study, since the number
of required 1nstallat1ons will affect the relative costs and benefits of
each of ‘the candidate instrument systems.
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4.0 RE-EVALUATION OF SLIP COUPLINGS

At the Geothermal Subsidence Workshop, industry representatives were
resistant to concepts that required modification of the well to improve
instrument system accuracy (such as the use of slip couplings). Their
hesistancy is understandable since increased installation costs and more
complicated technical problems would result from such modifications.

In our first Draft Final Report (October, 1978) we discussed several tech-
niques for improving the accuracy of measurements, including the use of
markers shot into the formation and the use of slip couplings. These
modifications were proposed (1) to minimize the influence of the steel and
cement in the borehole on the measured subsidence, and (2) to provide
markers that accurately track formation movements. A convenient way to
monitor ground movements is to monitor casing deformation and assume it
“corresponds to formation compaction. We were concerned that with this
technique, rigid couplings might hinder accurate definition of the zone of
compaction, as shown in Figure 4.1. The use of slip couplings can improve
the sensitivity of techniques which monitor casing deformation as an indi-
cator of formation compaction. Consequently, all four of the recommended
instrument systems in the Draft Final Report incorporated slip couplings.
In view of the comments at the workshop, we briefy re-examined some ques-
tions associated with the use of slip couplings, including:

o past use for subsidence monitoring
0 compatibility with the geothermal environment
o compatibility with existing geothermal well completion techniques.

4.1 Past Use of Slip Couplings For Subsidence Monitoring

In this section, the previous use of slip couplings in subsidence ares is
reviewed.

Couplings which allow slip have been used to prevent subsidence damage in
0il and groundwater subsidence areas. Mayuga and Allen (1969) note that
the use of a well completion technique that combined a compression joint
and a bell hole packed with a viscous fluid was used to protect oil wells
at Wilmington, California, against subsidence damage. Poland (1978b)
notes that the Geolagical Survey installed slip joints in the San Joaquin
and Santa Clara Yalleys. In one well in western Fresno County, he
observed, "We installed 8 slip joints in this well 2000 ft deep in 1958.
As of now we have measured 12.3 feet of compaction at this well. It is
still functioning as a compaction recorder. ‘I am sure it would have
failed many years ago without slip joints."

The USGS has generally designed and fabricated their own slip couplings
(Poland, 1978b; Lofgren, 1978). As shown in Figure 2.8a of the main text,
commercial casing expansion joints are available, although their design
function is to absorb thermal length changes in production casing rather
than subsidence-induced length changes. A commercial “Casing Adjuster
for subsidence damage control was available for a limited time from the
Creighton 0il1 Tool Co. and was used at Wilmington and at Lake Maracaibo,
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Venezuela (see Figure 4.2). Currently, A and A Tools manufacture the ng
Creighton casing adjuster and Bowen Tools of Houston, TX, will provide

slip joints on request (Allen, 1979). of a commercial sl1p coupling cur-

rently availaple that is designed for subsidence damage control.

The above discussion suggests that slip couplings have been used success-
fully in subsiding areas ana can increase the life of the well and improve
the performance of instrumentation such as compaction recorders.

4.2 Compatibility of Slip Couplings with the Geothermal Environment

In this section, possible damaging effects of the geothermal environment
on slip couplings are examined.

The problems of adjusters for thermal length change may be comparaple to
potential problems which slip couplings may encounter in a geothermal
environment. In 0il wells where string expansion is expected due to tem-
perature changes after well completion, a downhole casing expansion joint
is used in the innermost string (see Figure 2.8a in main text). For geo-
thermal applications, however, no suitable seals are yet available to
allow the use of a downhole sliding sleeve (Snyder, 1978). The approach
in geothermal wells has been to fix the lower end of the production string
and incorporate an expansion spool in the wellhead to accommodate therm-
ally-induced length changes (Snyder, 1978). New elastomer technology,
discussed in Section 6.0, offers hope that the seal problem will be
resolved within the next few years.

Other problems include the extremely corrosive, abrasive well fluid.
Unless the inside profile of the slip coupling is very smooth, high points
will be abraded by the formation sand carried by the fluid. Also at diam-
eter changes or in recesses, scale products will be deposited.

An additional potential problem for slip couplings, as shown in Figure
2.8b, of the main text, may be the use of several different materials,
which may encourage galvanic corrosion.

It is evident that materials problems are an obstacle to the use of slip
couplings. Intensive research in materials for geothermal use is being
conducted now by DOE and its geothermal contractors. However, practical
application of this research to slip coupling des1gn may not be possible
for two or three years.

4.3 Compatibility of Slip Couplings with Existing Well Completion
Techniques

The instrument systems developed in this project utilize slip couplings

because they provide an accurate way to track subsurface movements. In

this section, we assess whether this dependence on slip couplings is
appropriate. First of all, the well must be cased or lined to use slip
couplings. Secondly, slip couplings are effective as markers for monitor-

ing only if there is a certain minimum adhesion between the casing and the
formation. In that case, the compression of the casing (concentrated at i_)
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the slip couplings) is equal'to the compression of the formation over that \
interval. If this adhesion is not present, the couplings may not be as
effective as markers since all the slip may concentrate at the coupling
with the lowest resistance to sliding.

Thus, in this section we examine:

(1) What are the completion techniques?

(2) When are wells cased/1ined?

(3) Can we expect minimum casing/formation adhesion?

(4) To what extent will we have to use methods other than slip
couplings to monitor formation movements around a well?

4.3.1 Review of Geothermal Well Completion Techniques

In all geothermal areas, casing is fully cemented above the producing for-
mation. Practice differs within the production zone. The casing program
at the Geysers is unique in the U.S. because of the competent nature of
the geologic formation. An open hole completion is used to provide mini-
mum restrictions to flow. In the Imperial Valley, wells are lined in the
production zone since downhole formations are not competent enough for
open hole completions. Most often, uncemented slotted liners are used,
although one operator does cement casing and perforate it. Significant
skin effects and sand proauction may result with the use of slotted,
uncemented liners. Snyder (1978) suggests that these problems will become
apparent as more power plants are constructed, as more wells are drilled,
and as longer-term operating data become available for existing wells.

Sand production can be minimized by several techniques (Snyder, 1978).
One approach is to provide support to the formation around the well so
that natural bridging will prevent sand movement. This approach also
ensures good coupling between the formation and the casing for accurate
monitoring. One method, gravel packs around slotted liners, is expected
to gain acceptance in the Imperial Valley (Snyder, 1978). Cementing and
perforatlng a liner provides even more support. This techn1que may
receive some use in the Imperial Valley, but will probably gain greater
acceptance in the Gulf Coast geopressured areas. Sands there are consid-
erab]y finer than in the Imperial Valley and will require more support to
minimize sand production.

4.3.2 Potential Site for Slip Coupling Use

This review of completion techn1ques answers several of the questions
posed at the beginning of Section 4.3.

Geothermal resource areas hav1ng casing or liners in which slip couplings
could be incorporated include: :

o all geothermal resource areas above the producng zone (especially

if compaction due to other sources is occurring in these forma-
tions)
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o all geopressured areas
0 all liquid dominated wells.

The minimum casing/ground adhesion needed to make slip couplings act as
accurate formation markers will be present

0 1n cemented wells A
o 1n gravel packed lined wells |

o in wells w1th slotted liners prov1ded the formation is soft
enough to move in and grip. the liner, and provided erosion around
the liner is limited.

Alternate techniques for accurate tracking of formation movements must be
considered for: :

o Vapor-dominated wells in the producing zone -

0 Some liquid-dominated wells w1th slotted liners in the produc1ng
zone. - .

4 4 Conclu51on

The approach 1n thlS research prOJect has been to try to use producing
wells for subsidence monitoring. As a result we concluded, as presented
in earlier reports, that slip couplings would improve thejguality of the
data. This conclusion was based on subsidence phenomena and measurement
“experience in non-geothermal areas. The review in-this secion has indi-
cated that while the slip coupling technique is valid, its potential for
use may not be as extensive "as we had hoped. Our conclusions-on- slip '
couplings are presented in the following paragraphs. ' :

Ca51ng movement in a cemented well ‘may not:-be representative of formation
‘movement without the use of slip couplings. - Slip couplings can prevent
" ‘casing . damage -and improve instrumentation performance. Thesefconclusions
;'were reached in earlier reports. SR L s ‘

The use of slip couplings offers the most potential for geopressured
wells, where the combination of potentially large movements (Section 3.0)
and the use of cemented casing favor slip coupling use. Also, a longer
development time is available to allow materials problems in slip coupling
design to be overcome. Slip couplings also appear to be suitable for pro-
ducing zones with gravel-packed slotted liners and for some wells u51ng
*only slotted liners. o ;

Slip couplings are compatible with well completion techniques in all-geo-

thermal wells.above: the’ production zone. They will improve the sensitiv-
ity of the measurement. R s '
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In the producing zones of vapor and some liquid-dominated wells, it \-J
appears that alternate techniques for tracking formation displacements
should be explored. Some techniques are discussed in the main text. They
include: ' ’

o use of markers (such as radioactive or magnetic bullets) shot
into the formation around producing wells

o use of auxiliary casing attached to production well casing

0 wuse of a separate installation for compaction monitoring
-- fully cemented in the producing zone and incorporating
slip couplings or bellows sections. :

0f these, the use of markers shot into the formation will probably mini-
mize the capital investment in permanent downhole subsidence monitoring
equipment. : o

5.0 DEPTH PROBLEMS

One problem which is encountered by probe type monitoring devices is vari-
able velocity of the probe caused by "tool bounce" and “cable stretch."
This effect can be minimized by the use of three or more sensors per probe
(Main Text --Section 2.2.5) or the use of strain-free sections in casing

gM?in Text -- Section 2.4.3). Some brief comments on these two techniques
ollow.

5.1 Probes with Three or More Sensors

Figure 2.4 in the main text shows how the distance between downhole mark-
ers can be calculated from the signals from a three sensor probe travel-
ling at a constant velocity between the two markers. If the ratio of the
distances L5 and Lp3 (Main Text -- Figure 2.4) as shown by the strip
chart recordér is dtgferent from that on the probe, the velocity of the
probe is probably not constant. If one makes the assumption that the
acceleration of the probe is constant over the interval between the mark-
ers, then a slightly more accurate estimation of distance can be obtained,
as shown on Figure 5.1 in this appendix. The error, if this correction_is
not made, is about eleven percent at a constant acceleration of 1 m/secz,
reducing to one percent at 10-% m/sec? acceleration. Typical logging
rates and marker distances were used in the calculations. ,

5.2 Strain-Free Inserts .

In Figures 2.13, 2.14, and 2.15 in the main text, we suggest the use of
strain-free inserts for use in auxiliary casing. Strain-free inserts pro-
vide a known length downhole and were proposed to reduce the measurement
problems caused by varying probe velocity as it traverses the borehole.
At the Geothermal Workshop, D. Allen (City of Long Beach) suggested that
this technique would also work in producing wells. A sketch of such a
system is shown in Figure 5.2. Its advantage is that the cost of instal- ‘
lation is less than for an auxiliary casing installation. Also, in common \E;
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VARIOUS PROBE POSITIONS
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(a) POSITION OF PROBE AS EACH SENSOR RECORDS MARKER

Figure 5.1 - CORRECTION FOR PROBE ACCELERATION
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(b) STRIP CHART RECORD BASED ON FIGURE 5.1(a)

AB = votpp + %at3g

Solve for a and Vo

— 2
AC = votAC + iatAc
;then:

XY = Vo(,tXY) + '}a(txy)z

(c) CALCULATIONS TO DETERMINE SPACING BETWEEN MARKERS

Figure 5.1 (Cont'd) - CORRECTION FOR PROBE ACCELERATION
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Figure 5.2 - POSSIBLE APPLICATION OF STRAIN-FREE INSERT

IN PRODUCTION WELL
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with instruments proposed in Figures 2.13, 2.14 and 2.15 in the main text,
the probe is small and easy to handle. However, strain-free inserts may
be difficult to design for the geothermal environment for use in a flowing
well. Where the hole diameter increases above each insert, scaling is
likely to occur and may bond the insert to the well casing and thus defeat
its purpose. Corrosion and erosion of the insert may damage its clean
edges and make the signal at the edge of the insert hard to detect.

This application of strain-free inserts could be practical in flowing ,
water or 0il wells where environmental problems are less severe. However,
in flowing geothermal wells, the harsh environment may prohibit the use of
this monitoring technique.

6.0 MATERIAL PROBLEMS

6.1 Super-Invar .

A relatively new controlled expansion alloy, Super-Invar, was not covered
in Interim Report 3. Of available controlled-expansion alloys, Super-
Invar has the lowest thermal coefficient of expansion: 3.6 x 10-70C or
about one fourth that of Invar-36 over the range 0° to 100°C. Super Invar
is available from Burleigh Instruments and their specification sheet is
attached as Table 6.1.

For Super-Invar (Burleigh, 1979), the thermal coefficient of expansion
increases rapidly above 2009C. Unit expansion curves are not available
for Super-Invar as currently formulated and heat-treated, but an approxi-
mate curve is given in Figure 6.1. Where Super-Invar is used in field
instrumentation over the range of geothermal temperatures, some problems
may result. Length corrections due to temperature change are complicated
by the non-linear relationship between temperature and strain, and where
accurate knowledge of length change is important, it may be better to
select 42% nickel alloy with a constant expansion coefficient over
0-3009C. Generally, the reason for selecting Super-Invar is to minimize
the total length change due to temperature. From the limited data avail-
able (Figure 6.1), it appears that the total length changes of bars of
Super-Invar and Low-Expansion "42" are essentially identical when raised
from 0OC to geothermal temperatures (300°). Thus, the advantage of Super-
Invar is lost over this temperature range. An additional limitation of
Super-Invar is that it should not be used below -20°C (Burleigh, 1979).

6.2 High Temperature Electronics and Logging Tools

Current research in high temperature electrical and mechanical components
for geothermal use and testing of prototype logging tools may provide
techniques for construction of a geothermal compaction monitoring tool.
While these topics were reviewed in depth in Interim Reports 2 and 3, some
recent developments are summarized below.
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TABLE 6.1
SUPER-INVAR DATA SHEET

Super-Invar is a special composition of a nickel/iron alloy with an
extremely Tow thermal expansion coefficient: a < 0.36 x 10-6/°C. The
machinability of Super-Invar makes it ideal for many applications re-
quiring thermal stability. Burleigh offers standard size rounds, bars
and flats rough cut to a tolerance of ¥ .2cm with a mill quality sur-
face finish. Maximum length of any piece is 180cm due to chamber 1limi-
tations ‘in the Super-Invar heat treating process.- '

TYPICAL SPECS OF SUPER-INVAR ;
Thermal Expansion Coefficient at 20°C (cm/cm/°C):<3.6 x 1077
Density (1bs/cu.in.): .294
Tensile Strength (p.s.i.): 69,800
Yield Strenght (p.s.i.): 43,900
Elongation in 2 in., %: 38 :
Modulus of Elasticity (p.s.i. x;106): 21.5
" Poisson's Ratio: .234 ‘ ’

Rockwell Hardness: R577

'MACHINING

The machining of Super-Invar is only slightly more complicated than regular
_invar. Machining properties are similar to stainless steels. However,
sTower speeds will be required. An experienced machinist is necessary to
achieve high quality surface finishes without cold working the material.
Excessive heat generated during the machining process will anneal the Super-
Invar and alter the thermal expansion coefficient. (Burleigh, 1979)
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6.2.1 Basic Circuit Elements - In Table 2.20 and Section 2.3.2 (in main

- text) we summarized some of the on-going research in high- temperature

electronics. ‘Significant progress has been made and reported in the
literature since that information was collected for Interim Report No. 3
in early 1978. In view of the rapidly changing state-of-the-art, we pre- -
sent here sources of infonnation rather than a summary. of current pro-
gress. :

“An excellent review (Dec. 1978) of high temperature devices, both active

and passive, attachment and packaging techniques and circuit fabrication
technology can be found in Palmer and Heckman.(1978). Sandia Laboratories.
is a center of this research, and conducts in-house studies and manages
outside contracts for DOE in high temperature electronics for its Geo-
thermal Well Technology Logging Instrumentation Program. Further informa-
tion on their programs can be obtained from Dr. A.F. Veneruso at (505)
264-9162. Another source of high temperature research results is the IEEE
Transactions. At the IEEE Midcon Convention in Dallas  (Dec. 1978), pap-
ers on high temperature electronics were presented by the Naval Research

B Lab, Harris Semiconductor, Sandia Labs Micropac Inc. and Seismic Engi-

neering, Inc.

The rapidly grow1ng’kndwledge in this area“offers°prbmise that suitable
electronics and packaging will be available for a. -geothermal compaction
logging tool within the near future.

6.2.2 Logging Tool Development - Development of basic CIrcuit elements,
discussed above, is the first step in the development of high temperature
logging tools. These basic elements have been used to build more complex
circuit components, including voltage regulators, line drivers, voltage
comparators, special purpose amplifiers and multiplexers for high tempera-

" ture use. Such devices are now being tested for use to 3000C (Palmer and

Heckman, 1978): Construction and testing of complete logging tools is now -
feas1b1e. In a recent test (Sandia Labs, 1979), a temperature logging
tool operated successfully for 1-1/2 hours at 275°C ‘and for 18 hours at
2419C in a geothermal well. Also tested were a flow tool, a low resolu-
tion pressure tool and a casing collar locator. The casing coliar locator
is an upgraded commercial model and currently is not accurate enough for
subsidence logging (A. Veneruso, 1979, personal communication). Also
under development are a borehole caliper and a borehole televiewer. A

brief description of these tools may be found in Table 6.2. These devel-

opments listed above suggest that field-tested components for a subsidence
monitoring system may be available within a few years. .

~ 6.2.3 Logging Accessories - In Interim Reports 2 and 3 we discussed sev-

eral accessory components for a logging system which could improve current
capabilities. The following paragraphs discuss recent advances in these
areas. ‘

Cooling System: DOE sponsored research on a refrigeration system to
extend the temperature range of existing logging tools has focused on the
development of a miniature reciprocating compressor, with steam as a work-
ing fluid. Currently, materials problems with respect to valves and
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TABLE 6.2 - GEOTHERMAL LOGGING TOOLS UNDER DEVELOPMENT

Température
“Pressure
Flow

Caliper

Borehole
Televiewer

‘Design based on piatinum-resisténce transducer;
Compatible with multi- and mono-conductor cables.

Design uses high resolution quartz crystal
pressure sensor.

Design is a high-temperature impe11er-type 
transducer with signal feed-through mechanism.

Upgrade commercial calipers by replacement of
deficient metals, seals and transducer. Four-arm
caliper to be developed first.

Uses an experimental acoustic sensor, based on a
lead metaniobate transducer; Upgrade.exiéting
Mobi1l Oi]-patenfed tool for geothermal use.

(Veneruso et al, 1978; Sandia Laboratories, 1978b; Wonn, 1978; and
Veneruso and Stoller, 1978) .
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dynamic seals have slowed this research (A. Veneruso, 1979, personal com-
munication).

Cables: Laboratory tests of two cables provided by Vector Cable Company
have shown promising results. ‘Aerospace Research Corporation tests of a 7
conductor-PFA teflon insulated cable and a monoconductor TFE insulated
cable are encouraging. - Leakage resistance of the 7 conductor cable
dropped from 400 G2 {G = 10%) to no less than 132MR under simulated geo-
thermal well logging conditions but returned to normal after the test.

The TFE monocable's performance was better even at higher temperatures
(Sandia Laboratories, 1978b). -

 Seals: ‘Metal'O-Rings'iookfpromising for seals, as shown in Table 6.3a.

ETastomers for dynamic seals, blowout preventers; cable insulation and
other geothermal uses are under intensive study. Chevron USA tested many
0i1 field rubbers in flowing steam at 450-4759F. Their test indicated
that all the tested rubbers except Ethylene Propylene (EPR/EPDM) lost

their resiliency (Snyder, 1978). Similar conclusions were reached by

Hirasuna, et al. (1977). The applications of Ethylene-Propylene are
limited, however, because it will not bond to metal (Snyder, 1978). Some
high temperature elastometers are summarized in Table 6.3b. A new elasto-
meter, Kalrez, is promising (but costly) and has been used in field log-
ging tools at the Geysers ?Snyder,,1978).

7.0 REFERENCES

A comprehensive reference list may be found in the main text of this

report.

- A19 -



80 yoaz—vee 0do

- 02y -

Type

Elastomeric 0-Rings

Metal 0-Rings

Wave Rings

Trade Name

BUNA N

VITON E- -C
VITON G
(Peroxide Cure)
KALREZ

EPR*

SILOXANE

TABLE 6.3 - HIGH TEMPERATURE ELASTOMER AND SEALS
(Veneruso and Stoller, 1978)

(a) - HIGH TEMPERATURE SEALS

Temperature Limitation R , Perqumance ‘

Polymer Decomposition 300°C " Reuse Permitted
: Least Dirt Sensitive

Metal Softening 500°C - Reuse not Recommended -
, ' .Soft Plating Recommended
Nick and Scratch Sensitive
Minor Joint Motion Tolerated

Metal Softening 500°C .~ . Reuse Not Recommended

Soft Plating Recommended
. Nick and Scratch Sensitive

(b) - WIGH TEMPERATURE ELASTOMERS -

Decomposition - o ' , o
Type Temperature °C Cost $/LB = Performance -
NITRILE 150 . 6 Good 0i1 Resistance
: : - Poor Resistance to HZS
, ~and Steam
FLUORO ELASTOMER 290 35 Fair Resistance to Steam
S - Poor for H,S
FLUORO ELASTOMER 290 : - 40 jImprovedetéam Resistance
: - - . Poor for HZS
FLUORO ELASTOMER 400 | 2000 . Best for H)S =
(Fully Fluorinated) 3 . . ; Fair for Steam
POLYOLEFIN 250 '  ‘_8 Excellent Steam Resistance
o HZS Unknown
SILICONE 300 17 Poor Steam and Poor HZS'

Resistance

(fxEthylehe Propylene Terpolymers include EPR and EPDM)
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