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SUMMARY 

This repor t  summarizes research ca r r i ed  ou t  a t  Woodward-Clyde Consultants 
between September 1977 and May 1979. I n  t h i s  study the requirements f o r  a 
subsurface geothermal subsidence instrument were reviewed. Available 
instruments f o r  monitoring subsurface displacements, both ve r t i ca l  and 
hor izonta l ,  were studied and the most capable instruments ident i f ied .  
Techniques and materi a1 s f o r  improvi ng ex1 s t i ng  o r  developing new i nstru- 
ments were evaluated. Elements o f  sensor and signal  technology w i th  
po ten t ia l  f o r  h igh temperature monitoring o f  subsidence were i den t i f i ed .  
Drawing from these studies, methods t o  adapt production wel ls  f o r  monitor- 
i ng were proposed and several new i nstrumentation systems were conceptu- 
a l l y  designed. Final  ly, four  instrumentation systems were selected f o r  
f u t u r e  devel opment. 

These systems are: 

o TRIPLE SENSOR INDUCTION SENSOR PROBE 
(w i th  casing c o l l a r  markers) 

o TRIPLE SENSOR GAMMA RAY DETECTOR PROBE 
(wi t h  rad i  oac t i  ve markers) 

o TRIPLE SENSOR REED SWITCH PROBE 
( w i t h  magnet markers 

o TRIPLE SENSOR OSCILLATOR-TYPE MAGNET DETECTOR PROBE 
( w i t h  magnet markers 

A l l  are designed f o r  use i n  we l l  casing incorporat ing s l i p  couplings o r  
bellows sections, although the gamma ray detector  probe may a lso be usea 
i n unl i ned holes. These systems a1 1 measure v e r t i c a l  movement. Ins t ru -  
ments t o  measure hor izonta l  displacement due t o  geothermal subsidence were 
studied and the required instrument performance was judged t o  be beyond 
the state-of-the-art. Thus, no conceptual designs f o r  instruments t o  
moni t o r  hor izonta l  movement are i nc l  uded i n t h i  s report .  

It i s  proposed t h a t  these four  systems be laboratory tested t o  i d e n t i f y  
the most promising system. A f u l l  scale prototype o f  t ha t  system may then 
be constructed and f i e l d  tested. Expected cos t  o f  t h i s  development i s  
$1,040,000 over a 3 year period. 

u 
- v -  



WoodwardClyde Consultants 

1.0 INTRODUCTION 

._ 

- ,  

.. -. 

. .  . .  .. . .. 

, s . ,  



WoodwardmClyde Consultants 

1.0 INTRODUCTION 

The measurement o f  su nce i n  geothermal areas can contr ibute t o  an 
understanding o f  the Sses occurr ing i n 'a geothermal reservo i r  area 
dur ing production. 
models, t o  assess the value o f  various production schemes such as water 
i n jec t i on ,  and t o  predi  future movements t h a t  m 
p a r t i c u l a r l y  t h a t  might 
concerned w i t h  i d e n t i f y i n g  capable ava i l  able instruments o r  ?recommendi ng 
and speci fyi  ng devel opine 

Subsidence data can be used t o  b u i l d  mathematical 

wel ls  and p lan t  

ssary f o r  ne nstruments t o  monitor 

ent  used f o r  
o i l  gas and groundwater t func t ion  i 
t h i s  p ro jec t  was t o  deve 
survive the  geothermal envi ronment and 
I n  the 300° ho t  sa l ine  water o f  g 
d is in tegrate,  e l e c t r o  
a l l  b u t  the most r e s i  
Conventional technique 
wells. I n  general t h  
Thus, o f  f-the-she1 f i 
as we 5 ndi cate throughout t h i  s report ,  techno1 ogy i n h igh temperature 
e lect ron ics and high-temperature corrosion-resi  s 
improving as a r e s u l t  o f  research on j e t  engine 
vehicles, geothermal instrumentation, microwave transmission, and other 

as. We have surveyed t h i s  emerging 
sidence-moni t o r i  ng i nstrument systems t h a t  incorporate many o f  these 

new developments- and t h a t  w recommend f o r  geothermal subsidence monitor- 
i n g  needs. 
bel  ow. 

o r ing  instrument t h a t  w i l l  

t e x i s t  f o r  geothermal use. However, 

t mater ia ls  i s  rap id l y  
ponents, space ' 

hnol ogy and have I proposed four  

ent  process are discussed 

1.1 OVERVIEW I 

This repor t  sumnarizes a resea 
Consultants from Septembe 
s ive  study o f  geothermal 
(D.O.E,> and administere 
p ro jec t  encompasse 

capab i l i t y  t o  measure v e r t i c a l  subsidence between two po in ts  i n  a geologic 

ment and t o  advise t h  

devel opment costs Feedbac 
the t e x t  o f  t h i s  rep 

- 1 -  
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This repor t  provides a b r ie f  summary of research reported i n  four  previous 
reports. 
w i t h  recommendations f o r  fu tu re  research. The four  i n te r im  reports, 
references WCC (1977a), WCC (1978a), WCC (1978b) and WCC (1978c) , are 
included i n  t h i s  repor t  as appendices, bound separately as Volume 2. 

u It also contains a synthesis o f  t h a t  material,  and concludes 

1.2 ORGANIZATION OF THE STUDY 

The study o f  instruments f o r  subsurface monitoring o f  geothe 
ence began w i t h  a concerted e f f o r t  t o  define the problem and measurement 
goals.- The study then proceeded w i t h  a review o f  avai lable instruments 
(WCC, 1977a), an examination o f  methods and mater ia ls t h a t  could be used 
t o  improve ex i s t i ng  instruments o r  develop new ones (WCC, 1978a), a review 
o f  sensor and signal technology t o  determine what instrumentation might be 
useful f o r  new instruments o r  t o  modify ex i s t i ng  ones (WCC, 1978b1, and 
f i n a l  ly, the conceptual izat ion o f  Several new instruments which incorpor- 
a te  some o f  the favorable features o f  the technology studied may be 
successful f o r  geothermal work (WCC, 19784. 

A l l  o f  these studies are brought together i n  t h i s  f i n a l  repor t  (Sect 
2). The candidate instruments are comparatively rated, and the most 
i s i n g  instruments are i d e n t i f i e d  f o r  f u tu re  development (Section 3 ) .  
Research needs and p r i o r i t i e s  f o r  development o f  the instruments are 
cussed i n  Section 4. 

on 
prom- 

d i  s- 

1.3 

This repor t  discusses instrumentation systems t h a t  may be used t o  monitor 
ground movements Sn and above geothermal reservoirs. The basic components 
o f  i nstrumentation systems t h a t  monitor ve r t i ca l  di splacements (extenso- 
meters) and o f  those t h a t  detect  hor izontal  movement ( incl inometers) 
include (1) a borehole, (2) markers, (3)  a sensing device and read-out, 
(4 )  a logging system, and (5 )  an or ien ta t ion  device ( incl inometers Only). 
The performance o f  each component o f  the instrument system w i l l  a f f e c t  the 
qua l i t y  o f  the data, as discussed i n  the repor t  and i n  Appendix A. 

Sketches o f  three common types o f  extensometers are shown i n  Figure 1.2. 
Wire- and rod-type extensometers compare the known length o f  the wi re o r  
rod t o  the v e r t i c a l  d i  stance between the downhole 'anchor- and the  surface. 
One type o f  probe extensometer measures the distance between a downhole 
marker and the surface using a d i  stance-graduated cable. Another type 
compares the probe length to the spacing between adjacent downhole mark- 
ers. 

I n c l  i nometers are usual l y  prbb robe i s  meas- 
ured a t  successive depths. Th l u e  i s  then .converte y in teg ra t i on  t o  
hor izonta l  o f fse t .  Movements o subsidence are det ined f o r  both 

INTRODUCTION TO SUBSURFACE MONITORING SYSTEMS 

The angle o f  tilt 

extensometers and i ncl i nometers by compari ng 
times. 

a taken a t  d i f f e ren t  

The major po r t i on  o f  t h i s  repor t  concerns extensometer development. 
Inclinometers were not studied p f t e r  I n te r im  Report 1 i n  view o f  the 
greater need f o r  ve r t i ca l  subsidence monitoring instruments, and because 
we concluded t h a t  the technology needed t o  adapt incl inometer monitoring 
schemes to geothermal envi rgnnlents was beyond the  present s€ate-of-the- 
a r t .  

Li 
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2.0 INSTRUMENT DEVELOPMENT 
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2 .o INSTRUMENT DEVELOPMENT 

This sect ion provi  
project .  

2 . 1 REV1 EW OF AVAILABLE INSTRUMENTS 

2.1.1 Measurement Requi 

The f i r s t  step i n  t h i s  study was t o  define what the instrument must do and 
what hazards i t  must cope w i t h  (WCC, 1977a), We began by considering what 
measurements the instrument must make, the probable magnitude o f  those 
movements and what accuracy, moni t o r i  ng frequency, and spaci ng between 
po in ts  would be-useful t o  hydrologists, modelers, and c i v i l  engineers. 
Our review drew on ava i lab le  information on geothermal f i e l d s  and pro'duc- 
t i o n  techniques (Table 2.1), supplemented by subsidence data from water 
(Table 2.2) and hydrocarbon (Table 2.3) withdrawal areas. We also exam- 
i ned t h e  speci a1 environmental problems, p a r t i c u l a r l y  high temperature 
(Tables 2.4 and 2.5), h igh  pressure (Table 2.6), and corrosive, scal ing 
f l u i d s  (Table 2.7), t h a t  a geothermal environment presents. The require- 
ments imposed by the environmental problems and measurement needs were 
summarized i n  a set  o f  speci f icat ions,  which can be .used t o  evaluate 
exist ing,  modif ied o r  new struments f o r  subsidence monitoring; r e f e r  t o  
Tables 2.8 and 2.9. 

Rein jec t ion  o f  waste b r ine  w i l l  probably be p r a c t i  
areas, w i t h  the b e n e f i t  t h a t  the magnitude o f  subsidence i s  minimized. 
Consequently, the spec i f i ca t ions  i n  Tables 2.8 and 2.9 may i n  f a c t  be 
minimum standards i f  reservo i r  engineers are t o  derive useful data on com- 
pact ion processes from the e l  d measurements ( r e f e r  t o  Appendix A-3) . 

overview of t h  ar ious studies t h a t  made up t h i s  

n most geothermal 

-\ 

2.1.2 Role o f  the Borehole 

To date-, a l l  r have been made i n  
cased we l ls .  We f i r s t  evaluated whether a borehole i s  necessary a t  a l l .  
Gravity measurements appear t o  be the only geophysical method t h a t  can' 
detect compaction a t  depth wi thout a -borehole. Unfortunately, t h i s  met 
i s  not l i k e l y  t o  be useful  because the neeeded,input on f l u i d  withdrawal 
and reservo i r  dimensions are hard t o  determine. A150 whi le t h i s  method 
may provide average compac a subsidence p r o f i l e  
w i t h  depth (WCC, 1977a). 

For measurement i n  cased we l ls ,  the e f f e c t  o f  the casing on the loca l  
subisdence pa t te rn  and i t s  measurement was examined. There are three 
basic problems. 
t h a t  the commonly used technique o f  monitoring casing movement may not  be 
meaningful. Sl ip,  as indicated by w e l l  p ro t rus ion  from the round, has 
been noted i n  Mexico City, Mexico; the Po Delta, I t a l y ;  the s anta Clara 
Valley, Ca l i fo rn ia ;  and other f l u i d  withdrawal areas (Table 2.10). 
( 2 )  Where a good bond e x i s t s  between the casing and ground, the casing 

t does not pro 

(1) S l i p  may occur between the ground and the w e l l  so 

u 
- 5 -  
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w i l l  draw loads onto i t s e l f  i n  proport ion t o  i t s  modulus and may l o c a l l y  U 
a l t e r  the settlement pattern. 
a good casing/ground bond may r e s u l t  i n  compression la rge  enough t o  f a i l  
the  casing and render the we l l  unsui table f o r  monitoring. Well f a i l u r e s  
due t o  subsidence have, been observed a t  Wilmihgton, Cal i forn ia ,  Lake 

I n  view o f  the three monitoring problems c i t e d  above, we then looked a t  
geothermal we1 1 completions to evaluate what types o f  geothermal we1 1s may 
be susceptible t o  monitoring problems. Above the production zone, a l l  
U.S. geothermal wel ls  are cased and cemented. I n  the Gulf  Coast areas, 
subsidence due t o  non-geothermal' causes may cause casing s l i p  o r  buckl ing 
i n  s t ra ta  above the production zone. I n  other U.S. geothermal areas, cas- 
i ng  performance above the production zone i s  not  expected t o  be a problem. 
Within the producing zone, the completion method and associated po ten t ia l  
measurement problems vary accord4 ng t o  the type o f  geothermal resource. 
Vapor-domi nated we1 1 s are unl  i ned i n the production zone so casing cbm- 
pression i s  not a factor.  Liquid-dominated wel ls  general ly use a s lo t ted  
l i n e r ,  perhaps with a gravel-pack. I n  these wel ls  movements are expected 
t o  be small because o f  the ant ic ipated use o f  b r i ne  r e i n j e c t i o n  f o r  t h i s  
type o f  f i e l d .  S l i p  between casing and the  ground may be a problem, par- 
t i c u l a r l y  where no gravel packing i s  used. 
production zone i s  cased, cemented and perforated. Large movements are 
expected which may threaten the i n s t a l l a t i o n  due t o  casing collapse. 

For the condi t ions where casing s l i p  o r  col lapse threatens the accuracy or 
s t a b i l i t y  o f  the monitor ing i n s t a l l a t i o n ,  i t  i s  necessary t o  introduce 
f l e x i b i l i t y  i n t o  the casing. This may be done by the use o f  s l i p  coupl- 
ings o r  bellows sections. 
n i ques . ) 
2.1.3 Available Extensometers and I n c l i  nometers 

(3) I n  areas o f  la rge  subsidence movements, 

I Maracai bo, Venezuel a and other  f l  u i  d w i  thdrawal areas . 
I 

I n  geopressured wells, the 

(See Section 3 f o r  discussion o f  these tech- 

D i  splacement-measuring instruments used f o r  geotechnical , geophysical , and 
subsidence monitor ing appl icat ions were examined w i t h  respect t o  ava i l  a- 
b i l i t y ,  performance character is t ics ,  and i n s t a l l a t i o n  and operating 
requirements (Table 2.11). The instruments were then ra ted  f o r  t h e i r  
a b i l i t y  t o  make the measurement (ax i  a1 o r  normal displacement) w i t h  the 
desired range and accuracy, and fo r  t h e i r  a b i l i t y  t o  cope w i t h  the unique 
temperature, corrosion, sca l ing and depth problems associated with geo- 
thermal environments (WCC,1977a) . None of the avai lab le instruments were 
found sui  tab le  wi thout  extensive mod i f i ca t ion  f o r  geothermal subsidence 
moni t o r i  ng . The most promi s i  ng o f  ex i  s t i ng  i nstruments are presented i n 
Table 2.12. 

, 
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W *2 METHODS FOR IMPROVI STING INSTRUMENTS - I  

Corrosion Control 

Corrosion may reduce the service l i f e  o f  monitoring equipment and impair  
i t s  operation. 
severe conditions. A combination of corrosi-on-resistant 
be required. The best  apprdach i s  to  se lect  an inherent 
res i s tan t  mater ia l .  For long-term app l ica t ion  i n  a geot 
ment, super-alloys such as Hastelloy-C and Inconel 625 w i l l  probably be 
the best  choice. Austeni t ic  s ta in less  s tee ls  such as AL-6X and Type 316 
w i l l  be adequate f o r  Short immersion times. Cathodic p ro tec t ion  by cur- 
r e n t  impressfon may be a useful  t o o l  t o  p ro tec t  long-term i n s t a l l a t i o n s  i f  

ents are reasonable. The performance o f  most-metals can 
he use_ o f  coatings- and' paints. However, the hazards asso- 
ing/paint  f a i l u re ,  p a r t i c u l a r l y  i n  permanent i n s t a l  l a -  

Permanently i n s t a l  l e d  instruments w i l l  experience the most 

r useful  ness- i n  argh geothermal envi- 
/ i n h i b i t o r s  to t othermal f l u l d  w i l l  

he r i s k  i s  t h a t  scal ing o r  clogging of probably reduce corrosion' rates. 
the producing formation may resul  (WCC, 1978a). ' 

2.2.2 Scaling Control 

thermal we1 1 i nsirumenta 
of s i l i c a  (S i0 ) o r  c a l c i t e  (C 
t i o n  may incluge blockage o r  n 
par ts  t o  the casing and blockage o f  wel l  
geothermal scale has not  been w nd t o  date has l a rge ly  
been confined t o  removal and p r  a l i n g  was observed a t  dam- 
aging levels.  Maintenance o f  a f f i c i e n t  t o  prevent f lash- 
i n g  appears to be the most Since data on scale con- 
t r o l  are l im i ted ,  the bes t  n equipment t o  operate 
under condi t ions o f  moderate sc commodate per iod ic  cleaning 

lems may a r i se  due - to the b u i l d h p  
s - f o r  i nstrumenta- 

e upper por t ions o f  the 

.3  

t oes not-  operate t geothermal tempe ra- 

most ef fect ive for  
no t  as ef fect ive as 

ayer i nsu la t i on  may. pose some 
revent crushing of the insula- 

tures. One so lu t i on  i s  t o  provide i nsu la t i on  and cool ing f o r  sens i t i v  
components . Vacu um- ty  pe i nsul a ti on appear 
geothermal condi t ions (Table 2.13). ' Dewar 

bd t r i c  mater ia ls  (Pb-Te, Ge-Te, Ag-Sb, o r  Sn-Te; Figure 2.2) ,  may be able t o  

- 7 -  
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provide the necessary cooling. 
tures i n  excess o f  ambient (3OOoC). While these cool i ng devices have some 
drawbacks (sca l ing o f  moving par ts  f o r  the mechanical heat pump, h igh cur- 
r e n t  f o r  the thermoelectric heat pump), maintenance o f  a constant tempera- 
t u r e  of 100°C would minimize many temperature-induced problems i n  elec- 
t r o n i c  components. 

2.2.4 Temperature Control - Mater ia l  Select ion 

The most serious temperature e f fec ts  on measurement o f  subsidence are 
probably length change, modulus change and e l e c t r i c a l  resistance change 
w i t h  temperature (WCC, 1978a). 
discussed i n  Section 2.3). 
t o r i n g  equipment f o r  use a t  300OC, the engineer must assess and attempt t o  
minimize the potent ia l  e f fec ts  of temperature on the response of the 
mater ia ls i n  the instrument. Not 'on ly  must the probe body be temperature- 
compensated t o  reduce length changes, bu t  a lso i t s  component instrumenta- 
t ion,  such as s t r a i n  gauges, cant i levers,  and pick-up c o i l s ,  must be com- 
pensated i n  various ways t o  reduce er ro rs  due t o  changes i n  length, 
e l a s t i c  modulus, and e l e c t r i c a l  resistance. 

Many o f  the problems w i t h  length changes can be lessened by using con- 
trolled-expansion a l l oys  such as 42% Ni-Fe (Table 2.141, by construct ing 
the instrument using mater ia ls  wi th  equal expansion coef f ic ients ,  and by 
using unst ra i  ned sensors near s t r a i  ned sensors t o  monitor temperature 
e f fec ts  on signal levels.  Note t h a t  Invar  i s  not  a low expansion a l l o y  a t  
geothermal temperatures (Figure 2.3). S imi lar ly ,  a r e l a t i v e l y  new a l loy ,  
Super-Invar, looks promising f o r  temperatures below 200°C, bu t  i t s  thermal 
coef f i c i  ent  of expansion i ncreases rap i  d l y  and non-1 i nearly above t h a t  
temperature (see Section 6.1 i n  Appendix A). 

E las t i c  modulus changes can be reduced oy using controlled-modulus a1 loys  
such as Elv inar,  I so-e las t i c  and Ni-Span-C (Table 2.15a). 

E lec t r i ca l  resistance changes can be reduced by using a l l oys  w i t h  near- 
zero coe f f i c i en ts  o f  resistance change (Table 2.15b). An unstrained gauge 
near a s t ra ined gauge can be used t o  compensate f o r  shor t  term (revers- 
i b l e )  and long term (due t o  annealing) changes i n  resistance. Heat t rea t -  
ment helps reduce long term resistance changes. 

2.2.5 Other Mater ia ls and Operation Problems 

Other mater ia l  s and operational problems associated w i t h  geothermal 
instrumentat ion were b r i e f l y  assessed. Mechanical seal design i s  a major 
problem (Table 2.16; WCC, 1978a). Metal-to-metal seals are the best f o r  
geothermal use, bu t  sometimes cannot be used Decau'se o f  e l e c t r i c a l  
requirements. A second problem i s 1 imi ta t ions  e l e c t r i c a l  cables (WCC, 
1978a). Nevertheless, the manufacture o f  an armored, insu la ted  cable f o r  
geothermal environments appears t o  be w i t h i n  cur ren t  techno1 ogy. However, 
such cable w i l l  have t o  be custom-made. It w i l l  be c o s t l y  and may requi re 
frequent repai r s  o r  replacement due t o  the harsh environment . Fr i c t i on ,  
t oo l  bounce and cable stretch, and i ncl i nometer o r i en ta t i on  are depth- 

Both r e j e c t  heat t o  the we l l  a t  tempera- 

(Performance o f  e l e c t r i c a l  components i s  
I n  the design o f  geothermal subsidence moni- 

- 8 -  
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aspi re la ted  problems (WCC, 1978a). No easy so lu t ion  ex i s t s  f o r  the problem of 
f r i c t i o n  of permanently i n s t a l  l e d  extensometer rod/wi re /p i  pe against the 
side o f  the borehole. 
tacts ,  bu t  may be hard t o  achieve i n  geothermal areas, The use o f  a three 
( o r  more) sensor probe which detects downhole markers s i g n i f i c a n t l y  
reduces the depth measuring problems associated wi th t o o l  bounce and Cable 
s t re tch  (Figure 2.4). The use o f  ,gyroscopes appears t o  be the most prom- 
i sing so lu t i on  f o r  i ncl i nometer o r ien ta t ion  t o  replace the grooved casing 
and t rack ing  wheel s t h a t  o r i e n t  conventional geotechnical i ncl i nometers 
used f o r  hor izonta l  movement measurements. 

2.2.6 Recommended Mater ia ls and Techniques 

A summary o f  mater ia ls  and techniques t h a t  can be used t o  improve ex i s t i ng  
equipment and design new ones i s  presented i n  Table 2.17. The most prom- 
i sing ex i  s t i n g  i nstruments, i dent i  f l e d  e a r l i e r ,  were re-rated, assuming 
t h a t  the recommended modifications were incorporated i n t o  the instrument. 
The instruments t h a t  received h igh ra t i ngs  i n  t h i s  evaluat ion are pre- 
sented i n  Table 2.18. 

2.3 SENSOR AND SIGNAL TECHNOLOGY 

A nurrt>er o f  instrumentation components were examined f o r  their appl i cab i  1 - 
i ty t o  geothermal subsidence monitoring. 

Very s t r a i g h t  holes may minimize f r i c t i o n a l  con- 

2.3.1 Transducers 

A few transducers may be capable o f  providing accurate data a t  geothermal 
temperatures and may survive rough f i e l d  condi t ions (Table 2.19; WCC, 
1978b). Reed switch sensors o f f e r  the most promise because they requi re a 
minimum of downhole e lect ron ics and have a d i g i t a l ,  "on-off" signal 
(Figure 2.5) . Three gauges o f fe r  p a r t i a l  c a p a b i l i t i e s  f o r  geothermal 
measurement b u t  requi re  some h igh temperature s ignal  conditioning: 
(1)  e l e c t r i c a l  resistance s t r a i n  gauges and (2)  LVDTs are avai lab le i n  
h igh  temperature packages but need high temperature signal condi t ion ing t o  
ge t  a good signal  t o  the surface, and ( 3 )  v ib ra t i ng  Wire S t ra in  gauges 
provide a frequency signal on ly  minimally subject  t o  de ter io ra t ion  over 
long leads ou t  need temperature compensation and sophist icated surface 
signal condi t ion ing t o  exc i te  and pick-up the w i re  v ib ra t i on  frequency. 

2.3.2 Signal Conditioning Equipment 

Figure 2.6 shows some possible s ignal  condi t ion ing systems (see a lso WCC, 
1978b) . High temperature components are avai lab le t o  construct  signal 
condi t ioners fo r  downhole operation (Table 2.20 and Section 6.2 i n  Appen- 
d i x  A). Analog-to-digital (A-D)  conversion i s  desirable t o  minimize s ig-  
na l  degradation over long lead w i  res f o r  anal og-type signal s. However, 
the accuracy o f  the A-D conversion must be evaluated, even wi th  h igh tem- 
perature components, over the the 20% t o  3OO0C temperature range. 

w 
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2.3.3 Data Transmission Equipment LJ 
Hard wire telemetry using mu1 tiplexi ng techniques can reduce cable re- 
quirements (WCC, 1978b). Accuracy of the transmitted data will be depen- 
dent on the sampling r a t e  and the h i g h  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) 
W i l l  have t o  be balanced against the problems of the more complex elec- 
tronics associ ated w i t h  'telemetry 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 t o  a strip chart 
recorder or  event recorder i s probably adequate for  i n i  t i a l  instrument 
testing. Magnetic tape recording or'more sophisticated data acquisition 
systems (Figure 2.7) may ,meri t consideration a f t e r  the instrument i s  
debugged . 
2.4 ADAPTION OF PRODUCING WELLS TO INSTRUMENTATION NEEDS 

I t  i s  probably economical t o  use producing wells for  monitoring since no 
(or  minimal) additional expense i s  incurred fo r  d r i l l i n g .  Also, i f  just a 
few moni tor i  ng-only we1 1s are instal  led, the zone of maximum compaction 
may be missed i f  unusual subsidence patterns develop, a s  a t  Wairakei . The 
adaption of production wells to  monitoring will permit a broader area of 
the geothermal f i e l d  t o  be s tudied .  

In some geothermal we1 1 s ( i n  particular vapor-dominated we1 Is) ,  the pro- 
ducing zone i s  unlined. The use of radioactive bul le t  markers combined 
w i t h  a suitable gamma-ray detector probe was determined t o  be a poten- 
t i a l l y  workable system for  unlined wells. Radioactive bullets may also 
f i n d  use i n  cased wells where movements of the slotted liner or casing are  
not expected t o  be representative of formation movements. (Refer to  Sec- 
tion 2.1.2.) Cased o r  lined wells w i t h  good casing/formation adhesion 
offer many options for  monitoring. However, there i s  a neea t o  introduce 
f lex ib i l i ty  into -conventional well casing t o  key i t  t o  the adjacent ground 
and prevent casing fai lures  i n  zones of large movements. The use of s l i p  
couplings (Figure 2.8a and b) and the use of bellows sections (Figure 2.9) 
along the length of the casing were considered i n  Section 2.1.2. Bellows 
sections may be installed a t  regular intervals u s i n g  an oi l  industry 
hydraulic corrugating tool (modified casing expander) once the casing i s  
i n  place. However, bellows sections may enhance corrosion and promote 
collapse due to  stress concentratlons. S1 i p coup1 i ngs, a1 though Used i n 
the oi l  industry, are not y e t  available f o r  geothermal use (see Appendix 

To minimize interference w i t h  f l u i d  production, two techniques were pro- 
posed. An access gland t o  allow entry of a settlement probe while main- 
taining flow, pressure and temperature i n  a producing well i s  shown on 
Figure 2.10. Access glands are used i n  the oi l  industry, and special 
designs have been developed fo r  geothermal logging (Veneruso, 1979). Even 

A-4.0) . 
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w i t h  an access gland, i t  may s t i l l  be necessary t o  shut i n  the wel l  i f  the 
f lowing f1ui.d causes the probe t o  bounce as i t  i s  lowered. This approach 
i s  Used i n  the o i l  industry.  The access gland serves t o  maintain w e l l  

"temperature and pressure i n  t h a t  case, 

If i t  proves undesirable t o  use the  production casing f o r  monitoring, 
small (25-50 mm) diameter a u x i l i a r y  casing i s  proposed. This casing, 
strapped outside the 
and a1 1 ows monitor ing 
t i o n  (see Figure 2.11). However, i t s  use may complicate d r i l l i n g  and 
cementing operations and m 

2.5 'NEW CONCEPTS IN SUBS1 

A n u h e r  o f  new instrument 
the new concepts draw on techniques and mater ia ls  discussed i n  e a r l i e r  

measurement. 

u 

duct iowcasing and i n s t a l l e d  with it, has no f low 
thout  in ter ference wi th  geothermal f l u i d  produc- 

hough many of 

A multi-sensor reed switch settlement probe i s  proposed f o r  use i n  
production we1 1 s (Figure 2 . 12) . The casing woul d i ncorporate magne 
markers a t  15-20 m i n t e r v a l s  and s l i p  couplings (o r  bellows sections) fo r  
f l e x i  b i  li ty. The instrument system provides d i r e c t  readout t o  the nearest 
25 mm by using a ser ies of c lose ly  spaced reed switches a t  each end o f  the 
probe. With the add i t ion  o f  a p rec is ion  e lec t ron ic  t imer, distances can 
be measured t o  0.1 mm, although i r r e g u l a r  probe speed may not  a l low the 
f u l l  accuracy t o  be rea l i zed  i n  the f i e l d .  

2.5.2 New Concepts f o r  Monitoring i n  Aux i l i a ry  Casing 

F ive monitor ing methods using probes and one f l u i d  settlement device were 
developed i n  concept f o r  use i n  a u x i l i a r y  casing. 
instruments are as fo l lows: 

Key features o f  these 

o Single Sensor Reed Switch Probes -- This probe uses casing w i t h  
s t ra in - f ree  li ner segments so i n-si t u  ca l  i ora t i on  i s obtained 
wi thout  the use o f  a 3-sensor probe (Figure 2.13). 

o T r i p l e  Sensor Osci l  lator-Type Magnet Detector -- More sensi t ive 
than a reed switch, i t  may have a b e t t e r  chance o f  detect ing mag- 
n e t i c  markers a t  300OC, a t  which s e n s i t i v i t i e s  of a l l  magnet 
detectors decrease. 

o Single Sensor Vibrat ing W i r e j r o b e  -- Permanently i n s t a l  l e d  
v ib ra t i ng  wires are monitored by a por tab le probe. This  system 
monitors s t r a i n  wi thout  depth o r  di stance measurement, so resu l t s  
are unaffected by t o o l  bounce or cable s t re tch  (Figure 2.14). 

See Section 3,  Figure 3-31. 

tu, 
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o Single Sensor Proximity Detector Probe -- The probe counts closely 
spaced corrugations on auxi 1 i ary casing between adjacent coup1 - 
ings .  
ments. The  system gives direct  readout of subsidence t o  the near- 
es t  12  mm (Figure 2.5). 

o Triple Sensor Weigand Device Probe -- Another type of magnet 
detector, i t  i s  available i n  commercial modules fo r  use t o  250°C 
(Figure 2.16). 

In-situ calibration i s  provided by strain-free l iner  seg- 

o Double F1 u i  d Settlement Device -- The surface-moni tored pressure 
of a s l u g  of mercury as i t  moves through the system displacing 
nitrogen i s proportional t o  the distance between adjacent refer- 
ence points. 
ure 2.17). 

No downhole probes, wires, or  rods are needed (Fig- 

2.5.3 Comparative Rating o f  New Concepts 

The seven new instrument methods were comparatively rated. Several o f  the 
instruments were suitable for  use i n  a variety of the proposed casings, 
b u t  were discussed i n  reference t o  one casing type only. 
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: 

To take into 

o Multi-Sensor Reed Switch Probe ( for  use i n  modified production 
casing) . 

0 Multi-Sensor Reed Switch Probe (for  use i n  simple auxiliary cas- 
i n g ) .  

o 3 Sensor Oscillator-Type Magnet Detector Probe ( for  use i n  moai- 
f ied production casing). 

Li 
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bd TABLE 2.1 
COMPARISON OF GEOTHERMAL SUBSIDENCE AREAS 

(From Atherton and Others, 1976) 

SURFACE DEFORMATION 

Subsidence 

Area Affected 
Maximum Subsidence 
Subsidence Rate 

73 b2 1969-1975 
0.17511 11969-19751 
7.5 anlyr (1969-1972) 

-1 km2 
0.028 (1 970-1 971 
Max. 2.8 cmlyr (1970-1972) 

65 km2 (1956-1970) 
4.7m (1956-1974) 
k x .  40-45 cm/yr (1967-1974) 

Horizontal Movement 
0 . l h  (1969-1975) 
Avg. 2 cmlyr (1969-1975) 

Not measured O.& (1956-1974) 
h x .  -10 cmlyr (1970) 

Maximum Movement 
Rate 

Associated Faul t l n g  

T i m  o f  Principal Occurrence 

RESERVOIR MATERIALS 

Type, Age, Consolidation 

None 

1956-1976 + 

None 

1966-1976 + 

None 

1953-1976 + 

Pumice breccia and ignimorite. 
w i th  medial andesite S i l l s .  
P1 eistocene 

Pumice breccia and tuff, 
Pleistocene, w i th  medial 
s i l t s tone and rhyo l i te  
aquitards. Pleistocene 

15-50% (highest i n  
pumice breccia) 

Moderately high 

Pumice breccia w i t h  sandstone 
and minor siltstone. medial 
rhyo l i te  s i l l ,  Pleistocene 

Porosi W Extremely variable due to 
cementation 

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

Maximum subsidence outside 
area o f  greatest production. 
Local s i l l s  o f  volcanic roCk 
may prevent transfer of load 
t o  underlying reservoir 

PenneabiliW 

Compaction Behavior 

Chiefly siltstone, mud- 
stone. and rhyo l i te  w i t h  
minor sandstone. tuff 
and alluvium, Pleistocene 

OVERBURDEN 

Type, Competence. 
Deformation Properties 

Pleistocene rhyo l i te  flows and 
Holocene (?) alluvium Tuffaceous shale and sand- 

stone w i th  interbedded tuff 
and conglomerate, Pleistocene 

REGIONAL GEOLOGIC STRUCTURE 

Fol Numerous n o m 1  faults, w i t h  small 
Component o f  r ight- lateral  m e -  
ment, indicat ing tensi le stress 

Sediments drape-folded over 
basement highs, normal 
fau l t ing  w i th  small compo- 
nent o f  r igh t - la te ra l  move- 
ment, indicates tensi le 
stress 

Normal faulting, w i th  
small component of 
r ight-1 a teral  movement. 
indicates tensi le s tress 

430-1 20Om 
Hot water and flashed 
steam 

Maximum 3000C+ 
A c 2 . 6 3 ~ 1 0  7 kglday 
(1 973-1975) 

PRODUCTION 

Depth 
F lu id  Type 

Temperature 

Productlon Rate 

Total F lu id  Withdrawal 

Maximum Pressure Decline 

1 

460-915111 
Hot water and flashed steam 

15b1360m 
Hot u t t e r  and flashed 
steam 

Maximum 2600c 

1 . 3 ~ 1 0 ~  kglday (1975) 

9 3 0 ~ 1 0 ~  kg (1956-1974) 

Maximum 2700C+ 

Max. 1 .6x107 kglday (1956-1970) 

25 kg/an2 (1956-1974) 

.02 (1956-1974) Subsidence: Head Decline 

+ Sourtes: 6rlndley. 1964. 1970; S t i lwe l l  and others. 1975. 
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TABLE 2 . 3  

(From A t h e r t o n  e t  a l ,  1976) 
C O M P A R I S O N  O F  M A J O R  O I L  A N D  GAS SUBS 

1 

D E N C E  A R E A S  

31 b2 I1 Ln? 37 bn2 

0.7k(l925-1%7) 1.73m(1911-1963) 1.22n11931-1%5) 

Subsidence 

Area Affected 

Maaimm Subsidence 

Subsidence hU 

>m knI2 

0.8n(1900-19601 

4O-wcm/yr 3 . W y r  ‘“1’ 1933-1965) 
a w  1 . W y r  avg. 3.knl r 

(1925-1967) (1911-1%3! 

O.lhn(1931-1963) 

(1934-1961) 
avo. 2 .6n ly r  

mn nigh angle. m m l  

Vertpheral 

33-77dyr  
(1947-19% 
before I n j e c t i d  

. -  

High angle. m m l  mne 

Peripheral 

1917-1926 1926-19%. 

Horizontal mvemnt  

M a x i w  m v a n t  

hte 

Associated Tau1 t in9  

TYW 

Location 

Earthquake 

Magnitude 

Time of Princip.1 
Occurrence 

RESERVOIR K4TERIALS 

TyEArloP;iation 

mne mnc Lor angh 

Central 

6(1947-1961) 

2.4-3.3 

1947-1958+ (WU 
halted by i d r t l O n )  

1955-196W 1950-1960 1925-1967 1911-1963 1913-1965 

unconsol idated 
calcareous sands 
w i t h  interbedded 
c 1 w  ( l i t t o r a l  
and lagoonal) 
Quaternary age 

Deconsolidetad 
sand. sandstone 
and cong lmra te  
w i t h  interkdded 
clay. Cenozoic a C  

UnconrolidaM sand Interbedded Sand. 
and clay Of clay, and $111 

o f  motene age 
Similar to S in i la r  to 
Yilmington Uilnington . 

Siu i la r  ta 
YilminQton unconsolidated to 

smiconsolideted 
rand w i t h  inter-  
W d e d  clay and 
shale (nurind. 
Miocene to 
Pliocene Age 

20-3SI PomriW 

Permeability 

Eapact ion Lhav io r  

100-1500 111 

601 o f  m p . c t i o n  
I n  sands. 40s i n  
clays and shales 

Compaction 
roughly q u a l  
i n  rands and 
clays 

Cause of rcme 
subsidence pr io r  
to d c v e l o p n t  
i s  unknwn 

OYEIURDEN 

TYW Caoctence Unconsolidated 
D e f o L t i o n  PmWrties shale. sand. 

ClWltOM. and 
Si l tstone Of 
Pliocene and 
Pleistocene age 

RESIOWAL GEOLOGIC STRUCNRE 

Similar to 
n s e r v o i r  rock 

S i m i l a r  to 
reservoir mck? 

6ent l r  folded 

Similar to 
Icservoir  rock? Similar to 

Yiluington 

Ant ic l ine 
faui t inp? 

L n t l e  dome k l i g h t l y  folded Anticline; 
anticline. high- faulting? 
angle reverse 
faul t ing 
indicat ing 
Mpress ive  Stress 

8mad ant ic l ine.  
flank dips 20-60”. 
w i t h  M r O U S  

Folding, Faulting. 
RCgiom1 stress Miocene and 

younger sediments; 
older dewsits transverse nom1 

fau l ts  indicat ing 
tensi le stress 

intensely faulted 

PRODUCTION 

k V t h  

Flu id  Type 

l-loooo L d i a n  9% 6od-2)o(k, 
( m s t  6w-llMb) 

o i l .  water. and 
00s 

r d i a n  16% median 9Oan 

o i l  and u t e r  oi l ;  mtar and o i l .  gas, and 
u u r  

o i l  and waur  (?) br ine r t h a m  w i t h  dissolved ethane br ine w i t h  dissolved 

gls(i956)jldey par( l%d: 
> 5 5 0 x 1 6  575x10 I d l y  

oil ;  water and 
I.11 

Production R a t e  o i l ;  ll-22x10’m31dav 

o i l  + *Iter: 
22tx106n3 

gas: 24x10%3 

10-1 PrCdUCtion 

tot.1: 2 m 9 n )  

. Total(1956). i f  Total (1956). if 
*Iter* a 
1.LxlOgjidaY 

utem a 
o i l (p lu r  water7 

1.1XlAhY 

*.M1 

)(K(1917-1926) 

lotes:  

1) hot i n  r r m t k s e s  indiut. psriod of m m r u m n t  o r  ywr of n w r t  
2) k n r i t l e s  used f o r  convwtiow, a t  ZSot and 1 am:mtural  gar. 0.829 k d :  

l o t r a s u r r d  

o i l .  11% kg/ul; 1020 kplu’ 

SourcII: Van der m a p  an4 Van der Ylis. 1%7; bland and h v l s .  1969. 
Yer1.r and Castle. 1969; hyw. 1970; Allen. 1971; IOvach, 1974 

- 15 - 



TABLE 2 . 4  

REPRESENTATIVE GEOTHERMAL R E S E R V O I R  TEMPERATURES 

( M o d i f i e d  f r o m  E l l i s ,  1975; average and maximum t e m p e r a t u r e s  

i n  m a j o r  f i e l d s  around t h e  w o r l d )  

Average Maximum 
SYSTEM Tempgrature Tem pg r a  t u  r e  

( C )  ( C )  

HYDROTHERMAL 
CONVECTION SYSTEMS 

V A P O R - D O M I N A T E D  

USA 
The Geysers 

L a r d e r e l  l o  

M t .  Amiata 

ITALY 

JAPAN 
Matsukawa 

LIQUID-DOMINATED 

NEW ZEALAND 
Waf r a  k e i  

Ka wer a u 

Broad lands  

Nama f j a1 1 

Pauzhets k 

N i l a n d  
( S a l t o n  Sea) 

EL SALVADOR 
Ahuachapan 

ICELAND 

USSR 

USA 

JAPAN 
Otake 

230 

200 

170 

220 

230 

250 

255 

250 

185 

300+ 

230 

230 

285 

260 

190 

270 

260 

285 

300 

250 

250 

N. Hach imanta i  --- >250 

Ha t c  ho ba r u  250 300 

Oni kobe --- 288 

PHILLIPINES 
S. Luzon --- 

TURKEY 
K i  l z i d e r e  190 220 

E l  T a t i o  230 260 
CHILE 

U 

hj 

- 16 - 



c d: 
TABLE 2.5 

I 

U 

I 

PRODUCTION-INDUCED CHANGES I N  THE 
AVERAGE TEMPERATURE OF GEOTHERMAL RESERVOIRS 

SYSTEM 

LIQUID-DOMINATED 

Wairakei , New Zealand, 
Western Area 

Hypothet ical  Reservof r 
(Cal cu l  a ted Valves ) 

VAPOR-DOMINATED 

The Geysers, Cal i f o r n i a  

GEOPRESSURED 

Typi ca l  Reservoir 

I n i t i a l  

measured ) 
(Year 

250 
-( 1957) 

325 

240 

Modi f ied a f t e r  Atherton and Others (1976) 

TEMPERA 

Later  

measured) 
(Year 

240 
(1 969) 

IRE (OC), 

Expected F ina l  

280 
( a f t e r  30 years) 

234-237 

Change 

10 

45 

3-6 

1 0- 50? 

DATA SOURCE 

S ti 1 we1 1 and 0 thers 
1975 

Meidav and Sanyal , 1976 

Dennis McMurdie, Oral 
Communication 

Atherton and Others, 1976 



TABLE 2.6 GEOTHERMAL RESERVOIR PRESSURE CHANGES 

(a) PRODUCTION-INDUCED CHANGES I N  AVERAGE GEOTHERMAL RESERVOIR PRESSURE 

Eeothermal F i e l d  Type Pressure ChanJe_ 
vapor-dominated systems 30 Kg/cm2 ' 

1 iquid-dominated systems 50-250 Kg/m2 
geopressured systems 250-400 Kg/cm2 - 

I 

03 
I 

-1 

I 

SYSTEM 

. IQU I D-DOMI NATED 

Wairakei , New Zealand 

IAPOR-DOMINATED 

The Geysers, Cal i f o r n i a  

iEOPRESSURED 

PRESSURE ( kg/cmL) 

I n i t i a l  

measured ) 
(Year 

- 52 
(1957) 

13.6 
(1 957) 

390-540 

La ter  

measured ) 
(Year 

- 27 
(1 974) 

32-35 
(1 969) 

10-0 
(1 967) 

(Modif ied a f t e r  Atherton and Others, 1976) 

Expected F ina l  

-6 

140 

Change 

- 25 

26-~29 

3 -6 

250-400 

DATA SOURCE 

S t i l w e l l  and Others, 1975 

Koenig, 1969; McMurdie, o r a l  

Ramey, 1968 

communication 

Papadopulos and Others, 1975 

(b)  PROBABLE RANGE OF MAXIMUM PRESSURE CHANGES 

c 



T A B L E  2 . 7  

C H E M I C A L  C O M P O S I T I O N  OF G E O T H E R M A L  WATERS,  in mgll 
(From Various L o c a l i t i e s  i n  the  Western Uni ted States and Mexico; a f t e r  Chen, 1975) 

3.1 NA 0.47 0.3 84 

7.4 NA .2.0 0.10 97 

85 

130 

234 

234 

59 

53 

121 

0.5 

0.32 

0.56 

0.47 

250 

60 

1 .o 

8.6 3130 6.0 1070 51 19.5, 0.075 3.0 1610 10.0 0.15 242 8.2 

0.5 234 111 3.0 351’ 6.0 

1.9 66 89.3 16.2 13 2.25 

1.9 65.5 117 15.8 210 2.22 

Surprise 
Valley (CAI  

Bewove 
Well I 1  (Nev.) 

Beowowe 
Well 12 (Nev.) 

Wabuska 
Well # l  (Nev.) 

30 0.05 0.01 8.8 1310 80 43 

240’ 35 0.1 0.01 16 NA 16.8 

17.8 HA 2.44 

7.25 0.36 ---- 

7.30 0.33 0.33 

0.3 230 

0.2 230 

0.10 56 

0.10 53 

0.10 118 

35 0.1, 0.01 9.53 1620 2.8 250 

8.76 1050 0.5 310 16.5 12.8 0.1 0.3 50 37.5 0.80 610 0.96 

- 0.3 47.5 49.0 0.39 590 1.08 

8.2 730 232 2.9 103 43.5 

Wabuska 3; Well #2 (Nev.) 8. 1100 0.5 34 

8.5 1980 1.5 61 
1 Steamboat 

Sprl ngs ( Nev . ) 
Geysers 
5 I 6  (CA)  

Geysers 
8 (a) 

Geysers 
9 I 10 (CA) 

1.7 4.42 0.4 

0.2 0.9 0.83 122 0.4 

0.22 1.5 1.2 66.2 0.32 

---- 13.5 199 ---- 138 456 1.1 

7.6 575 0.8 0.25 0.05 1:38 0.065 
’ .  

---- 1.0 116 ---- 122 232 

0.38 0.46 5.6 14.5 0.56 

0.12 0.68 0.72 17.5 0.47 

---- 1.0 16.2 ---- 33 52 

---- 1.0 176 ---- 78 106 

13.0 11700 NA NA 6.4 17 

260 50 21.0 44400 97 ---- 

0.01 8.9 20.1 ---- 470 0.93 

7.0 164 0.7 0.25 0.05 ‘1.85 0.03 

7.6 400 0.6 0.5 

NA 22600 6.0 6700 890 600 13 

Geysers 
11 (CAI 

Cerro Prieto 
Mexico ( X )  

Cerro Prieto 
Mexico ( Y )  

0.5 NA 34.4 15.6 156 

3.4 NA 1.6 0.1 60 

147 0.95 ---- NA 45.1 

7.0 77400 90 25600 4660 2000 234 ’ 

Cerro Prieto 
Mexico ( w )  5.2 660 2.3 5.0 1.0 3.1 0.028 

---- below detection l i m i t  ‘ 
NA not analyzed 



TABLE 2.8 

SPEC1 F I CATIONS FOR MONITOR1 NG SUBSURFACE VERTICAL DISPLACEMENTS 

' 

RESOURCE MEASUREMENT 

TEMPERATURE 

PRESSURE 

S A L  I N I TY 

D I S S O L V E D  S O L I D S  

MAXIMUM DEPTH OF MEASURE- I MENT 

MAXIMUM T O T A L  COMPACTION I 
D E S I R E D  MAXIMUM V E R T I C A L  

I N T E R V A L  BETWEEN 
M O N I T O R I N G  P O I N T S  

ACCURACY OF MEASUREMENT 
OVER F U L L  DEPTH OF 
I N S T A L L A T I O N  

ACCURACY OF MEASUREMENT 
OVER 30 M I N T E R V A L  

M O N I T O R I N G  P E R I O D  

ENV I R O N -  
MENTAL C A P A B I L I T Y  

VZPOR- 
DOMINATED 

3 km 
(6 k m )  

0.3 m 
(0.6 m )  

30 n, l nc reas -  
i n g  t o  80 m 
ou t s ide  r e s e r -  
vo i r  

k3 mm 

i0.5 mm 

weekly f o r  
1 s t  mon th ;  

monthly f o r  
1 s t  yea r ;  

then seml- 
annual ly  

VAPOR- 
DOMINATED 

2 8 5 O C  
( 3 0 0 ° C )  

35 kg/cm2 

0.01% 

0.2% 

Note: long-term values  i n  parentheses  

- 20 - 

L I Q U I D -  
DOWr NATED 

3 km 
(6 km) 

4 m  
(6 m )  

30 m, l nc reas -  
i n g  t o  80 m 
ou t s lde  r e s e r -  
voir 

i 3 0  mm 

i5 mm 

weekly f o r  
1 s t  m o n t h ;  

monthly f o r  
1 s t  y e a r ;  

then seml- 
annual ly  

15 yrs 
(50 yrs) 

L I Q U I D -  
DOMINATED 

3OO0C 
( 3 7 5 O C )  

300 kg/cmX 
(600 kg/cm ) 

3% 
(20%) 

30% 

GEO- 
PRESSURED 

(6-7 k m )  

(5 -7  m )  

30 m. Increas-  
i n g  t o  80 m 
ou t s ide  r e s e r -  
v o i r )  

(t30 m m )  

(k5  mm) 

(weekly f o r  
1 s t  m o n t h ;  

monthly f o r  
1 s t  y e a r ;  

then seml- 
annual ly)  

GEO- 
PRESSURED 

( 3 7 5 O C )  

kg/cm2) 
(800-1,000 

[ 3%. i nc reas -  
Ing t o  u p  t o  
!OX above  reser- 
roir) 

[more t h a n  30%) 



U 

- _- . - .  

T A B L E  2.9  
I 

SPEC I F I CAT1 ONS FOR MONITORING 
SUBSURFACE HORIZONTAL DISPLACEMENTS 

MAXIMUM LOCAL ANGULAR 

ACCURACY OF ANGULAR 
ROTATION MEASUREMENT 

~ .A -! 

- 

U 
- 21 - 



TABLE 2 .10  
RELATION BETWEEN SUBSIDENCE PARAMETERS AND WELL CASING PROTRUSION 

(Selected cases from Poland & Davis, 1969) 

TIME 
DURATION 

OF 
SUBSIDENCE 

THICKNESS 

OF WELL 
IUBSIDENCE CASING 

ZONE PROTRUSION 

1050 m No - Good bond 
w i t h  ground. 
Note: casing 
above subsi- 
dence zone i n  
tension. 

No - casing 
f a i l e d  a t  
depth i n  pro- 
duction s t r a t a  

Yes - 714 m 
deep we1 1 
f i l l e d  w i t h  
concrete 

ANNUAL 
RATE 

MAXIMUM 
SUBSIDENCE LOCATION GEOLOGY 

- 

Jilmigton, Cal if. Sediments (Recent t o  
Miocene) 6000 ft t h i c k  
Over basement sch is t  
(Pre- t e r t i a r y )  
O i l  Production zone 
from 2500-6000 ft 
depth. Shales, s i l t -  
stone, sands & sand- 
s tone. 

8.1 m 1941 -1 962 0.3 t o  
0.6 m/yr 

.ake Maracaibo, 
fenezuela 

O i l  produced from 
interbedded sands, harc 
clays, s i l t s  (Miocene) 

3.3 m 1926-1954 
continued 
a f t e r  bu t  . 
a t  1 ower 
r a t e  

'0 Delta, I t a l y  1 - 3 m/yr 

0.3 mm/yr 

1000 m (up t o  2000 m) 
of r e l a t i v e l y  unconsol. 
idated Quaternary 
deposits ; marine, san- 
dy, h igh ly  calcareous 
w i th  some c lay  layers; 
contains a t  l e a s t  f i v e  
methane-bearing hor i -  
zons. 

1890-1 950 
1950-1 956 

1885-1 928 
1928-1 943 
1942-1 951 

I 
lsaka, Japan 0.3 t o  0 . 6 ~  

1.3m 
2m 

1 .5-13mn/yr 
70-1 20mnlyr 

0-80 m kes - we l ls  & Ground water aqui fers  
containing c l a y  zones u i l d i n g s  

bove ground 

Iexico City Sand & Gravel K i n t e r -  
beds o f  clayey s i l t  
(andesi t ic  d e t r i  us) 
from 5 0 - 6 h  t o  500111 
comprise groundwater 
aquifer;overlain by 
f i n e  grained lake de- 
posits; volcanic ash 
Na ter-transported 
sediments 

4 t o  7.5 m t o  1959 
1898-1 938 
1938-1 948 
1948-1 952 
1952- 

20 mn/yr 
150 n / y r  

250 m/yr 
300- ~OOIIIII/Y 

o s t l y  top Prot rus ion o f  
00 m wel ls  common 

as Yegas Groundwater aqui fer :  
a l l u v i a l  deposits 
( l a t e  T e r t i a r y  & Quat- 
ernary confined by b l  UE 
clay ( lacus t r ine)  

0.1 m 
0.350 m 
0.66 m 

1935-1 941 
1935-1950 
1935-1963 

Prot rus ion as 
much as 1 m 

I 
anta Clara Val ley 1.2 m 

1.5 m 
3.3 m 

I91 2-1 933 
1934-1 960 
I91 2-1 963 

1960-1963 

Groundwater aquifer: 
unconsolidated a l l u v i a l  
h bay deposits (clay, 
s i l t ,  sand, gravel )  
(Pleistocene & recent) 
i v e r  semi-consol idated 
5anta Clara Formation 
i v e r  consolidated bed- 
rock 

Protrusion as 
much as 1 m 

0.23 m/yr 
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9CEMENTS e CAPABILITIES OF EXISTING SUBSIDENCE MONITORING INSTRUMENTS VERTICAL DISP 
I 

T BLE 2.1 Sheet 1 o f  4 

7 - 
I 

i AKURAcY 

PANUFACTURER+ 
SENS I T  I VlTY 

llATERIAL 
COMWSIT 101 

RAIlGE OF VERTICAL 
DISPtACEMEIT 

RANGE I AVAl LAB1 L I  M OPERATING PRINCIPLE PRESSURE : TEMPERATURE: 
(IMPORTANT FEATURES) 

0 el: 1 to 1 . h  (3J  
r F rted; 

1 x 1 ~ :  660% 
Ipica1: up to 3Mh 

IN USUally S t  
h l ;  my be p 
wtad; typica 
18 i n .  AISI 30 
trandd aircra 
Ill1 e 

~~t betwen surface and Wight anchors may be  
anchor seen as rotation of pulley l i f ted Out  of borehole 
a t  surface; counter-bmight a t  to  replacewire; 
surface u i n t a i m  constant tension Under severe gcothetml 
on w i n  ideally b u t  friction of conditions, pitting 
w i n  nay affut'tansion (6) corrosion rate my b e  

b e  severed i n  1-112 
0.15 so a 3'%nttire wwlc 

l.03m 0t.l: 2s-*, 
wettable  w i t h  water- 
eve1 nC0rd.r; 2 . h  
s x i u  w i t h  rotary 
otantlomtar; 

W*C, (2) above not applicable 
!ich strength loss 
w bcun* inparunt) ;  
B m k a l e  provision m r a t u r e  for 
m u m n t  

~ o i i v a ,  ism 
Phillips and 
Sykes. 1970 

I I Lofgnn. D. Lws. 1973 1969 . 

, Riley. 1969 
I Bull and ni11.r. 

I )  Lofgrm. l%l 
1975 

I 
leasun vertical displacement 
wbmn two markers a t  depth by 
:omparing r e s u l t s  of adjacent 
Installations; recess to borehole 
m t  necessary but w i n  must be 
'm to move between borehole 
ind transducer outside well. A 
itreight hole (WP Incllnatton) 
!s desirable to reduce friction. 
3) I 

,5  to 1.0 Dm 
IS above; w i r e  
3rd  i p  plast 
Obing 

Oul: 10-mu 
ne t t ab le ;  

IS abow not applicable k l t l p l e  win insUlIat iom Amhor and w in systeu 
possible, but w not be PmCtlU1 usually not m v b l e ;  
In dm, holes; a- not. a i  USY l i f e  under severe 
to met  nw. g w t h e m l  conditions 

maybe 1-112 mars. 

ypiu1: up to 1 m  as above timatd; 

s bovr. I1 above as above 0-1: 90-15(*1, 
om nset table;  
s u l l y  to a limit o f  
m; 

IIRE-TVPE SOREHOLE EXTEIIWETER; 
iprlng-tensioned; with grout or 
r chan lu l  anchor; and dial gaug. 
n airmctar sensor a t  surface 

W i n  stretched betwen anchor a t  

point a t  surface. M o v w n t  
bebmn surface and anchor i n n  

depth and Spr$ng-lMded reference 
. O h  I b t t s  1964 

11 h n n i i l i t f .  im Ierremetrics; P e t n  
imith; Swata 

k l t i p l e  w i n  Installations 
w s l b l e ,  but my not be practical 
i n  deep holes; sw mte a. Easy 
to met  rmge. Relatively rug@ 
conpared to electrical transducers. 
Stretch o f  win due to c h a w  10 
spring trmion added to read out 
value. 

as displacnmt of sonsing rpd 
contacting spring. 

A 

- 
. 0 l n  I i r ~  stretched be- anchor and 

antilever spring a t  surface. 
bvunmt betwen surface a d  anchor 
a u m  bending of cant l lwer  and 
nisunce change i n  s t re in  gauge. 

is above not applicable IS abova ferrametricr otal: 1- n u t t a b l a ;  

1 not Wpllcable I S  above 
I intervals. 

1) DunnlCliff. 1970 sinco Y l n  stretched from anchor. over 
pulley(to h i c k  potmticmrter 
coup1eC$to spring. M o v m t  
b e b m  s u r f a u  and anchor S n n  a¶ 
owlley rotation. 

'ypltal: 1Wm assmad as above as bove 

u n t  to envlromntal problms 

bta?: m n s e t -  
able; 

WRE-TYPE WORMOLE EXl'ENSCWETfR; 
spring tensioned; rrch.nical or 
gmut anchor; rotary potmtMnter  
sonsor a t  surfrce 

WIRE-TYPE BOREWE EXTEWSOIETER; 
cmtllrvCr-tmsl~;rrchanical 
or grout anchor: cantilever- 
mounted vibrating-wire strain 
gauge sensor a t  surface. 

- 
stainless stm 
*1 ns  

Dunnicliff. iom Typical: 1m o t  Ippl iuble  _ M . O l n  Win stretched hb*m anchor and 
c a n t i l m r  sprirq a t  surface. 
Mavment be- surface and 
anchor c&usn bmdi a t  u n t i l w a  
and c+mges natunt?nqurny of 
vibrating wire. 

mv-t beween anchor and surfac, 
appcars as translation o f  top of 
rod relative t o  surface6 O i s p l a c ~  
mnt o f  top o f  rod detected by 
sensor 

1 Toliva 1970 d CordiG, e t  11.. 

3 )  Seller. WLW 
1975 

16tal. 
10-50 mn resettable: 

Md rod lengths as 
required in exten- 
tension; in cm- 
pmsslon. can cut 
wds as needed; 

as bovc lods generally 
less steel; o 
sionally a l m  
my be p1ast 

or cased i n  p 
we. 

hndmr usually 
cast  plated iron. mild s 

Rod i s  typical 
d i m t a r  6 m 

rod- 1 7 n p  

mote t: 

Access to borehole not required; 
but  top of rod must be fm to 
move bebraen borehole and trans- 
ducer. Rod installed in f l e x d l e  
We if hole unstble  and requires 
m t i n  A straight hole (1120 
hclina!ion).is des i rb l e  t o  rr 
duce fricticn. 

If multiple Installation not 
practical for d-p hole. measure 
vertical displacement beween 2 
markers a t  depth by ccuQarlng 
results o f  adjacent installations. 
as b o w  

Irad; 
Interfels: 
Tewametricst 
Huggenberger ; 
Soil In s t rumts  

lot applicable Ro TYPE W R E m E  EXlEIISOKTER, 
r i t h  mhanical  or grout anchor; 
r i t h  d ia l  gauge w nicmacter 
sensor 

mTIPfflcmlolE E x T E R m m R  
w i t h  mechanical or gmut Inch& 
with linear potmtimeter senso; 

wipwcontacts as move; of 

potenhmmter may d e  
*grade and wear and 
requln n p l a c r n n t  
or nca ld ra t ion  r- within 1 mr. 

Total: 10 - 160 :0.01 m t o  0.1 ma IS bove as b o w  Interfel s; 
Sinco; 
Wad; 
Soil t n s t m n t s  

vat applicable as  bwe t . 2 t o t 2 n .  
es l u t e d ;  e i 

IS hove as hove I except as bo**; service l i f e  of 

LVDT should be s o  
what longer than for 
ptont lomter  if ade  
quate1y Sealed. 

RObTYPE BOREHOLE EklCIISOIEIER. 
with kchanical or grout anchor; 
w i t h  LVDT sensor 

Interfels not applicable : .01 m tQ t 0.1 nn I S  bove Total 12 m, : resettable: as a w e  Typical : 
30 m t o  180 m. 

I 
as awe;  

ercrpt s m i c e  l i f e  Of 
vdrat ina w i r e  stmln 

as bove rotil: + 0 05 t o  : 1.25 m 

&&W; b u t  f r ic t i t  
may make + 0.05 rn 
uNH1istic; 

s move as hove not applicable 
M T Y P E  BOREHOLE EXTENSOKKR. 
with whanlcal  or grout ancho;; 
with vibrating w i n  strain gau9e 
rmrnr 

Ilaihak Total: 
6 to  1 W m ;  

rypicai : 
30 m t o  180 m. 
estimated. 

as b o w  

wuge s k l d  be s e  
vera1 years. 
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kcess to hole not messary but 
Instmented rod wi t  be tre; to 
ffSPllcC toward surface. mi11 not 
mrk i n  metal casing; probably o k 
If anchors instal led outside fle;i: 
) le  p last ic  casing. 

Access to  hole not necessary. but 
instrment Nit be free to displace 
toward surface. b y  be s l ight ly  
influenced by steel casing and ac- 
curacy reduced due to  d is tor t ion of 
magnetic f ie ld .  

Central rod containing 
electronics has no 
mcchmical coupling to 
anchors. so probably 
could be replaced. 
Under geotheml  con- 
ditions. central rod 
and electronics housin 
m y  suffer p i t t i n g  
corrosion. Electronics 
as designed not su i t -  
able fo r  geotheml  
enviroment; L i f e  i n  
non-geotheml enviror 
ment probably 1 yr. 
longer i f  rod replac@ 

Central rod can be 
withdrawn o r  replaced 
but with loss o f  accui 
Icy. 
Stainless tape 
or tube Wuld become 
severely p i t ted I n  
1% YNVS of service, 
based rosion on rate p i t t i ng  o f  0.15 cor- m 

lonth.(3) Electronics 
as designed not suit- 
able for geothermal 

' TABLE 2.11 CAPABILITIES OF EXISTING SUBSIDENCE YONITORIN INSTRUMENTS d 3 o VERTICAL DISPLACEMENTS e Sheet 2 o f  4 
... I .  . . . I  , .  .. . - .  .. ,, ' . ' 1  

DEPTH RANGE 

, 
MANUFACTURER'S 

SENSITIVITY 
MATERIAL 

COMPOS I T  ION 
, W G E  OF VERTfCAl 

D I SPLACMRT 

PROPERTIES 

INSTRMNT 
OPERATING PRINCIPLE 

llAxlMufl DOWNHOLE 
PRESSURE: 

ATED MTEDF OR ( STI- 

RAXlFIuM WHNHOLE 
TEMPERATURE: 

?ATED OR ( STI- 
MTEDS 

s above 

AVAl lABlLlTY 
SELECTED 

REFEREKES 
PUIRQENTS 8 ESTI- 

(IMPORTANT FEATURES) - .  

t 2.5 an, mvmntb r tween  surface and 
anchor seen as translat ion of top 
of rod relat ive to surface; w i r e  
attached to  rod goes over pulley 
and i s  tensioned by a weiqht. 
Elevation o f  w t  or rotat ion of 
pulley also are msuremcnts of 
displacement. 

Inner rod anchored a t  base Of 
borehole* Outer rod eXtendS Only 
partway do*n the hole and i s  
anchored. m v m t  between sur- 
face and other anchor seen as 
t ransht ion of top of approprfate 
rod relat ive to surface; posit ion 
of inner o r  outer rod re la t ive 
to  fixed m s u r i n g  surface read 
w i t h  dial gauge. 

bvement between surface and 
inchor seen as translat ion of top 
)f pipe re la t ive to surface; wire 
Ittached to  pipe s over pu1W 
ind i s  tensioned F a  weight. Elev. 
i t i on  of wei h t  or rotat ion of 
rul ley are ,!so masurments of 
l i s p l a c a n t .  

Jser Fabricated (1) lypical : 1M) m. I n .  , as above OD-TYPE BOREHOLE EXTENSaKTER 
rith I*C!unical or grout ancno;; 
ttached w i r e  a t  surface with 
Eale mdOut  

OD-TYPE WREHOLE EXTENSOIIETER. 
14th two concentric rods; nechani- 
.a1 anchors; and d ia l  gauge 
u d w t  

O t  aPplicable 

IS abovr )t applicable i t e r  rod: lvanized 
keel ( I r a d r  probably 

1111 I; 

See note (c); Hole can be grouted Probably not n C b e 7  
if extensmeter tools placed i n  able for replacanent. 
protective tubes; not for  use i n  Corrosion resistance 
used hole. W i l l  be higher for  a l l  

stainless steel as- 
sembly; renuval of 
galvanized coating wi1 
be rapid; sealing may 
inpedL m v m n t  be- 
tween concentric 
pipes. 
Service l i f e  probably 
less than 1 year due 
to  corrosion o f  outer 
rod and due to scal- 
inr. 

Rad; Terramtrics Total : 
100 - 300 111 

Can be increased i n  
extention with exten- 
sion rods by 600 

,0.01 111 cx inm:  
15 m. 

nner rod: stainless 
Lee1 ; 

. .  
. .  

'IPE-TVPS lKlREWOLE EXTEWSOPIETER, 
i n c t m d  by om weight. attached 
tire a t  surface with water level 
worded readout 

hxinn:  (31, 

j p i ca l :  

1200 mi 

300-6001 

1.2 t o  .6 
,tal: 

;timated I Total : 
25 - 50 II. 
resettable; 

Jser Fabrtcated (1). 
12). (3) 

,O.Ol m to 
.0.03 mi 

s above 
ast i ron (31; 
ow al loy steel pos- 
0 ible; m to pipe 100 typ ica l ly  m dia- 

eter. 

Pipe  cased usually hole, often instal led abandoned i n  mtal well; 

below pipe usually base of founded casing. IV 5 to 10 m 

S e e  note (c).  

1) Fulcher. 1977 
,2)  Kauki. 1969 
,3) Hirono. 1969 
4) Toliva. 1970 

o t  applicable Pipe stands on shoe; 
can probably be re- 
moved but with for d i f f icu l ty .  replacement, 

Typical f o r  pipe wall c i ted thickness i s  4 m 

for a aeneral cocmsio 
rate of 8 g h d  (4) ;  
i t  would l as t  a max- 
im if 10 years i n  
a severe geotheml  
envi rmmnt .  

re l l lyc  
~ 

Central rod, able to wve  f re r l y  
i n  hole, contains inductance-type 
sensors. Yhcn rod moves re la t ive 
to concentric anchors. inductance 
sensors detect re la t ive posit ion 
of each 4nchor. 

- 
10 1 e s t i u t o d i  
Y x i n m  of 1 sensor 
rr IIcter. 

ULTIPLE BASE LENGTH EXTE)(S(WETER 
4th inductance sensors. mc!unic;l 
*tal anchors 

50% 
n a x i u :  
125 m 

0.01 Q a b l y  stainless 
.eel 

~ 

ULTIPLE BASE LENGTH EXTEWSOPIETER. 
i t h  reed switch sensors; and 
agnet mrkers. 

rotai: 
150 - 250 m 

1 5 0 - 2 5 o m  
Intervals: 

.0.02 an to 

.O. l  m 

Jser Fabricated 
(1. 2. 4)  

Iemnept. InOVJblO central rod con. 
tainr reed switches. a t  approxi- 
mtely rune spacing as lugnets 
mchored wtstde borehole casing. 
l e d  switches m y  be paired o r  
;ingle. Rod lnr ta l led so i n i t i a l l y  
HCh reed switch appmxinutely 
)pposite I lugnit.  Movement o f  
msur ing rod'nr8d.d to a l ign reed 
wi tch  w i t h  i t s  corresponding mag- 
w t  measured with a nicmmeter. 
An replace rods w i t h  tap. for  
m i e r  h a d l  inp. 

30 - 7 0 n  Rod: thin-walled 
stainless steel tube 
with precision ba l l  
connectors. 
Ipe: stainless steel. 
rass housing for rm 
r i  tches . 

rw uln2 estimated 
used on depth range) 

2) Smith and Bur lad,  
1) Burland. 1976 more anc 

3 Toliva 1970 
4 1  Burlan; and Moore, 

Smith. 1972 

1973 

93% estimated; 
mssibly higher since 
r c d  switches can 
)perate to 200 C.) 

I 
. I  1. . - I  . - .  ,. 1 ". . . . .  , 
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'LACEMENTS 0 TABLE 2.11 CAPABIL IT IES OF EXISTING SUBSII I NG INSTRUMENTS o VERTICAL D 

1 
AVAllABILITY OPERATING PRINCIPLE DEPTH RANGE 

RA!IGE OF VERTICAL 
DISPLACENERT 

I 

IPERATKIN AND INSTALLATION 
(IMPORTANT FEATURES) 

bIINTENMCE RE- 
lVlRDlENTS 8 ESTI- 
iAm) SERVICE LIFE 

MIHUM DomHoLE 
TERPERATURE : 

ATED OR ( STI- 
M T E D f  

MTERIAL 
CUIPOSITI 

PROPERTIES 

INSTRUKNT 

flAXlMUR DOWI(HOLE 
PRESSURE : 

M i E D f  
RATED OR ( STI- 

SELECTED 
REFERENCES 

\ 
WIN TYPE EXTEHSOIQTER. 
ecJmnical or grout anchor. w i t h  
i m r  po ten t imte r  or  LMT 
ensor. 

Typical: 
60 - 100 m. but lead 
W i r e  Cbuld extend 
several hundred 1. 
frm l a s t  sensor to 
readout. 

i a x i n n :  
10 nlm to 300 111 
pcr sensor. 

- MOC. 
.timafed) 

mbably S t 8  
lee1 

merally qu i r e s  wl1 used c n p l c t d  in dam or f i l l  f i l l s .  or soft 

mut amund hnchors and no casing 
1 hole. 
lexible plastic casing. 
11y 1Md wires exi t  a t  surface; no 
:cess to  borehole necessary. 

Rods may be protected by 

:annot *placed. be LifC rewired limited or 

iy sensors; LVOT pmb- 
ibly m r e  reliable 
han meter. linear Life potentio- pmbably 

1 yew under mn- 
p o t h c m l  cmditions. 

oi l  Instrunmts; Oevice consists of 8 litwar sensor 
nterfels housing in  8 steel case. and fixed 

to a concrete anchor or anchor 
plate. A moveable rod extends fmn 
the sensor case a t  2nd anchor. 
1 m or more away. b m n t  b e h n n  
anchored sensor case and 2nd 
anchor detected by sensor. I 

Extensmeters can be coupled by 
using 2nd anchor of 1 s t  extenso- 
meter to anchor sensor case of 
nex t  extensometer. 

Pmbe latrrd dom hole on cable; 
when it psscs anchored mtal 
marker. current change Induced in  
Zndary coil md detected a t  sur- 
face. Depth U f  awrker i s  length 
of cable played Out. . 
Sonde consists o f  tw or 3 probes 
rigidly connected in series. YOrks 
like 8bove sonde, but senses changc 
i n  mta l  thickness a t  co l ln s ;  dls. 
tance between adjacent markers de- 
ternined by cable played but be- 
ween pmbe detection upper marker 
(collrr) and l m r  pmbe detecting 
lower marker (collar). Depth of 
pmb. r lso deternhed by wheel on 
tool which tracks a p i n s t  edge Of 
casing. Uheel has several attached 
magnets. and each partial rotation 
of *eel detected by reed switch I I  
tool. Uith t r i p l e  sensor data can 
be calibrated in-situ using Xmun 
diStancC tmween 1 pair o f  senson 

relemac; Nihak; 
rerramtrics; Sinco; 
ioil I n s t m t s  

mvided as a service 
nly; by Dresser- 
tlas. S c h l h r g a .  
nd others. 

Ipical: 
15 I to 100 m i  

1 eo noOc ring usual1 
ta l  i r k e r s  
y conmn m 
strvnnt ho 
a i n l n s  s b  

kst when hole within 3' of verti- 
:a1 Markers anchored Outside 
'lexible wle rquired.  plastic casing. Access to 

lot Mr use in mtal casing. 

JDO ah2 estiwted. 
l ied  on dwth range) 

M(M-lYPE EXTEWSWTER. 

RrkeK. 
i th  induction sensor and net41 

If pmbe can be nod(- 
fled to take geother- 
n l  conditions. will 
be Iince easy removed to  mint8in h b r w n  

readings. 

as above 

epends on casing; up 
oa ible. 17% based strain on poi- typical 

las t ic  conpressibility 
f casing. 

1 botal: 
to  10 m estimated 

robably 70.m a / m 2  

3011.) 

1x1- typical for 
roduction logging 

ntrwnt hc 
.a inlnr  iring: l a - i  sti  

:nl. ill using. stand 

berates  in used  hole. Accesslble 
101. n g u f n d .  Yorks best i n  holes 
here casing collar has a recess 
to pmvidC sharp signal(2). 

~~ ~ 

~ONDE-TVPE E X T E ~ ~ R .  
!ith 2 O r  3 induction SMSOK; and 
us ing  collars" as markers. 

cpends on c a p m s i -  
i l i t y  of n t a l  casing 
nd casingfground bond. 1) for double; 

+ 3.5 m for t r i p l e  USING CRUR LOUTOR) 

- 

rn m/m2 estimated; 
ased on depth range.) 

- 

as above ypicrl : 
100 I 

dmlly epends on unlimited. casing. but Up 

0 172 s t ra in  possible. 
SO((DE-TVPE EXTENSOPIETER, 
wi th  reed switch sensor ( l m r e d  
m cable) and mgnet markers. 

mbably up to lZO°C 
s above; Reed switch- 
's can tolerate up to  
d C J .  . 

Opcrates in hole cased with 
nonmagnetic casing; Access- 

anchored t o  ground Outside 
casing or attached t o  flex- 
ible casing cemented to  
be gromd. pnemtical ly  Magnets w y  forced also into 

gmuwd. 

ible hole rquired;  Magnets 
) lorland. More 

8nd W t h .  1972 
) MaKllnd and 

Quarteman. 1974 

ntewal : 
1 - 2 m reported (1) 1 - 2 m (1) 

de t ec tb  a t  surface. Depth of 
mrker i s  length of cable played . I out. and i s  measured with steel 

ELE + 2.5 rn reported foi 
30 m i  5 5 I estim8tI 

ccuncy limited by 
tee1 taw. 

0.1 m claimed by 

8s above estimatd) a l n l n s  stc 
ainless stc 
using. 

- - 
;oil i m t m n t s .  h b e  lowered dam hole on coupled 

rods. probt cdnsists of w red 
switches spaced 0.5-1 .Onapart; 
magnets also spaced a t  8his depth. 
Depth of any marker detcmimd by 
md used t o  lam pmbc. Distance 
between adjacent markers deter- 
nimd by rod movement bcbmn UP- 
per reed switch detecting vppcr 
magnet lorer reed switch detecting 
lmmr magnet. Inc-tal rod 
travel lrrsured with micrometer. 

Imvided as a service Sonde consists of 2 or  3 probes 
mly; by Dresser- (usually rigidly) connected in  
itlas, Schlwtmrger series. Signal sent to surface 
ind others. when x-ray detector locates 

bullet. Depth deternincd by mu( 
of cabla pliyrcl O u t  and by mta- 
tion of tracking rhrrl-(see early 
C O l l l r  locator). Distance be- 
iween adjacent markers detmined 
by mwnt  o f  cable played out 
between upper pmbe detection of 
upper bullet and 1- probe 
detection of lcuer bullet. Uith 3 
detectors, can use 1 pair for in- 
s i t u  calibration. 

WDE-NPE UTENSMTER, 
d t h  tbm reed switch sensor$ and 
mgnet markers (lowered on rods). 

0 m n t i m t e d  rota1 : 
as abovm 

Interval : 
1 5 0 - 2 5 0 m  

As above: requires hole with mini- 
-1 cuwature since m t  very 
fl ex1 bl e. 

- 
-0.1 Operates i n  cared. bpen hole; 

since bullets are shot into for- 
mation with perforating gun. best& 
to install them before @sing. 
othenise ,  to prevent 1eak8ge. onlJ 
the pmduction zone caw be wrked. 
May be impossible to pl8c1 bullets 
i n  hard fomations such as anhydrii 
and dolmite . ( l )  Can install free- 
hanging casing length inside cow 
pleted borehole with M bullets 
mlded a t  k m  fntervals to use a! 
in-situ calibration for twl. In 
Japan. welded buttons to pmductiol 
casing to get compaction of crslng 
8s we11 as ground (4) .  

Rcgulres cased hole with telescopii 
tubing and collars Which have a 
different 1.0. from casing. Latch 
ing mcchmism released when probe 
hits hole bo t tn .  allowing with- 
drawal. 

If tool can be nodifil 
to meet gcothennl 
envimment, should b 
easy to maintain sinchi 
portable. Sarr pmbla 
may ar ise  i f  PA bulla 
a rc  disloged o r  dif- 
fuse into fomtion.  

:ZW°C typical estimated; forpray 

logging tools) 
500 m Unl in1 ted because 

bullets in  f o m t i o n .  Outside casins W m - N P E  E X T E N S W E R .  
d t h  radioa~t ive bullet markers 
mnd 2 or 3 garm-ry detectors 

[--RAY LOGGER) 
4 51 %no All;. 1969 1971 

11rn kN/d  eS t iNhd ;  
)u t  im should leakage operate occurs.) i f  

hmmelbrasr 
anized sted Total and Interval: 

3-61 vertical strain; 
lfmited to allarrble 
m v w n t  per coupling 

Tool has mvfng mech- 
8nkal  p r t s ;  althoug 
porbble. i y  be dif- 
f icul t  to ad i fy  for 
geothvml conditions 

Uhm probe lcuered dam through 
mall  d i u .  coupling into larger 
diameter casing. pawls will lock 
if pulled umrd against smaller 
a-section. Depth ~ s u r e d  on 
graduated tape a t  these r-section 

lol l tes t ;  Sinco; 
Soil InstNnmtsi 
&testing 

SCffDE-NPE EXIENSCMETER. 

CaSim) C O l l l K  
with latching pawls to detect 10 I estimated; 

+ 40 m estimated. 
k t  i n  hole within 

Requires applied wrd force a t  
regular intewals  to  detect collars. 

- 25 - 



PERATION AND INSTALLATION 
(IMPORTANT FEATURES) 

io get orientation. must instal1 i n  
jrooved o r  squrre casing. survey 
i n i t l a l l y  for spiral; for best 
'esults. casing should be tele- 
icoping if cemented o r  keyed to 
iurmunding ground. Casinq m y  be 
Inserted inside f lex ib le  grouted 
:asing. Take readings a t  Intervals 
:orresponding to tool length. 

IS above 

11 above 

1s above 

MINTENANCE RE- 
WIREMENTS 6 ESTI- 
MATED SERVICE LIFE 

Probe t w r a r y ;  if It 
u n  be nodifled to 
mt geotheml  condb 
tions. i t  should be 
H s i l y  mlntained. 
Scaling and d is tor t ion 
of casing gmoves aW 
l i m l t  l i f e .  Us in9  
materials now Used Mt 
suitable environnrt.. f o r  gmthenu 

as above 

as above 

as above 

( 3 ~ 0  KJUJ- est imted 
m e d  an depth) 

Probably stainless 
steel housing; casing 
usually grooved. PYC. 

Typical: 
3500 w m  
up to I Q , ~  wm2 
avai lable 

Probe has stainless 
s w 1  housing; wheels 

stainless.stee1 hard Dlastic; cable or 

NY be a l u n f n m  

TABLE 2.11 CAPABILITIES OF EXISTING SUBSIDENCE MONITORING NSTRUMENTS 0 HORIZONTAL DISPLACEMENTS 0 Sheet 4 o f  4 - 
MNUFACTURER'S 
SENSITIVITY 

- 
CY 

RA'JGE OF AYGULAR 
.DISPLACEREiiT AVAIUIBlLlTY SELECTED 

REFERENCES 
NAXIllUd DOMHOLE 

TEMPERATURE: 
! W E D  WTED! OR ( S T I -  

. bEPTH RANGE , OPERATING PRl NCI PLE ACCI 

- 
! l ( a l n a  

- 
t 20 min I 

COMPOSITION PRESSURE: - 
t 1 min Galileo; Ducr and 

Woore 

~~~ 

probe incliner. pendulu. r d G  
vertical. Thc LVOT ~*.sureS the 
displacement o f  the bottom Of the 
pendulum re la t ive to the inst-nt 
case. Depth detmmined by amount of 
u b l e  played out a t  m s u r i n g  
point. 

12- WNK-TYPE BOREHOLE INUXNMTER; 
with pendulum and LVOT sensor 

300 m estinrted mted 

- 
h t e d  

~ 

50oc. .stiluted 
wed on typical e l u -  
ronics) 

-- 
SOI*K-TYPE BORUaLE INCLIIIOIILTER; 
r l t h  pendulum and l inear poten- 
tiometer sensor 

~ 

As probe inclines. pendulum renuin! 
vert ical.  Pendulu contacts resis- 
tance element f ixed to crse. Re- 
sistance varlcs w l t h  angle becwcCn 
Wndulun and i n s t n a m t  case. 
Depth determined by w n t  of cable 
Played out a t  measuring point. 

Q probe inclines. pendulu ramin! 
vert ical.  This systom wasures 
force required to return pcndulu 
to i n i t i a l  al igment i n  probe. 
Depth determined by mount of 
cable played out a t  wasw ing  
polnt. 

As above. except: 
T l l t  measured by pneuYtlC force 
( a i r  pressure) requlred to return 
pendulu t o  or ip lnr l  al lgment 
i n  arnbc 

1 
Iilson. 1962 lZdq - 25dcg 

~- 
+ 3 n i n  M O m  iinco as above) Probe lus brass 

housing; casing 
usually a l u i n u  o r  

1400 u1.2 

DlaStlc. 

I 
W - T Y P E  BOREHOCE 'IIICLIIIOIILTER: 
r l t h  pendulu and servo- 
I c c e l e m r t e r  

MO. Typlcal : 1 min I wted (1) 
~ 

lyplcal:  
50%. up to oooc 
available. 

I) ~mmll. Wan am 
loth. 1971 

rerra-Techmlogy; 
Geo-Testing; Sinco 

25deg 

available 
b5 - 90deg 

c a d  I n  polyurethane I or neoprene. 

YYYY-TYPE BOREHOLE II(CLII(OKTER; 
r l th  pendulum and air pressure 
bevice 

- 
erraTec. developmtal 

~ ~~- 

00 estimated : 35 sec unnlc l i f f .  1970 3 6.0 e s t i m t d  

I 

wn/c112, estimted Probably s-1 housing. stalnless Caslng I bered on depth) u s w l l y  gmoved. PVC. 

4 

: 30 sec - 2 2 a ln  om-TYPE MRLiME I N C L I r n R ;  
r l t h  unt i levered pendulu and 
r ibrat ing wire s t ra in  gauges 

hihak; TelcLuc; 
ieowr; ELE 

~~ ~~ 

Cantilever with weight a t  unsuppor- 
ted ad bends as probe tilk. knd- 
ing o f  cantilever m~sured by v i -  
brating w i r e  s t ra in  gauge. Depth 
determined by a-unt of cable 
played out a t  measuring point. 
Cantilever w i t h  weight a t  unsuppor- 
ted md bends as probe t t i t s .  Bend- 
ing of cantilever r r s u n d  by 
electr ical rsristance st ra in  
gauges. Depth &tenimd by -nt 
Df d i e  playad W: at msurlng 
paint. 

As P* fncllnes. p m d u l u  rau inr  
vert lcal.  C u r a  photopraphs 
pcndulu position re la t ive to 
C D l p r S S  fixed to case. Depth de- 
ad@ by YWnt af cable played 
W t  a t  measuring polnt. 

300 a ntiluted as above I as above W"C. er t im ted  bared 
in typlcal electronics 

as above as above t I 
XNOE-TYPE BWEHKE IWUIWITTER; 
r l t h  cantilevered pendulm and 
onded electr lcal resistance 
,train gaugn. 

Soil I n s t r u n t s ;  
ro i l t es t  

: 15 s c  to$bO su !00 1) Yallstenius and 
Bcrgau. 1961 

S d e g t o 3 0 d c g I  [as above) C h m r  plated brass 01 
stalnless steel hour- 
ino: nemrem sheatha 

(2000 ~ n ' .  estimated( 
based on depth) 

I 
l ns t rusn t  datermines both orien- 
ta t ion and tilt; cyc ra  operated 
by timer; accuracy o f  depth 
m s u r w n t  associated with angle 
wasurement w i l l  be la unless used 
as single-shot device. 

Probe m r a r y ;  If 
can be modlfied to 
meet geotheml  cond' 
tlons. should be 
easi ly mlntalned. 

Deep holes. more than 
5 k m  

2' to 130' available awDE-NPE WW4OlE IlULIlYlltrrR; 
r i t h  p m d u l u , c ~ s s  and camera 

-xi-: 
315'C for 5 h n ;  
w i t h  special Insu- 
lat ion; 

rypicai : 
1 75OC 

[SO"C e r t i l u t d )  

140,OOO k d  Probably steel housing. stainless 

chrrmiu bronze case. plated SJQO Wm2 

S p r r y  Sun; 
Schlubcrger 

OIM-TYPE BOREHOLE INCLI)IOWETER; 
mdulu, l inear potmt fo l r ter .  
aqrss and rotary m t o r  

- ~~ 

For c m s s  orientation. roirry 
m t o r  mtater  mirror until indica- 
to r  facing nn'th. For angle from 

r w l n s  vertlcal. Pendulu con- 
tacts r e s i s t w  f ixed to case. Rc- 
sistance varies with angle between 
pendulu and I n s t r u n t  case. 

VWtk11 4s Probe t i l t s ,  pendulu 

150 a - 54Onl mre than 30'; can be 
used a t  any angle 

1' for tilt; 2' f o r  
orientatton tion; devlce also contains TY 

DNW-TYPE BOREnOLE IWUIWETER;  
ith gyro-coqlss umra., and 
m d u 1 u  

,.2 ka reported; -xi-  
u range probably 

9 k a  
20 to 9oo 1 0 0 ~ ~  reported. w i t h  

thcml shleld for up 
to 114 hr. 

012,000 wm2 est i -  HourW K-*nel 
luted. bard on depth 
and mds reported.) 1 O i l  and L s  Jnl. 197 Determines inc l inat ion and 

o r i n ta t l on .  
Ir probe inclfnes. p m d u l u  ramins 
rer t f ta l .  &re photographs pen- 
f u l u  position re la t ive to gyro- 
:onplss, fixed t o  case. I 

l s  probe inclines pendulu r a i n s  
vertical. A t  pre-set t i ae  point of 
pendulum punches chart f l i ed  to 
probe. giving inc l inat ion of 
probe. Depth determined by mount 
>f wire-lim Played out. 

Steel tubes anchored i n  hale and 
:onmcted to adjacent t u b s  by can. 
tilever. Angular movement between 
lw tubes causes cantilever to 
rmd. Bending sensed by s t ra in  
)luges. 

Service tool only. by 
jww Sun. S c h l A  
k rge r  

row0 

1- to 3d 

+ 20 sec 

6 - 10 ka est lNted 
- 

7.14. 21 deg WE-TYPE BOREHOLE INUIWITTER; 
6th &le-painted pendulu and 
unchable chart 

r p u i a l  mdels avaia- 
i b le  md hot for k30O0C warm (4% est i -  C) 

mated) holes 

Make r N d h g  a t  one depth only - 
gives t i l t o n l y  - not orlcntatlon. 
h s t  T i l t  be simply retr ieved determined to determine by examin6  t i l t 

chart with magnifying glass, wl11 
operate or uncased. I n  any type o f  hole-cared 

Designed for use i n  uncased hole P'rmnent; be fm. 
but could be insta l led i n  f lexlble or POss*ble repair; to electronic recover 

w l 1 1  require wcditlca 
casing. 
*fentation must be determined tion for g w t h e w l  

env lmmnt ;  stainler *hen instal led. 
$tee1 housing may lea 
after rewlce. several due t o  years p l t t i  

corrosion. 

Q at&; probably M 
suitable for gcother, t lnstnncnt. 

as above 

as above 

~ 

Ins ta l l  i n  f l u i b l a  tube. Deter- 
m i n e  orfentat ion when i ns t rucn t  
installed. Fzquires mechanical m 1  e n v l r o m t .  
connection between surface and 

8 mln 

IXED ~~REH(KE DEFLECTOIETER 
r l th  cantiever aounted 
s l r t r i c a l  nslstance s t ra ip  gauge 
mors  

lerrametrlcs 50% Y m witb 6 in ter -  
vals between. canti- 
levers. 

:]XED BQREHOLE KFLECTOIETER 
d t h  inductive sensor 

lnterfels Steel tubes anchored i n  hale and 
connected by t m s i o n d  w i r e .  
Posltlon of w l n  changes as angular 
n o v m t  bebmn tubes =cur. Move- 
mt detected by inductive smron. 
' m d u l u  r w i n s  vert lcal as probe 
t i i t s .  WM tiit u c d s  a preset 
r.i~. p n d u l u  has wung f a r  
mugh  to touch electr ical contact 
md conplete c i rcu i t .  Micrometer 
:an be turned from surface to 
jef lect pendulu to determine angle 

35 m i n l a l r m t ;  
resettable 

2 to  : 20 su M a w i t h u  to8 
u s u r i n g  e L n t s  

~~ 

IXED BOREHOLE IWCLIWOIKTER 
lith pendulm. electr ical contacts 
~d micrometer 

0 - 1 deg. t o  several 
dcgms(1)  

6 min to  7 sec SGI ' 10 m esti luted 

I 
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T a b l e  2.12- PROMISING I N S T R U M E N T S  

J 

e Extensometer - 
i t h  water l eve l  r 

A permanent instrument consist ing o f  two tubes. hinged by 2 strain-gauged 
c a n t i l e v e n a t  the junct ion.  Angular movement between the two tubes bends 
the cant i lever.  
from the surface. 
t i l t  p r o f i l e  provided by a ser ies of  these devices. 

The s t r a i n  i n  the cant i lever  i s  measured e l e c t r o n i c a l l y  
Horizontal def lect ions are calculated from the continuous 

o le  Inclinometer w i th  Pendulum. Canpass and C m r a  

incl inometer with Pendulum and Punchable Chart 

Resistance St ra in  Gauge Sensors 

F O R  G E O T H E R M A L  S U B S I D E N C E  M O N  

D E S  C R I P T I O  N 0 F I H S T R U fl E N T I u c  

hored a t  the base o f  the 

r e l a t i v e  t o  the surface i s  d i r e c t l y  determined from the movement 
o f  the tw of the pipe r e l a t i v e  t o  a surface benchmark. 

o le  i s  surveyed. 

I 

containing a e lec t ron ic 'o r  mechanic 
proport ional  t o  the t i l t  o f  the probe, i s  1 
sensor may be a servoaccele,rometer. a strain-gauged c 
or a pendulum whose movement i s  recorded by a camera 
The depth of  the probe i s  the length o f  cable played 
def lect ions a r e  calculated from the continuous t i l t  p 

ensor, whose signal  i s  
ed d m  a borehole. The 

e i s  r e t r i e v e d  a f te r  the hole i s  surv 

Note: Refer t o  In te r im Report I 1  f o r  more information on these instruments 



TABLE.2.13 

INSULATION SUITABLE FOR GEOTHERMAL TEMPERATURES 
(Malloy, 1969; Barron, 1966) 

0.047-0.064 

Diatomaceous S i l i c a  0.046-0.224 

Cel l  u l  a r  G1  ass 0 . 060 
Glass Fibers 0.036-0.076 

Magnesi urn Carbonate 0.050-0 -065 

Mineral Fiber 0.037-0.068 

Expanded Per1 i t e  

S i l i c a  (and Alumina) 

0.045-0 -05 1 

I Fibers 

Range o f  k 
a t  315OC 
(W/m°C) 

0.073-0.095 

0.073-0.088 

0.068-0.11 8 

0.109 

0 . 059 

0.065-0.097 

0.077 

0.051 -0.087 

Cy l i nd r i ca l  Dewar 0.0073 between 100°C 
and 300 C (calculated) 

Mu1 ti 1 a.yer Vacuum 0.0004 between 100°C 
Insu la t i on  and 3OO0C (calculated) 

1 Comments 

With binders; without 
binders, but woven, etc. 

With binders and loose 

With binders; without 
binders but woven, etc. 

With asbestos f i l l e r  

With binders; without 
binders but woven, etc; 
loose 

With binder, loose 

Woven and other without 
binders; loose 

Two concentric cy1 i nders ; 
space etween evacuated 

long external  dimensions; 
12.5mn gap between concentr ic 
cy1 i nders 

t o  10- b mm Hg; 1 0 0 m ~ ,  l m  

9luminum f o i l  a t  2 layers/ 
mn; f iberg lass  spacer 
nater ia l ;  Hg 
wessure between f o i  1 
1 ayers . 

- Note: Binders are inorganic and organic mater ia ls used t o  ho ld  f i b rous  
and granul ar  i nsu la t i on  together. 

- 28 - 
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TABLE 2.14 THERMAL EXPANSION CHARACTERISTICS OF SELECTED MATERIALS 

Materi a1 

A1 umi num 20-22 x 

Low Carbon Steel 11-12 x 

Invar 1.4 x 

Copper 16 ' x- 10-6 

Concrete 

Vulcanized Rubber 

13 x 

81 x 

99 x 
P 

Nylon 

Glass (Si l ica)  -0.5 x 10-o 
c 

Cal ci  te -6 x lo-' one E hxi 5 ;  

25 x lom6 other axis  

; INCO, 1968) 

L. - 

Average aL Range o f  Temperatures 
For Over Which UL 

&l&y Name % Nickel Temperature Range Nearly Constant - 

Invar 36 1 .4-1.6xl O'6mm/mmoC -7OOC t o  12OoC 

42-Ni ckel 40-42 4 . 8 - 5 . 6 ~ l O - ~ m n / ~ ~ C  Iron Alloy 

49-Ni c kel 
Iron Alloy 

Carbon Steel 0 1 2 .8~1  O-6m/mmoC ' 

_ _  

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



TABLE 2.15 - EFFECT OF TEMPERATURE 

ON ELASTIC MODULUS AND ELECTRICAL RESISTANCE 

(a) ELASTIC MODULUS 
The change i n  the modulus of e las t i c i t y  due t o  temperature change i s  
given by: AE = aM*E*AT 

where 
E = Modulus o f  E las t i c i t y  

= Thermal Coefficient o f  Modulus 
OM 

AT = Temperature Change 

Typical values o f  the thermal coeff icient of modulus aM are given below. 

-- Ma t e r i  a1 - OM (O-15O0C) 

Controlled Modulus Alloy 
(Iso-elastic, Elinvar, Ni-Span-C) 

Spring Steel -342x1 O'6/oC 

Type 316 Stainless Steel - 4 0 0 ~ 1 0 - ~ / ~ C  

-36 t o  27~1O-~/'C 

(Inco, 1963; John Chatil lon & Sons, 1978) 

Note: 
The controlled modulus alloys have a re la t i ve ly  small and constant thermal 
coefficient of modulus t o  15OOC (Inco, 1949). Age-hardening increases 
the temperature range (Inco, 1949), but data on the value o f  aM above 
15OOC are not readi ly available. 

(b) ELECTRICAL RESISTANCE 

The change i n  e lect r ica l  resistance due t o  temperature i s  given by: 
AR = aR*AT* R 

where 
R = Electr ical  Resistance 

aR = Thermal Coefficient o f  Resistance 
AT = Temperature Change 

Typical values of the thermal coeff icient of e lect r ica l  resistance aR 
are s i  ven bel ow. 

Conductor --- --_ 
A1 uminum 
Carbon 

(55% cu; Constantan 45% 

Copper 
(84% Cu; 

Manganin 12% Mn, 4% N i )  
Evanohm (74% Ni ;  

20% Cr ;  3% A1 ; 
3% Fe) 

near 20'~) - 
0.004 

-0.0003 

-0 (average) 

0.004 

-0 (average) 

'0 (average) ( t o  25OoC) 

(Grob, 1977; Inco, 1968) 
I 
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TABLE 2,16 

TEMPERATURE LIMITS OF MECHANICAL SEALS 

Temperature 1 imi t s  o f  common seal s are: 
Neoprene 1 3 5 O C  

Vi ton 1 9ooc 

PTFE 

Asbestos 345OC 

Nitinol with Composites 4OO0C 

Grafoi 1 4OO0C 

Metal t o  Metal 48OoC 

, 1978; Baker, e t  a l ,  1975b) 



TABLE 2 . 1 7  

SOME RECOWENDED MATERIALS AND TECHNIQUES 

ITEM 
NO. 

1 

2 

- 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

FOR GEOTHERMAL 1NSTRUMENTATION 

MATERIAL OR 
, TECHNIQUE 

AL-6X o r  Type 316, Stainless Steel 

Hastelloy-C o r  Inconel 625, Nickel 

Cathodic Protect ion w i t h  impressed 

A1 1 oys 

current 

Chromium/Nickel o r  Aluminum Coatings 

I n h i b i t o r s  f o r  pH contro l  and oxygen 
removal; f i lm-forming amine i n h i b i -  
t o r s  

sca l ing on instrument 
Design t o  minimize e f f e c t  o f  

Mu l t i - layer  f o i l  vacuum insu la t ion  

Thermoelectric cool ing o r  "special" 
mechanical heat pump cool ing 

40-50% Nicke l / I ron  A l l o y  

Temperature- Invar ian t  Reference Bar 

Isoe las t ic ,  N-Span-C, E l  invar. 

Evanohm, cont ro l led  resistance a l loys  

Use o f  two s t r a i n  gauges-one s t ra ined 

Heat treatment o f  s t r a i n  gauges 

and one unstrained 

Metal-to-metal seals 

Metal sheathed, 4-wire, b u t t  
welded e l e c t r i c a l  cable w i t h  s t r a i n  
member 

probe 
3 o r  more sensors per extensometer 

Conversion t o  frequency o r  on/of f  

Gyroscope 

s ignal  o r  use o f  downhole recorders 

APPLICATION 

To construct instrument housing f o r  temporary probes. 

To construct instrument housing for  permanent downhole 
instruments. 

To pro tec t  we l l  casings used as p a r t  o f  subsidence- 
monitoring system; t o  p ro tec t  permanent downhole 
instruments. 

ment; use only  w i t h  recogni t ion o f  impl icat ions o f  
coating f a l u r e  

o f  we l l  casing and permanent downhole instruments. 

To extend l i f e  o f  metal par ts  exposed t o  wel l  environ- 

To reduce the r a t e  o f  corrosion due t o  we l l  f l u i d s  o f  

To prevent probable bui ld-up o f  c a l c i t e  and s i l i c a  
scale from rendering instrument inoperable. 

To reduce heat f low i n t o  instrument capsule. 
ins ide  pressure-resi s t a n t  housing . 

To remove heat fromoinstrument capsule t o  maintain 
temperature a t  100 C f o r  aminimum of 72 hours; 
t h i s  al lows f o r  slow accurate logging w i t h  avai lab le 
e lect ron ics.  

To const ruct  i n t e r n a l  instrument par ts  t o  reduce 
temperature e f f e c t  on length. 

To support i n t e r n a l  instrument par ts  t o  reduce 
temperature e f f e c t  on length. 

To const ruct  springs, cant i levers and tensioned members 
t o  reduce temperature e f f e c t  on e l a s t i c  proper t ies 
and t o  reduce i n e l a s t i c  behavior a t  h igh temperature. 

To const ruct  prec is ion r e s i s t o r s  t o  minimize revers ib le  
e l e c t r i c a l  resistance change w i t h  temperature. 

To compensate f o r  temperature e f f e c t s  on resistance (both 
revers ib le  and anneal ing-type changes) and on length. 

To reduce cumulative resistance changes i n  s t r a i n  gauges 
due t o  gradual annealing a t  geothermal temperatures. 

Use 

To minimize leakage i n t o  the  instrument a t  geothermal 

To design and const ruct  e l e c t r i c a l  cable t o  withstand 

pressures and temperatures. 

geothermal f l u i d  pressures and temperatures. 

To make measurement o f  distance between markers indepen- 
dent o f  cable s t r e t c h  and minimally a f fec ted  by t o o l  
bounce. 

To e l iminate inaccuracies due t o  s ignal  loss between 
sensor and surface. 

To o r i e n t  incl inometer measurements i n  deep cased holes. 
&i 
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LJ TABLE 2.18 

PROMISING IMPROVED INSTRUMENTS 

PROM I SI NG 
IMPROVED 

INSTRUMENTS 

SONDE TYPE BOREHOLE EXTENSOMETER 
wi th  2 o r  3 induct ion sensors 
and casing c o l l a r  markers 

SONDE TYPE BOREHOLE EXTENSOMETER 
w i t h  2 o r  3 gamma ray  detectors 
and rad ioac t ive  b u l l e t  markers 

SONDE TYPE BOREHOLE EXTENSOMETER 
wi th  reed switch sensor and 
magent markers 

SONDE TYPE BOREHOLE INCLINOMETER 
w i th  servo-accelerometer 

SONDE TYPE BOREHOLE INCLINOMETER 
w i t h  cant i levered pendulum and 
v ib ra t i ng  s t r a i n  gauge sensors 

APPLICABLE 
I HP ROV EM ENTS 

(parentheses ind ica te  
improvement o f  1 esser 
importance) 

1, ( 3 ) ,  5, 6, 7, 8, 9, (IO), 12, 
15, 16, (17), 18 

1, (31,  5, 6, 7, 8, 9, (IO), 11, 
12, 15, 16, 18, 19 

1, ( 3 ) ,  5, 6, 7, 8, 9, ( l o ) ,  11, 
12, 13, 14, 15, 16, 18, 19 

'See Table 2.17 f o r  i d e n t i f i c a t i o n  o f  n ered improvements 

Li 
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T A B L E  2 .19  

tRANSDUCER APPLICATION FOR GEOTHERMAL SUBS1 DENCE 
Sheet 1 o f  3 

TRANSDUCER 

E l e c t r i c a l  Res+ stance 
S t r a i n  Gauges 

Po t e n t  i ome t e r s  

Capacitance Sensors 

Electromagnetic V ib ra t i ng  
Wire Sensors 

LVDTs and RVDTs 

E l e c t r i c a l  Force Balance 
Transducers 

Magnetic Induct ion 
Sensors 

Time Domain 
Ref 1 ectometers 

Reed Switch Sensors 

Opt ica l  F ibe r  
Transducers 

RATING 

2-3 

1 

1 

2-3 

2 

2 

2 

1 

3 

1 

COMMENTS 

Weldable s t r a i n  gauges o f f e r  much promise because of good 
s t a b i l i t y  a t  h igh  temperatures. Bonded gauges a re  a l s o  
a v a i l a b l e  f o r  h igh temperature use, b u t  a re  no t  as stable. 
Both have successful f i e l d  records. Downhole h igh  
temperature s igna l  cond i t i on ing  w i l l  be requi red t o  r e t u r n  
a good s igna l  t o  the surface. Resistance and leng th  
changes due t o  temperature w i l l  r e q u i r e  compensation on 
a l l  res is tance gauges. 

Su f fe r i ng  the  same res i s tance  problems as e l e c t r i c a l  
res is tance s t r a i n  gauges, potentiometers have add i t i ona l  
problems o f  f r i c t i o n ,  wiper contacts  and cu r ren t  i n a v a i l -  
a b i l i t y  f o r  h igh temperature use. 

A1 though they have good h i g h  temperature s t a b i l i t y ,  they 
a re  too  f r a g i l e  f o r  f i e l d  use. Also, moisture and s igna l  
l o s s  over long leads a re  problems. 

The i r  main asset i s  t h a t  t he  output  s igna l  i s  frequency 
which i s  n o t  s e n s i t i v e  t o  long lead lengths. 
t he  sensor i s  temperature sens i t i ve  and requi res r e l a t i v e -  
l y  sophis t icated s fgnal  cond i t t on ing  i nc lud ing  some 
adjacent t o  the v i b r a t i n g  wire. It i s  not  c u r r e n t l y  a v a i l -  
ab le i n  a h igh  temperature package. Temperature compensa- 
t f o n  w i l l  be more complex than f o r  res is tance sensor. 

LVDTs are a v a i l a b l e  i n  h igh  temperature packages p rov id ing  
the  s igna l  cond i t i on ing  equipment i s  n o t  a t  h igh  tempera- 
ture.  LVDTs output  a vo l tage s igna l  and a re  thus sens i t i ve  
t o  long lead  lengths. High temperature s ignal  condi t ion inc 
fo r  downhole use w i l l  be requi red t o  r e t u r n  a good s ignal .  

However, 

Because they minimize v ib ra t i ons ,  these have been the most 
accurate sensors f o r  tilt measurements. However, they are 
n o t  a v a i l a b l e  i n  h i g h  temperature packages. 
r e s t o r i n g  c o i l  system and the  p rox im i t y  sensor would 
r e q u i r e  redesign t o  compensate f o r  l eng th ,e lec t r i ca l  
res i s tance  and magnetic pe rmeab i l i t y  changes due t o  tem- 
perature. 

Both t h e  

The i r  main asset i s  t h a t  they have been used i n  downhole 
probes t o  make accurate measurements o f  sett lement. They 
a re  n o t  c u r r e n t l y  a v a i l a b l e  i n  h igh  temperature packages. 
Redesign would have io compensate f o r  lead length, 
e l e c t r i c a l  res is tance and magnetic *pe rmeab i l i t y  changes 
due t o  temperature. 

A1 though advantageous because no downhole e lec t ron i cs  o r  
probes a re  required, t h i s  method i s  t oo  inaccurate. A lso 
w i t h  numerous markers, i t  i s  hard t o  analyze. 

Very promising because o n l y  simple downhole e lec t ron i cs  
would be required. The s igna l  i s  o f f -on,  another good 
feature.  The e f f e c t s  o f  temperature on t h e  s t reng th  of 
t he  downhole magnets and on the pe rmeab i l i t y  of t he  reed 
swi tch blades must be assessed. Corrosion o f  the magnets 
may be a problem. 

Problems a r i s e  because o f  f r a g i l i t y  o f  f i b e r s  and depen- 
dency on high-powered lasers.  However, i t  may o f f e r  
promise a t  a l a t e r  da te  due t o  res i s tance  t o  h o s t i l e  
environments and s t r a y  electromagnetic f i e l d s .  

DEFINITION OF 
RATING RATING CATEGORL 

1 L imi ted Po ten t i a l  

2 Some Promise 
3 Very Promising 
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T A B L E  2.19 

2-3 

1 

TRANSDUCER APPLICATION FOR GEOTHERMAL SUBSIDENCE (CONT' D) W 

ve f u t u r e  a p p l i c a t i o n  i f  o p t i c a l  f i b e r  transmission 

a tu re  packaging, and because o f  1 i m i  ted temperature 
o f  semiconductors, may n o t  be adaptable. 

becomes p r a c t i c a l  f o r  f i e l d  use. Not a v a i l a b l e  i n  h igh  

Promising because o f  successful a p p l i c a t i o n  f o r  set t lement  
measurement i n  o i l  and gas wells. Also, rad ioac t i ve  
markers can be used with conventional casing. To adapt t o  
h i g h  temperatures, it w i l l  
Gefger tubes. 

Not promising due t o  l a c k  o f  accuracy i n  c o r r e l a t i n g  
acoust ic  emissions t o  set t lement  o r  i n  a p p l i c a t i o n  o f  
echo-ranging. Although echo-ranging might  o f f e r  promise 
s ince no downhole equipment i s  r 

b a b b  r e q u i r e  a r e t u r n  t o  

i red,  i t  on ly  g ives 

TRANSDUCER 

L i g h t  Sens i t i ve  
Transducers 

Radiat ion Sensors 

Acoustic Transducers 

S t a t i c  Column F l u i d  
Pressure Transducer 

Travers ing Column F l u i d  
Pressure Sensor 

Sh 
I 

e t  2 o f  

2 

I s i ng ;  s u f f e r s  a l l  t he  problems o f  e l e c t r i c a l  
t o  f l u i d  dens i t y  and ma te r ia l  

romise s ince i t ' s  a m u l t i p o i n t  sensor w i t h  no down- 
However, dens i t y  problems and ma te r ia l  ho le e lec t ron i cs .  

corros ion problems must be  solved. 



RESISTORS 

CATEGORY 

CA PAC I TORS 

PASSIVE COMPONENTS 
(General ) 

ACTIVE DEVICES 
(discrete) 

T A B L E  2.20 
P E R F O R M A N C E  O F  C I R C U I T  ELEMENTS A T  3OO0C 

Sheet 1 o f  : 

COMPONENT 
Dupont 121 
Cermalloy 530 
Electro Science 
Lab 3813 

Cermalloy 530 
1 o t 2430 

porcelain 

sol  i d  tan ta l  um 

t h i n  f i l m  

mu1 t i l a y e r  ceramic 

( ~ 1 0 ~ ;  Sf3N4) 

b r i ck  

th ick  f i l m  
(Electrode metal - 
l i za t i on ;  DuPont 
8653; ink: DuPont 
8299) 

reconst i tuted paper 
mica w i th  s i l i cone  
impregnation 

s o l i d  A1 e l e c t r o l y t i c  

high temp. passive 
components 

S i  - JFET (nap) 

S i  - MOSFET 

Si-Bipol a r  transistors 
Si-Bipolar diodes 
GaAs MESFETs 

GaAs JFETs 
integrated thermionic 
devices 

ceramic vacuum tubes 
la rge  bond gap semi- 
conductor devices 
-SIC, Gap, InP, dia- 
mond c rys ta ls  

PERFORMANCE 
(1 = best choice) 

2 
2 
2 

1 

3 

3 

2 

2 

1 

1 

1 

- 

1 

2 

3 

2 

2 - 
- - 

average resistance ._ 

change 5% over 
25-3OOOC 

average resistance change 
0.2% over 25-300°C. After 
cure, 0.2% resistance 
change when aged 8 300°C 
for lOOOh 

low insu la t ion  resistance: 
30-60% d iss ipa t ion  factor 
@ 3OOOC 
i r reve rs ib le  changes 
@ 3OOOC 
not as good as th ick  f i l m  

good to 22OOC; low insula- 
t i o n  resistance @ 3OOOC 
random d r i f t  above 250’C 
7% d iss ipa t ion  fac to r  
@ 300°C; capacitance 
change o f  5%; 1% d r l f t  f o r  
lOOOh aging @ 3OOOC 

2% d r i f t  @ 3OO0C f o r  lOOh 

5% d r i f t  @ 300°C f o r  lOOh 

Exper i men ta  1 

nbp channels funct ional  to 
300OC; l i t t l e  change a f te r  
aging lOOOh @ 3OOOC 
n&p channels functional t o  
300OC; slow degradation 
a f t e r  lOOh @ 3OOOC 
la rge  increase i n  leakage 
current 
migrat ion o f  meta l l i za t ion  
above 250°C; susceptible 
to spontaneous in te rna l  
osci  11 ations 
not y e t  avai lable 

hlgh voltage la rge  s ize  
experimental 

COMMENTS 

TCR adjusted f o r  tempera- 
tu re  range 25-300°C. 

Small capacitances to 
5000pF 

0.1-1 .OvF la rge ,s i te ,  
expensive 

1.0-1OOvF; 1 irni ted to  
40V DC 

Universi ty of Arizona So l id  
State Engineering Lab 
Tuscon, A r i  zona 

Best avai lable cur ren t ly  for 
high temperature c i r c u i t r y  

Aging problems may be improved 
by change i n  fabr ica t ion  
process 
Fundamental 1 im i ta t i on  of 
s i 1  icon 
Improvements possible by re- 
design since GaAs has i n t r i n s i  
high temperature capab i l i t y  

Under research a t  Los Alamos - -- 
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T A B L E  2 . 2 0  
PERFORMANCE O F  CIRCUIT E L E M E N T S  AT 30OoC (CONT'D) 

CATEGORY 

ACTIVE DEVICES 
(integrated c i r c u i t s )  

COMPLETE CIRCUITRY- 

BOND1 NG 

COMPONENT 

integrated c i r c u i t s  

u l t rah igh  temperature 
amp1 i f i e r  

AU-AU 

AU-A1 

A1 w i re  bonded d i rec t -  
l y  to Cermalloy 4399 
o r  DuPont 9791 Au thic l  
f i l m  conductor 

A1 -wire bonded d i r e c t l y  
t o  to le ran t  Pt-Au t h i c l  
f i l m  conducted; A1 bond 
ed u l t rason ica l l y  

Al-wire bonded d i r e c t l y  
t o  modif ied Au Dupont 
9910 t h i c k  f i l m  
mater ia l  s 

discs between Au th ick  
f i l m  and A1 w i re  

Buffer: N i  o r  s i l i c o n  

Au ribbon; p a r a l l e l  gap 
welded t o  Pt-Au con- 
ducting layer  

AuIGe solder 

PERFORMANCE 
(1 = best choice) 

3 f a i l e d  -2OOOC due to f a i l -  
u re  o f  junc t ion  i s o l a t i o n  

- experimental 

1 best  i f  feasible; no degra 
dat ion @ 5OO0C f o r  lOOOh 

3 i n te rmeta l l i c  problem 

3 excessive resistance and 
weak p u l l  strength wi th 
aging due t o  Au-A1 
in te rmeta l l i c  problem 

2 Weak p u l l  strength; no 
e l  ec tr i ca l  degradation 
@ 3OOOC f o r  lOOOh 

1-2lOOOh @ 15OOC with no 
degradation Upper 
1 i m i  t 3OOOC 

2 No bond degradation 
@ 3OOOC aging; weak 
p u l l  strengths with 
A1-Ni  connection 

1 lOOOh (3 5OOOC wi th  no 
degradation 

- ,  
1 

Sheet 2 of 1 

COWlENTS 

Improvements possible w i th  
d i e l  ec t r i c  i sol a ti on 

System Development Corp.. 
Santa Monica, Ca l i fo rn ia  

Requires semi-conductor device 
w i t h  Au meta l l i za t ion  
Aging degradation produces h ig l  
reslstance connection 

f o r  A1 w i re  systems 

Add-on component bonding 
and crossovers 

Attach ac t ive  devices i n  TO 
cans t o  p r in ted  c i r c u i t  boards 
and small d iscrete components 
t o  hybr id  substrates 

(Palmer e t  a l ,  1978; McBrayer e t  a l ,  1977; Palmer, 1977; Baker, Campbell and Hughen, 1975) 
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NO. OF 
CHANNELS I CHART YRIT ING RATES FOR 

SPEED I SPEED 1 EVENTSIPOINTS 

EVENT 

Yes-No o r  Up t o  40 6 nmlhr - 0.015-0.02 up t o  20 
On-Off events; channels 200 nmlsec sec-full scale eventslsec 
Suitable f o r  use typical ;  t yp ica l ;  0.0010 max 
wi th  reed switch, Some t o  150 Use 30 strokes avai lable 
contact closure channels per inch Of 
devices chart  

0.25%+ of 
f u l l  scale 

0.25% t o  
0.5% f u l l  
scale 
typ ica l  ; 
1-2% a t  high 
frequency 
r e l a t i v e  
t o  24 hour 
system 

-- 

Very slow; not computer 
compati ble. 

Reliable; cheap compared t o  
magnetic tape. Not computer 
compatible; avai lable w i th  
galvanometric o r  servo- 
potentiometer mechanisms; 
tedious t o  analvze 

TOO slow f o r  most appl i -  
cations; data not compu- 
t e r  compa t i b l  e. 

CIRCULAR 
OR 

ROTARY 
CHART 

As above; usually 
dedicated t o  
s ingle var iable 
such 8s tempera- 
ture, water 1 eve1 

1-2 typica1 4 hr-8 day Very slow -1 event 
ro ta t ion  per minute 

OSCILLOGRAPH 

STORAGE 
OSCILLOSCOPE 

Rapid events, up t o  16 0.5 nmlsec up t o  10-1000 HZ 5% f u l l  Not sui table f o r  f i e l d  use - ;;;ih;:ic,l Channels t o  1.3 mlsec 350 m/sec f u l l  scale; scale del icate.  not eas i l y  portable 

and s-wave 
tes ts  

Very f a s t  Very fast  + 3% Data d i f f i c u l t  t o  reduce. 
i y p i c a l  

Store events up 1-2 N/A 
t o  450 KHZ; 
Store size: computer. Excellent for  
~ ~ ~ a ~ e ~ t b ~ : : o r d  rapid data examination. 

can be made on 

D i f f i c u l t  t o  interface t o  a 

1-2 
Typical 

I 

10 t o  30 Encoding d i g i t a l  
characters dependent dropout 
per second ra te  may be 
Typical s ign i f i can t  

Very fast ;  
compati b l  e 
w i th  computers 

Excellent; 
dropout r a t e  
f o r  d i g i t a l  
data i s  
negl i g i  b l e  

Can be very 
useful  f o r  
extensive 
data 
compression 

T A B  L E 2 . 2 1  
S E L E C T E D  R E C O R D E R  S Y S T E M S  L r  

DISADVANTAGES RECORDER 

system 

! 

I I 

up t o  48 6 nmlhr - 0.3 t o  1.0 2 secslpoint 
Channels sec. f u l l  t o  16 points1 

100 mn/min scale sec 
f o r  slowly- 

t r i a l  operations 
many variables 
vs. time 

MULT IPOINT changing indus- 
response 

typical ;  
Up t o  30 
possible typical; 

h i a b l e  input. 

transducers vs. 
!time 

STRIP such as current, 
CHART voltage o f  s t r a i n  

s t r i p  chart  
recorder 

D i g i t a l  data 
recording 

PAPER 

PERFORATOR 

Cheaper than mag. tape a t  
low speed; as expensive a t  
high speed; noderate:y ac- 
curate; can feed i n t o  a l -  
most any teletype; i n t e r -  
faces t o  most computers; 
not  sensi t ive t o  dust h 
f i e l d  conditions; possi- 
b l e  t o  v e r i f y  operation by 
looking f o r  cer ta in  punch 
oatterns. 

l -  i 

Band width 20Hz t o  2KH2; 
faster, more i n f o  than paper 
tape; cheaper mDdels may no t  
in te r face  w i th  many computer 
ins ta l la t ions .  Good way 
t o  store data a long time; 
Relat ively expensive; sensi- 
t i v e  t o  d i r t .  

Special purpose - data 
d i f f i c u l t  t o  process. 

For large quanti 
t i e s  o f  data; 
Also f o r  fu tu re  
analysis of data 
by computer 

sydtem; 7 o r  
9 t rack tape f ~ ~ ? s t ~ ~ ~  
t yp ica l  nal cond. 

I I 
Use w i t h  CRT, Relat ively 

PHOTO- m n t s  requir ing ( typ ica l l y )  GRAPHIC 
such as compasses 
and pendulums 
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FLOATING PISTON '4. 

INJECTOR - 
(meters in fixed amount 
o f  water from reservoir 
into EC-cylinder when 
actuated) . ' 

EXPANS I ON 
CYLINDER (EC) 
PISTON - 

INSULATION - 
P I  STON 

PACKING - 

ACCUMULATOR (A) N l  
(at same pressure as 
accumulator brine) 

ACCUMULATOR (A) 

7- ACCUMULATOR (A) BRINE 
I 

PISTON ROD (PR) STOP - I 

? 5 --BRINE (at ambient pressure) 

crc FRESH WATER RESERVOIR (with additives) 

- EJECTION VALVE (when open a1 lows 
water to flow from cylinder 
back i n to reservo i r) 

- EXPANSION CYLINDER (EC) 
o f  water into 
bsorbs heat from 
sule; heated vapor 

then forced back into reservoir) 

- INSTRUMENT CAPSULE ( I C )  

C-piston all the way up; 

CUMULATOR PISTON (AP) STOP - ACCUMULATOR (A) PISTON 

-ACCUMULATOR PISTON (AP) LOCKING P I N  
(locks automatical ly when pulled 
above A-piston; released when 
PR-stop hits bottom) 

- ACCUMULATOR (A) VALVE 
(opens to release A-brine back 

In brine to a pressure 
just above ambient; this 
pushes up the A-piston 
and compresses the A- 
n i t rogen) 

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

F i g u r e  2.1 - B A S I C  ELEMENTS OF P O S S I B L E  M E C H A N I C A L  H E A T  PUMP 
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U 

H E A T  . 

COOLED JUNCTION 1 

ELECTRICAL 
INSULATION HEATED JUNCTION 
W I T H  GOOD 

COOLED JUNCT I ON 

HEATED 

COOLED 

I 

I: 
# 

H E A T  

Figure 2.2 - CASCADING .3-STA THE RMOEL ECTR I C RE FR I G E RAT0 R 
(after Wolfe, 1962; Heikes and U r e ,  1960) 
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25 x 

u 
L 20 x 10-4 

w 

0 
- 100 0 100 a 20 300 400 

T E M P E R A T U R E , .  * c  

* 

F i g u r e  2 . 3  - R E L A T I O N  BETWEEN L E N G T H  I N C R E A S E  N D  TEMP'ERATURE 

(after Carpenter St Divieion, 1976) 
FOR CARBON S T E E L  AND I N V A R  

U 



VARIOUS PROBE POStTlONS 
AS LOWERED OR RAISED 
PAST MARKERS 

4’ 

.I 

. 

. 
4’ .. 
4’ 

.* 

4- .’ 

UPPER 
MARKER 7-’ U d 

9 
- 

r- WELL 
L12 

I 
SENSORS 

A 2 
I 

3 LOWER 
MARKER I ‘ PROBE CONTAINING 3 

SENSORS AT F IXED 
D I  STANCES APART 

a) POSITION OF PROBE AS EACH SENSOR 
2 

3 

RECORDS MARKER 

Sensor Nos. Time 

T23 
1 2  

TL12 + L 2 3  - Lw 

CALCULATE Lw FROM 

KNOWN VALUES OF 

L 2 3  AND L12 

I 
L12 

STRIP  
CHART 

1 
b) DETERMI NATION OF D I STANCE BETWEEN MARKERS 

FROM STRIP CHART 

Figure 2.4 - USE OF THREE SENSOR PROBE TO D E T E R M I N E  
D I S T A N C E  BETWEEN DOWNHOLE MARKERS 
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W 

glass envelope 

N 

contact  coat i ng 

a)  REED SWITCH COMPONENTS 
(F-R Electronics, 1972) 

b) NORMAL OPERATING POSITION OF SWITCH 
(F-R Electronics, 1972) 

P l a s t i c  guide tube- 

Springs - 

w i t h  buzzer 

-Borehole f i l l e d  
w i t h  f l e x i b l e  grout 

-Probe w i t h  ~ reed switch 

Magnet 1 c r i n g  

c )  APPLICATION OF REED SWITCH I N  GEOTECHNICAL ENGINEER 

Figure 2.5  - R E E D  SWITCH SENSOR 
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t 

A/ D 
TRANSDUCER - CONVERTER 

TRANSDUCER 
b 

L I N E  ( s EN SO R) 

b AMP L I F I E R 

MODEM 

& L I N E  
DRI  VER 

b) A M U L T I P L E  E L E M E N T  S I G N A L  C O N D I T I O N E R  

f l - 7  TRANSDUCER 

c )  A SPECIAL S I T U A T I O N  WHERE THE TRANSDUCER I S  SELECTED 
TO PROVIDE S U F F I C I E N T  OUTPUT TO D R I V E  THE L I N E  D IRECTLY 

F i g u r e  2.6 - S O M E  P O S S I B L E  SIGNAL CONDITIONING S Y S T E M S  
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GRAPH IC 
TERM I NAL 

Figure -2 .7  - A POSSIBL D COMPUTER STATION 
r or micro-computer system 
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1 
I 

a) COMMERC I AL CAS I NG EXPANS I ON JO I NT 
(after Lynes, 1978) 

Figure 2.8 - S L I P  COUPLINGS FOR SUBSIDENCE MONITORING 
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CASING 

- SPACER- 

CEMEh' OUT 
OF AREA 
NEEDED TO 
ALLOW 
MOVEMENT 

'ORAT I NG 

F i g u r e  2.8 - SLIP COUPLINGS FO'R SUBSIDENCE MONITORING (CONT'D) 
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! 
RING MAGNET 

CORRUGATIONS 
(not to scale 
18m long @ 
30otmn centers) 

WELL CASING 

WELL CASING 

CORRUGATIONS 
not to scale; 
30Ormn long 
section of 
corru space8 ations @ 25mm 
centers) 

a )  REGULAR SPACING b) CLUSTERS A T  WIDE SPACING 

Note: Corrugations shown schematically; corners will be rounded 

Figure 2 . 9  - POSSIBLE C O R R U G A T I O N  ARRANGEMENTS 
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PACKING-GLAND I N  P I P E  CAP 
FOR WIRE LINE 

PROBE INSTALLED INSIDE P I P E  AND 
PRESSURE RAISED TO EQUAL 
WELL PRESSURE 

TURN BALL-VALVE 90° FOR PROBE ACCESS 
TO WELL WHEN PRESSURES EQUALIZE A I R  COMPRESSOR 

ASSEMBLY 

WELL-HEAD ~ 

L_) TO TURBINES 

- NOTE : ALL EQUIPMENT EXCEPT 

Figure 2.10 - ACCESS G L A N D  FOR S E T T L E M E N T  P R O B E  
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t 

v, 
0 
t 

a )  SCHEMATIC OF I N S T A L L A T  ON 

SURFACE 
CASING 

b) USE OF M U L T I P L E  AUX 

Figure 2 - 1 1  - A U X I L I A R Y  C A S I N G  I N S T A L L A T I O N  

INTERMEDIATE 
CASING 

PRODUCTION 
CASING 

LlARY CASING 

C 



SAND LINE 
or strain-reinforced electric cable) L 

h?, RING MAGNET 
(fixed to 
casing)  

7 - 1 0  
TELESCOPIC 

UPPER CASING 
CAN SETTLE 
lOOmm BETWEEN 
POINTS om0 

PROBE BODY- 

CASING _I 

RING MAGNET\ 

b 

L 5 

UPPER REED 
SWITCHES 5 2 5 m  O.C. 

1 1 1 1 1 1 1 1 1 1  I -I 
0123456789  ABC 

. -  

EVENT RECORDER CHART 
FOR CASING P O S I T I O N  @ 

15 

3 

0123456789  A B C  

EVENT RECORDER CHART 
FOR CAS I NG POS I T  

-LOWER REED 
SWITCHES 
25mm O.C. 

CHANNEL EVENT RECORDER AT SURFACE; OR 
PROBE DATA MIGHT BE RECORDED AND STORED 
ON AN XNTEML RECORDER\EMPLOYING A 

OR POSSIBLY A 

RETRIEVE THE 
WHICH CASE ONLY 

F i g u r e  2 . 1 2  - M U L T I - S E N S O R  . R E E D  S W I T C H  P R O B E  
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I 

VI 
N 

I 

NEXT MONITORING SEGMENT 

RING MAGNET IN COUPLING 

X-STRONG NON-MAGNETIC 
EXPECTED MAX. STAINLEXS STEEL COUPLING 
COMPRESSION OF 
GROUND PER 3Om SION-RESISTANT 

SOFT METAL SLIP RING 
(to seal out fluid) RING MAGNET 

IN INNER PIPE 

INNER NON-MAGNETIC 

(stress- free member) 

RAISED DEFORMATIONS 
(for better adherence 
to cement) 

PRODUCTION 
CASING 

20Onan-30Onrm 
% 

CORRUGATIONS 
( f actqry rolled; 
provide flexibility) 

c 

K" DISTANCE 
(if temperature 
measured) 

JUNE JUNE 
1978 1979 

b )  H Y P O T H E T I C A L  C H A R T  R E C O R D  
F O R  ONE SENSOR I N  P R O B E  

X-STRONG NON-MAGNETIC 
STAINLESS STEEL COUPLINGS 
(must resist mechanical damage 
of casing during lowering; 
or keying to r o d  via cement) 
provide anchorin points 

a )  M A G N A - C A S  I NG 

F i g u r e  2 . 1 3  - A U X I L I A R Y  M A G N A - C A S I N G  FOR R E E D  S W I T C H  PROBE C 



C 
W 

IBR 
NCH 

SEE UPPER 
ANCHOR 
DETAIL \ 

.TION 

r 

CALIBRATION 

t EYE-BOLT 
NUT, WASHER, 

KEEPER-WASHER 

in slot in t 

CRIMPED-PIN 

U 
T M  

* .  
,. .. 

b 
m -  

i 
CORRUGATIONS 
(factory- 
rolled; 
rovide 

flexibility) 

UPPER ANCHOR D E T A I L  
(not to scaie) 

- _ _ _  _ -  

VIBRA-WIRE 

b)- V I  BRAT I NG-W I RE 
a) V I  BRA-W I RE CAS I NG R PROBE 

. _  
F i g u r e  2 . 1 4  - V I B R A T I N G  W I R E  M E T H O D  
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A 

I 

T J U N E  1978  L SECTION 
# 70 

J U N E  
1979  

SUBSIDENCE = 2 X 12mm = 24mm @ SECTION 70  

b) EVENT RECORDER RECORDS 

PROXIMITY 
SENSOR 

LINE ’ AMPLIFIER 

c) SCHEMATIC OF PROBE ELECTRONICS 

To 
EVENT 
RECORDER 
@ SURFACE 

a)  P R O X I M I T Y  SENSOR CASING 

F i g u r e  2 . 1 5  - P R O X I M I T Y  SENSOR PROBE METHOD 
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#38 COPPER-WIRE - 
DIRECTION 
OF FLUX 

WEXGAND FROM APPLIED ------ 
MAGNETIC ELEMENT 
FIELD (work hardened 

vicalloy wire) 

4--- ------ 

a )  . W E I G A N D  E L E M E N T  AND P I C K - U P  C O I L  

WEIGAND 
DEVICES 

TO 
SURFACE 
READOUT- 
PROBABLY 
AN EVENT 
RECORDER 

b )  S C H E M A T I C  OF P R O B E  E L E C T R O N I C S  

Figure 2.16 - W E I G A N D  EFFECT S E T T L E M E N T  DEVICE 
- 55 - 



I 

I 

i 

FLOW CONTROUER 

riable upstream pressu 

ELECTRIC PRESSURE 
TRANSDUCER 

SIPHON FLOWING 

CASING MANDRIL BELLOWS SECTION 

WELL CASING 

SIPHON NOT FLOWING YET 

HELICAL WINDING OF TUBING 
PROVIDES VERTICAL FLEXIBILITY 

RETURN LINE 

(a) SCHEMATIC OF DOUBLE FLUID SETTLEMENT DEVICE 

F i g u r e  2.17 - DOUBLE FLUID SETTLEMENT D E V I C E  METHOD 
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(HELICAL WINDINGS 
OMITTED FOR CLARITY) 

t 
P=H,-H, 

PRESSURE 
4 

t 
P=O 

TIME 

(b) SYSTEM OPERAT I ON SHOW I NG READOUT 
( 

NOTE : 

EACH ;INTERVAL BETWEEN REFERENCE POINTS HAS A UNIQUE VALUE OF Po INITIALLY; 
AS SUBSIDENCE OCCURS THE VALUE OF Po WILL DECREASE. 
MAY BE DIRECTLY CALCULATED FROM THE CHANGE IN Po : 

7 

THE AMOUNT OF SUBSIDENCE 
SUBSIDENCE a= APoI ( ZHG-rN ) 

Figure 2 . 1 7  - D O U B L E  F L U I D  SETTLEMENT D E V I C E  M E T H O D  ( C O N T ' D )  

- 57 - 



-- 

WoodwardClyde Consultants 

3.0 RECOMMENDED SUBSIDENCE MEASUREMENT INSTRUMENTS 
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Woodward=Clyde Consultants 

3.0 RECOMMENDED SUBSIDENCE MEASUREMENT INSTRUMENTS 

3.1 COMPARATIVE RATING OF EXISTING, IMPROVED AND NEW INSTRUMENTS 

3.1.1 Promi s ing Extensometers f o r  Further Development 

I n  the In te r im Reports prepared ' for t h i s  project ,  numerous instruments 
were discussed. I n  each report ,  the most promising of the instruments 
considered were i d e n t i f i e d  by use o f  a r a t i n g  procedure. Developmental 
work and t e s t i n g  can proceed on only a few o f  these instruments. To iden- 
ti fy those instrument systems most 1 i ke ly  t o  monitor geothermal subsidence 
movements successfully, the top instruments from each o f  the i n te r im  
repor ts  are comparatively evaluated i n  t h i s  section. The r a t i n g  system 
for  t h i s  purpose i s  adapted mostly from the two r a t i n g  systems already 
used i n  t h i s  study. 
oped t o  evaluate the instrument's a b i l i t y  t o  meet basic monitoring objec- 
t i v e s  (accuracy, de th, etc.) and basic environmental requirements (corro- 
sion, scaling, etc. P . The r a t i n g  system i n  In te r im Report No. 4 examined 
i n  more d e t a i l  c e r t a i n  technical  problems such as the modi f icat ions t o  
we l l  casing i n s t a l  la t ion .  The present, comprehensive r a t i n g  system i s  
shown i n  Table 3.1. The instruments are rated i n  Table 3.2. The exten- 
someters i d e n t i  f i e d  as mer i t ing  fu r the r  development are: 

In I n te r im  Report No. 1, a r a t i n g  system was devel- 

o TRIPLE SENSOR INDUCTION PROBE 

o TRIPLE SENSOR GAMMA RAY DECTECTOR PROBE 

(wi th  casing c o l l a r  markers) 

( w i t h  rad ioact ive markers) 

o TRIPLE SENSOR REED SWITCH PROBE 
(wi th  magnet markers) 

O TRIPLE SENSOR OSCILLATOR-TYPE MAGNET DETECTOR PROBE 
( w i  t h  magnet markers 

A l l  are designed f o r  use i n  cased we1 and w i l l  funct ion best  if the we l l  
casing incorporates s l i p  couplings o r  bellows sections. The gamma ray 
detector probe may a lso be used i n  un l ined holes. Table 3.3 summarizes 
the basic spec i f i ca t ions  f o r  these instruments. 

3.1.2 Promising Inclinometers f o r  Future Development 

As work proceeded on t h i s  study, i t  became increas ing ly  apparent t h a t  t o  
reach the primary goal o f  t h i s  pro ject ,  the development o f  an instrument 
to monitor v e r t i c a l  displacements, many problems had t o  be overcome. A t  
the same time i t  became c lea r  t h a t  the secondary aim, measurement of hor- 
i zon ta l  movements, was perhaps even more d i f f i c u l t  t o  achieve. F i r s t ,  an 
incl inometer w i l l  experience the same temperature, corrosion, scal ing and 
e lec t ron ics  problems t h a t  a settlement probe must cope with. It must be 
capable of measuring not  only inc l ina t ion ,  b u t  also o r ien ta t i on  and depth bi 
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for accurate results.  In fact ,  t o  ensure t h a t  ho ental measurements are 
repeatedly made a t  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 looking u p  the depths 
of the markers i n  the vertical displacement survey. Secondly, the hori- 
zontal movements due t o  subsidence are generally much smaller t h a n  verti-  
cal movements, requiring relatively more sensitive sensors. Because of 
these measurement problems and because the measurement of subsurface hor- 
izontal movements i s  not commonly performed i n subsidence engineering 
studies, i n  this study extensometer development has been emphasized over 
1 ncl i nometer devel opment. 

Promi s i n g  i ncl i nometers i 
ments were identified i n  Interim Report No. 2. Some of t h  
problems can be resolved us ing  components and techniques d 
Interim Report No. 3. These inclinometer systems: 

hanical and materials improve- 

o SONDE-TYPE BOREHOLE INCLINOMETER 
( w i  t h  servo-accel erometer and gyrocompass; modi f i ed) 

o SONDE-TYPE BOREHOLE INCLINOMETER 
( w i t h  canti 1 evered pendul um, v i  b 
sensors, and gyrocompass; modi f i  

merit further development . However, we 
begin u n t i l  the major developmental problems i n  vertical subsidence moni- 
t o r  systems have beenr resolved. Consequently, these i nstruments are no t  
further rated o r  disc 

3.2 REVIEW OF SELECT ENSOMETER SYSTEM 

ng wire s t ra in  gauge 

t h a t  such work should not  

i n  this report. 

a t i  ng procedures t i f i e d  four instrument systems for  further 
development. Recommendations for the developmental process are presented 
i n  Section 4.0. A discussion of the basic features of each of these can- 
didate instrument systems i s  presented below. 

be designed so that  
ssion channel since 
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Casin : 

accurate resu l t s  w i l l  be obtained i f  the' we1 1 casSng i s  keyed t o  the pro- 
ducing formation. As noted previously we can then then monitor casing 
compression as a measure o f  formation compaction. This keying e f f e c t  can 
be achieved w i th  a wel l  casing t h a t  i s  cemented, perforated as needed and 
i ncorporates s l i p  couplings. Accurate resu l ts  may a1 so be obtained using 
a gravel-packed s lo t ted  l i n e r  w i t h  s l i p  couplings. I n  addit ion, i n  the 
Gulf  Coast geopressured formations, the use o f  s l i p  coupJings w i l l  prevent 
l oss  o f  the i n s t a l l a t i o n  i f  large compaction movements occur. 

Unfortunately, s l i p  coupl i  ngs are not y e t  avai l  able f o r  geothermal use. 
They should be considered a high p r i o r i t y  development i tem. Without s l i p  
coupl i  ngs, sa t is fac to ry  compaction monitoring o f  somewhat 1 ower sensi t i v -  
i t y  i s  s t i l l  possible i n  l iquid-dominated areas as long as the casing i s  
cemented o r  gravel-packed. I n  these areas s l i p  couplings may no t  be 
needed t o  prevent casing damage, since canpaction i s  expected t o  be small 
due t o  re in jec t i on  o f  b r i ne  i n t o  the formation. Where s lo t ted  l i n e r s  are 
used without a gravel pack, resu l t s  may be less  accurate. If the 
ground/l i  ner adhesion i s  poor, i t  i s  s t i l l  possible t o  measure 'the average 
canpaction between the end o f  the l a s t  cemented s t r i n g  and the bottom of 
the hole. The use o f  a t  l e a s t  s lo t ted  l i n e r  i n  the producing zone i s  
desirable because markers can be conveniently and .re1 i ably incorporated 
i n t o  the couplings. For monitoring i n  unl ined production zones, the  only 
v iab le system appears to be the use o f  a t r i p l e  sensor gamma-ray detector 
probe w i t h  radioact ive markers shot i n t o  the formation. 

In-Si tu  Cal ibrat ion:  The distance between the sensors i s  considered t o  be 
a know quant i ty f o r  analysis purposes. Downhole temperature must be mea- 
sured i n  the probe body so t h a t  the distance between sensors, measured a t  
the surface, can be corrected fo r  temperature-induced changes i n  probe 
length i n  the well .  Once t h i s  value i s  determined, the  distances between 
markers can be scaled from the s t r i p  char t  record, as shown i n  Figure 2.4 
o f  Section 2. This method makes the assumption t h a t  the probe ve loc i ty  i s  
constant between adjacent markers. This assumption seems t o  be accep- 
table. 

Insu la t ion  and Refr igerat ion:  One o f  the f i r s t  research p r i o r i t i e s  W i l l  
be to determine if insu la t i on  and re f r i ge ra t i on  can be used t o  maintain a 
constant temperature o f  LOOOC o r  l ess  i n  the probe's instrument chamber. 
This would s imp l i f y  c i r c u i t  design o f  many signal condi t ioning equipment 
elements. However, the basic sensors, such as the c o i l s  o f  the induct ion 
sensor o r  the reed switches, s t i l l  may have t o  be outside the i nsu la t i on  
and exposed t o  300% i n  order to have adequate sens i t i v i t y .  

Of the four proposed systems, a l l  except the rad ia t i on  sensor U 
sys -2 em must operate i n  cased holes. For measurement purposes, the most 

3.2.2 T r i p l e  Sensor Induct ion Sensor Probe 

This i nstrument uses a probe lcontai  n i  ng three induct ion sens 
i n g  couplings serve as markers and are detected by the probe 
Figure 3.La. Induct ion sensors are p r a i s i n g  because m er 'degradatio 
w i t h  time i s  not l i k e l y  t o  be a problem and because des 
appears feas ib le  w i t h  high temperature mater ia l  s and components. Casing 

o f  a the sensors 
gi 
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c o l l a r  locators, a s i m i l a r  instrument which operates on the induct ion 
p r i n c i p l e  using a permanent magnet i n  l i e u  o f  an e x c i t e r  c o i l ,  have been 
used successful ly i n  several subsidence monitoring programs i n  o i l  and gas 
we1 1s a t  lower tempera es (Allen,1969; deLoos, 19 

The Sensors: InductSo ensors used f o r  geophysical logging typ ica l  l y  
cons is t  of  an e x c i t e r  and a pick-up c o i l .  The exc i te r  c o i l  induces eddy 
currents i n  the wel l  casing. The eddy currents i n  t u r n  induce an a l t e r -  
nat ing voltage i n  the pick-up c o i l .  The phase of  t h i s  signal i s  sh i f t ed  
from t h a t  o f  the e x c i t e r  coil. The phase s h i f t -  i s  t r a  
face by appropriate signal d i  t i on ing  equipment (F ig  

The coupling between the exc i te r  and pick-up c o i l s  depends on the metal 
thickness, i t s  magnetic permeabil i ty, i t s  e l e c t r i c a l  r e s i s t i v i t y  and the 
gap between the sensor and the metal . With sui tab le centering devices, 
the l a s t  f ac to r  i s  kept constant. A typ ica l  signal fr 
shown on Figure 3.1~. 

The Markers: The casing couplings ( co l l a rs )  serve as markers. The 
jncreased thickness o f  metal a t  the coupling i s  detected by the induct ion 
sensor. A t  Gronigen (deLoos, 197 i t  was found t h a t  c e r t a i n  coupling 
designs give sharper s ignals than others . For subsidence moni t o r i  ng , s l  i p 
couplings are recommended. It i s  probable t h a t  the thickness o f  meta l  
necessary t o  give such couplings adequate strength would a1 so provide a 
good signal though the gnal shape may change as the coupling telescopes 
during subsidence. 

Development Needs: Current induct ion sensors are not designed t o  operate 
a t  300" C. Because o f  -the decreased magnetic perheab i l i t y  of c o i l s  and the 
inceased res1 s t i v i  ty o f  the we1 1 casing a t  these temperatures, some con- 
s idera t ion  w i l l  have to be given 'to adequate coupling o f  the c o i l s  v i a  the 
we1 1 casing w i  thout d i  r e c t  coup1 i ng . Downhole signal condi t ioning t y p i -  
c a l l y  includes an o s c i l l a t o r  f o r  the exc i te r  c o i l  and e lec t ron ics  t o  
ampli fy and transmit  the pick-up c o i l  signal by modulating a sui table car- 
r i e r .  The signal condi t ioning equipment can probably be designed w i th  

&i 

i t t e d  t o  the sur- 

high ature compon 

The sfgnal condi t ioning equipment must be designed t o  provide a c lea r  sig- 
nal even i f  corrosion o r  scal ing occurs. Induct ion sensors detect  l o s s  o f  
metal as wel l  as casing co l lars .  - Severe *corrosion may make i t  d i f f i c u l t  
t o  i d e n t i f y  the signal due .to e casing co l l a rs ,  as shown i n  Figure 3.ld. 
A signal condi t ioning system, i c h  transmits a 0-1 signal where 1 repre- 
sents an event above a c e r t a i  hreshold value, i s  probably not  recom- 

deeply corroded zone might reg i s te r  as an 

reduce the coupling between the e x c i t e r  
by scaling. A coating o f  low perme- 

o f  

't/ 
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1 
This instrument system uses a probe containing t h  ed switch sensors. 
Magnet markers i n s t a l l e d  downhole are detected by the probe. Refer t o  
Figure 3.2a. Reed switch sensors are promising because no downhole signal 
condi t ioning i s  required and the output i s  an "on-off" s ignal  as a marker 
i s  crossed. 

The Sensor: Reed switches are made o f  two t h i n  reeds o f  h igh magnetic 
permeabil ity i n  an evacuated glass housing (Figure 3.2b). I n  the presence 
of a magnetic f i e l d ,  the reeds contact and close an e l e c t r i c a l  c i r c u i t .  
The reed switches thus provide an on-off signal . No downhole signal con- 
d i t i o n i n g  i s  necessary. The pos i t i on  o f  the reed switch (open o r  closed) 
may be detected a t  the surface by current  measurement. However, i f  s t ray 
currents are a problem, the 0.1 amp allowable current  through a reed 
switch may be hard t o  detect. I n  t h a t  case ref lectometry may be used by 
monitoring the  phase change between open and closed pos i t ions o f  the 
switch. A temperature sensor must a lso be included i n  t 
mine i t s  length. 

The Markers: Rare ear th  o r  possibly A ln ico magnets may be used. They . 

requi r e  non-magnetic s ta in less  steel  (anneal ed) backi ng t o  concentrate 
f l u x  i n  the center o f  the r ing,  minimizing f l u x  through the we l l  casing. 
The magnets may be fac to ry  i n s t a l l e d  i n  ( s l i p )  couplings (Fig. 3 .2~) .  To 
reduce the reluctance between the magnet and the reed switch, expendable 
l ea f  springs and a core o f  s o f t  i r o n  may be incorporated i n t o  the probe 
(Figure 2.2d). 

probe t o  deter- 

Devel opment Requi rements: The key development i s t o  determi ne whether 
ex i s t i ng  reed switches w i l l  c lose a t  3OO0C. I f  not, a su i tab le  reed 
switch can probably be developed. Factors i n  the development process may 
include se lect ion o f  a h igh permeabi l i ty  mater ia l  su i tab le  f o r  reeds a t  
300°C, se lec t ion  o f  a non-magnetic houslng w i t h  expansion charac ter is t i cs  
compatible w i t h  the reed mater ia l ,  and design o f  a seal between the reeds 
and housing. 

Rare ear th  magnets have adequate magnetic strength a t  t h i s  temperature. A 
su i tab le housing which can be welded t o  a we l l  casing coupling must be 
designed which minimizes f l u x  i n  the casing, protects  the magnet from cor- 
ros ion and from mechanical damage, and prevents corrosion between the mag- 
ne t  and i t s  housing and between the housing and the coupl ing materi a1 s. 

3.2.4 

This instrument system uses a probe containing three osc i l la to r - type  mag- 
n e t  detectors. Magnet markers i n s t a l l e d  downhole are detected by the 
probe. Refer t o  Figure 3.3a. This system o f f e r s  promise because i t  i s  
more sensi t ive than a reed switch and thus more l i k e l y  t o  give a good s ig-  
nal  a t  300°C, a t  which s e n s i t i v i t i e s  of a l l  magnetic systems are reduced. 
I t s  simple c i r c u i t r y  can probably be constructed from high temperature 
components and the frequency output i s  good f o r  transmission over long 
e l e c t r i c a l  leads. 

- 62 - 



WoodwardGlyde Consultants 

6, The Sensors: An o s c i l l a t o r  using a saturable core reactor  can detect 
small changes i n  a magnetic f i e l d .  This sensor type i s  much more sensi- 
t i v e  than a reed switch, increasing the p robab i l i t y  t h a t  i t  w i l l  operate 
a t  3OO0C, a t  which a l l  magnet detectors decrease i n  sens i t i v i t y .  

The o s c i l l a t o r  i s  formed from two t rans is to rs  and an inductor  w i t h  a h igh 
permeabi l i ty  core of p metal (Figure 3.3b). The t rans is to rs  come i n t o  
p lay so t h a t  the frequency o f  the o s c i l l a t o r  i s  proport ional  t o  the time 
required t o  saturate the core o f  the inductor. An external magnetic f i e l d  
w i l l  speed up o r  decrease the Saturat ion r a t e  and consequently a frequency 
change occurs. This frequency i s  d i r e c t l y  re la ted  t o  the m 

The Markers: Rar 
coup1 i ngs are sui table, as d i  scusse 

Devel opment Requirements Further research i s  required 
formance of v-metal a t  300OC. Newer a l loys  (such as HyMu-80) may be 
superior. Temperature alone w i l l  cause a frequency s h i f t  and i t s  e f fec t  
on the accuracy o f  marker detect ion must be assessed. The main components 
o f  the basic c i r c u i t  and signal condi t ion ing equipmen can probably be 
developed from high temperature components, such as those l i s t e d  i n  Table 
2.20. To improve t e s e n s i t i v i t y  o f  the detector, the use o f  a s o f t  i r o n  
probe core and l e a f  springs as discussed i n  Section 3.2.3 should be evalu- 
ated. 

The problems o f  magnetic marker design a lso requi re consideration, as d is -  
cussed i n  Se 

Radioactive markers i nsta l  l e d  downhole are detected by the probe. Refer 
t o  Figure 3.4a. This system has been used by several researchers and i n  
p a r t i c u l a r  was re f i ned  t o  a h igh accuracy i n  the Netherlands (deLoos, 
1973) f o r  use i n  gas wells. It o f fe rs  promise because i t  may be used i n  
both cased and unl ined holes and because the rad ioact ive markers requi re 
no speci a1 sh ie l  d i  ng, as do the magn 

The Sensors: Conventional modern gamma ray detectors use s c i n t i l l a t i o n  
counters w i t h  photomul t ip l ier  tubes o r  semiconductor crysta ls .  These are 
u n l i k e l y  t o  operate a t  geothermal temperatures . I n  fact ,  the  refinements 
provided by such counters (i.e.* an exact p a r t i c l e  count) i s  unnecessary. 
A signal i nd i ca t i ng  the presence o f  a rad ioact ive source i s  a l l  t h a t  i s  
needed. The Geiger-Muller (G-M) tube (Figure 3.4b), commonly used before 
1950, may be adaptable t o  high temperature use. When a rad ioact ive par- 
t i c l e  enters t h i s  device, the gas ins ide  the tube i s  ionized. The ion ized 
gas allows cur ren t  t o  f low between a th in  wSre a t  the  center o f  the tube 
and the outer  she l l  under an appl ied voltage o f  around 800 vo l ts .  Current 
w i l l  continue t o  f l ow  unless the discharge i s  suppressed o r  "quenched." 
Once quenched, the  G-M tube i s  ready t o  detect  the next gamma ray. Since, 
f o r  settlement measurement, an exact count o f  the rad ia t i on  p a r t i c l e s  i s  

, for  use i n  steel  casing. 
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not needed, self-quenching types should be adequate. These contain a gas U 
which i s  decomposed using energy t h a t  otherwise would have caused emission 
o f  electrons. The dimensions o f  the G-M tube should be selected so the 
tube in tercepts  enough y-rays as each marker i s  passed t o  produce a c lea r  
s ignal  . 
The Markers: Radioactive b u l l e t s  made of  cobalt-60 (3-6 VCuries; Sano, 
1969) o r  Cesium 137 (100 VCuries; deLoos, 1973) have been shot i n t o  the 
formation around a cased wel l  using a per fo ra t ing  gun. This technique i s  
necessary i f  the hole i s  unlined. Radioactive b u l l e t  placement should be 
shallow t o  maximize signal strength, bu t  deeper penetrat ion w i l l  be needed 
i n  unl ined holes and i n  boreholes w i t h  uncemented casing compared t o  
cemented casing because o f  the p o s s i b i l i t y  o f  wal l  slump. Radioactive 
markers have also been welded as "bUttOnS" t o  casing (Sano, 1969). I n  
cased holes, the best  approach may be t o  weld such buttons t o  the ins ide 
o f  casing couplings, p r i o r  t o  i ns ta l l a t i on .  Radioactive mat iera ls  require 
speci a1 hand1 i ng and precautionary procedures f o r  a1 1 f i e l  d and shop per- 
sonnel. 

Development Requirement: The development o f  a G-M tube i s  probably more 
d i f f i c u l t  than the development o f  the previously discussed sensors. 
par t i cu la r ,  i on i z ing  and quenching gases must perform t h e i r  funct ions over 
2O0-30OOC. The associ ated signal condi t ioning equipment (Figure 3 . 4 ~ )  can 
probably be designed from h igh temperature components. 

The radioact ive markers must be safe t o  handle i n  the f i e l d  whi le provid- 
i n g  an adequte signal . The radioact ive mater ia l  must be bound so t h a t  i t  
r e s i s t s  corrosion and subsequent d i f fus ion .  I n  unl ined holes, b u l l e t  
penetrat ion may be a problem. Consideration should be given t o  b u l l e t  
conf igurat ion and gun design so t h a t  a uniform penetrat ion can be achieved 
i n  a l l  formations. The optimum penetration, adequate t o  embed the b u l l e t  
securely whi le providing a c lea r  signal, should a lso be assessed. 

I n  
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TABLE 3.1 

MODIFIED RATING SYSTEM . 

~~ ~ 

CATEGORY 

WORKING 
DEPTH 

ABILITY 
TO MAKE 
INTERVAL 

MENT 
MEASURE- 

RELATIVE 
SENS IT1 V I TY 

TO 
GROUND 

MOVEMENT 

NEED 
FOR 

CAS I NG 
MODI F- 

ICATIONS 

OPERATION 

- 
DOWNHOLE 
ELECTRONICS 

3 

Greater than or equa 
to 3 kKl 

Many intervals in 
one hole 

Sensitive to movemen 
over short intervals 
(100 m or less) 

Slip couplings or 
bellows sections ' 
only 

No access to 
well required 

None 

RAT I NG 

2 

3 km to 300 m 

2 to 5 intervals 
in one hole 

Sensitive to 
movement between 
widely spaced 
reference 
-points (>100-m) 

Auxiliary casing 

Requires spec.i 
fittings at 
surface; some 

I;components avail 
able to construci 
most of syst 
Development 

used 

Minimal 
1 , -  

less than 300 m 

More than one 
hole required 

,Distance between 
markers may not be 
representative of 
ground movement 

Auxiliary casing 
with special ~ inserts . 

Substantial 
interference with we.11 
operation for readout ; 
well may have to be . 
taken out of production 
for monitoring use 

As 2, but significant 
developmental work 
required for certain 
components 

Permanent downhole 
mechanical probe parts 
or casing parts 

. -  

Downhole signal 
conditioning required 
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LJ TABLE 3.3 - GENERA1 SPECIFICATIONS FOR SELECTED INSTRUMENT SYSTEMS 

SYSTEF 

Transducer 

Location of 
Transducer 

Marker 

Other 
Instruments 
i n  Probe 

Accuracy of 
System1 

Temperature 
Capabi 1 i t y  

Pressure1 
Capabi 1 i ty  

3-Sensor 
Induction 

Probe 

Induction 
Sensor 

3 i n  Probe a t  
0, 10 and 15 m 
from end 

Cas i ng 
Col 1 ars  

Temperature 
Sensor 

f 5mm over 
30m interval 

0-300°C 

to  300kg/cmZ 

3-Sensor 
y-Ray Detector 

Pro be 

G-M tube 

3 in Probe a t  
0, 10 and 15 m 
from end 

Radioactive 
Bullets on 
Collars o r  Shot 
in to  Formation 

Sensor 

f 5mm over 
30m interval 

0-300°C 

to  300kg/cm2 

3-Sensor 
Reed Switch 

Pro be 

Reed Switch 

3 i n  Probe a t  
0, 10 and 15 m 
from end 

Casing Collars 

f 5mm over 
30m interval 

0- 3OOOC 

t o  300kg/cm2 

3-Sensor 
Osci 11 ator-TypE 
Magnet Detector 

Probe 

Oscillator-Type 
Magnetometer 

3 i n  Probe a t  
0, 10 and 15 m 
from end 

Magnets on 
Casing Collars 

Temperature 
Sensor 

f 5mm over 
30m interval 

0-300°C 

to  300kg/cm2 

ssured area use; these are 
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CASING 

PROBE 
BODY - 

, 

AMPLIFIER 

b) DIAGRAM OF INDUCTION 
SENSOR ELECTRONICS 
(Edwards & Stroud, 1964) 

r l r l N r * ) r * )  

CASING WALL THICKNESS 
. . . . .  

( i n )  

d) OUTPUT FROM SINGLE INDUCTION 
SENSOR I N  CORRODED CASING 
(Edwards C Stroud, 1964) 

Figure 3.1 - TRIPLE SENSOR INDUCTION PROBE M E T H O D  
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ELECTRICAL 
CABLE 
(insulated; 
armored) 

i -SLIP  
COUPLINGS 
WITH 
MAGNET 
MARKERS 
(see (c) for . 
magnet detail ; 
see Figure 
2.8 for 
ble c ~ u p ~ ~ ~ ~ -  
detail) 

COATING - 
(corrosion 
is abrasior 
resistant) 

NON-MAGNETIC 

magnetj - S L I P  
COUPLING 
(details 
not shown) 

.RING MAGNET 
(rare earth 
type 

c) B A S I C  COMPONENTS OF MAGNET MARKER 

h 
a) REED SWITCH PROBE SYSTEM 

CONTACT COATING 

ENVELOPE 
mum-&: , 

I BLADES ’ 

PROBE - 
b)  REED SWITCH COMPONENTS BODY 

(F-R Electronics, 1972) 

(reed switch 
at center; 

d) POSSIBLE D E T A I L S  TO ENHANCE 
S E N S I T I V I T Y  OF SYSTEM 

F i g u r e  3 . 2  - T R I P L E  SENSOR R E E D  S W I T C H  PROBE METHOD 
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I 

0 
I 

CASING y 

PROBE 
BODY - 

OSCILLATOR 
TYPE MAGNET 
DETECTOR 

- - ELECTRICAL 
CABLE 

i n s u l a t e d )  
( a r m o r e d  ; 

v = 4v 

NOTE : 
R2>hfeR3 

( s e e  Figure 
3 . 2 ~  for I m a g n e t  detai l ;  
Figure 2 .8  
for  possible 
coup1 ing 
detai l  

a )  OSC I LLATOR-TYPE MAGNET 
DETECTOR SYSTEM b) OSC I LLATOR C I RCU I T  

( N a i r ,  1977)  

Figure 3 . 3  - T R I P L E  SENSOR O S C I L L A T O R - T Y P E  M A G N E T  D E T E C T O R  M E T H O D  

c 



I 

U 

I 

--1 

POWER 
SUPPLY 

c 

- 

ELECTRICAL 
CABLE 
(armored; 
insulated) 

GAMMA 
RAY 
SENSOR 

SLIP 
COUPLINGS 
W I T H  
SEVERAL 
RADIO- 
ACTIVE 
BUTTONS 

(welded 
around 

K i % 3 i n g  
de ta i l  see 
Figure 2.8)  

a) GAMMA RAY SENSOR 
PROBE SYSTEM 

GLASS TUBE \ CENTRAL WIRE 

(+ f 
T 

(- 

METAL CYLINDER ARGON+QUENCHING GAS 

b) GE I GER-MULLER TUBE (a f t er  Glasstone, 1950) 

\ LINE DRIVER \ AMPLIFIER 

GEIGER- SCHMIDT 
MULLER TRIGGER 

I I 

c )  D O W N H O L E  E L E C T R O N I C S  

Figure 3 . 4  - T R I P L E  SENSOR GAMMA RAY D E T E C T O R  METHOD 
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4.0 RESEARCH PRIORITIES 

The f i r s t  step toward the development o f  an instrument t o  monitor geother- 
mal subsidence was undertaken w i t h  t h i s  research p ro jec t  (Geothermal Sub- 
sidence Research, category 3, Project  1). With completion o f  t h i s  f i f t h  
and f i nal report,  we have assessed moni t o r i  ng needs, reviewed re1 evant 
technology and selected four instrument systems f o r  f u r the r  development. 
These instrument systems, f o r  moni t o r i  ng v e r t i c a l  displacements above and 
w i t h i n  a geothermal reservoir ,  are presented i n  conceptual form i n  Section 
3.0. The instrument designs include tested techniques and new technology 
from many d isc ip l ines,  inc lud ing  electronics,  material5 science, geophy- 
sics, and the petroleum industry. Further development work i s  needed t o  
determine which o f  the four instruments should be advanced t o  the proto- 
type construct ion phase. This section discusses research strategies tha t  
w i l l  r e s u l t  i n  a working subsurface compaction monitoring instrument. 

4.1 PROPRIETARY INFORMATION 

Development o f  geothermal technology has been hampered by the l i m i t e d  
market f o r  it. According t o  a forecast developed by the M i t r e  Corporation 
(1978): 

"The numer of  geothermal we1 1s . . does not exceed 2000 i n  any 
year p r i o r  t o  1990, and i t  does not exceed 500 before 1985. 
Compared t o  the 40,000-plus o i l  and gas wel ls now d r i l l e d  
annually i n  the U S . ,  the perceived market i s  l i k e l y  t o  be t o o  
smal 1 t o  motivate industry t o  undertake major research, devel- 
opment and demonstration on i t s  own i n  the near term. Govern- 
ment p a r t i c i p a t i o n  t o  accelerate the pace o f  geothermal speci f ic  
we1 1 technology therefore appears j us t i f i ed . "  

Unfortunately, t o  date much o f  the research i n  the p r i v a t e  sector, par- 
t i c u l a r l y  w i t h  respect to scal lng research and w e l l  logging technology, i s  
proprietary. The authors o f  t h i s  repo r t  fee l  t h a t  i f  the government 
underwrites the development o f  geothermal subsidence monitor tools, i t  
should be on a non-proprietary basis. Modif icat ions and f i e l d  t e s t i n g  can 
be perfonned more easi ly,  and geothermal measurement technology can be 
advanced more quickly. The manufacturing and bench tes t i ng  f o r  instrument 
devel opment should be open t o  any qual i f i e d  prec is ion  mechanical o r  e l  ec- 
t r i c a l  fabr icator,  inc lud ing  we1 l - logging service companies w i t h  manufac- 
t u r i n g  f a c i l i t i e s .  

No patentable items have been developed as a r e s u l t  o f  t h i s  study. How- 
ever, i f  these conceptual instruments can be ca r r i ed  through t o  the proto- 
type stage, patents may be possible. We fee l  t h a t  progress i n  geothermal 
w e l l  technology w i l l  be f a c i l i t a t e d  i f  the government owns a l l  patents f o r  
which i t  financed the research. 
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4 . 2 POTENTIAL RESEARCHERS 

Figure' 4.1 proposes a management structure, based on the assumption t h a t  
instrument development w i l l  proceed under the overa l l  management of  Law- 
rence Berkeley Laboratory under the Geothermal Subsidence Research Pro- 
gram. A key feature of the management plan i s  the use of  a geotechni- 
cal/subsidence engi neeri ng consultant t o  ensure t h a t  a workable, accurate 
subsidence monitoring system r e s u l t s  from the research e f f o r t s  o f  a l l  the 
subcontractors. The ro les  o f  researchers w i t h  expert ise i n  (1) geotechni- 
cal/subsidence engi neeri ng , (2)  geophysical instrumentation engi neeri ng , 
and ( 3 )  geothermal we1 1 and production engineering are discussed below. 

Geotechnical /Subsidence Engi neer - Technical eval ud t ion  o f  research t o  
ensure t h a t  t he  goals o f  the research program are being achi'eved i s  cru- 
c i a l  t o  the successful development of  a downhole compaction monitoring 
system. C i v i l  cngi neers t r a d i t i o n a l l y  have managed technical p ro jec ts  
invo lv ing other d isc ip l ines,  such as mechanical and e l e c t r i c a l  engineer- 
ing. With respect to the object ive of developing a monitoring too l ,  geo- 
technical / c i v i l  engineers are.  experienced i n  the measurement o f  i n t e r e s t  
t o  t h i s  project .  They understand the l i m i t a t i o n s  o f  various d i r e c t  mea- 
surement techniques and how a l l  the components o f  a monitoring system 
i n t e r a c t  to provide accurate data. Further, through the geotechnical 
engineers, technology t rans fe r  d from re la ted  research i n  mining and 
waste disposal i s  f a c i l i t a t e d .  

LBL has excel lent  technical expertise, bu t  may have l i m i t e d  s t a f f  ava i l -  
a b i l i t y  t o  provide technical coordination and guidance to a l l  o f  the 
researchers Involved. We recommend t h a t  LBL select  a geotechnical /sub- 
sidence engi neering consultant as a prime contractor , t o  ensure t h a t  the 
research program achieves i t s  object ive o 
compaction moni t o r i  ng system (Ffgure 4.1) 
t i a l l y  sa t is fac to ry  arrangement.is shown i n  Figure 4.2 i n  which LBL man- 
ages a1 1 contractual arrangements and provides overa l l  technical d i  rec- 
t ion.  The geotechnical/subsidence engineering consultant i s  responsible 
f o r  day-to-day technical coordination, essen t ia l l y  i n  

uccessful development of a 
A more complicated bu t  poten- 

- Development o f  a probe can probably 
n i r a t i o n  experienced i n  geo- 
, Schl unberger, e t c  .) Because 
g mechanical, e l e c t r i c a l  and 
r o p r l a t e  t o  contract  out  por- 

t i ons  o f  the work. Wel l  logging companies should be involved i n  the 
development work because they are experienced i n  the c o s t l y  and t r i c k y  
procedures f o r  running sens i t i ve  instruments through thousands f e e t  o f  
borehole. They a lso  have support equipment f o r  f i e l d  operations, some of 
which may be en t  project .  

Geothermal We1 1 and Production Engineering - A probe s only one component 
ot  a compaction monitoring system. Successful i n s t r  en t  system operation 

U 
may requ i re  special ized couplings or casing, bu l le t - type  markers, we l l  
head access glands, and means f o r  c o n t r o l l i n g  downhole scal ing and corro- 
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sion. 
ca t ion  might bes t  proceed under overa l l  supervision o f  a petroleum/geo- 
thermal engineer experienced i n  a1 1 phases o f  d r i l l  i ng and we1 1 comple- 
t ion.  This management r o l e  could be f i l l e d  by an energy (oi l /geothermal) 
company or .poss ib ly  a nat ional  laboratory such as Sandia o r  Los Alamos. 
Because o f  the wide var ie ty  o f  downhole and wellhead needs, several sub- 
contractors may be involved, inc lud ing designers and fabr ica tors  o f  tubing 
and couplings (e.g., Hydr i l ,  NL Atlas, etc.), wel l  completion f l u i d  sup-. 
p l i e rs ,  and we1 1 head assembly manufacturers. 

4.3 STRUCTURE- OF FUTURE RESEARCH 

We recommend t h a t  fu tu re  work be div ided i n t o  two pr inc ipa l  contracts (see 
Figure 4.3). I n  Pro ject  2, the  f i r s t  o f  the two contracts, the four 
recommended instrument systems w i l l  undergo laboratory tes t i ng  and devel- 
opment. From those resu l t s  the most promising system w i l l  be selected f o r  
f i e l d  tes t i ng  i n  Pro jec t  3. 

4.3.1 Pro ject  2 Research - Laboratory Tes t ing  

This p ro jec t  comprises laboratory  tes ts  o f  the four  key systems i d e n t i f i e d  
e a r l i e r  i n  t h i s  report.  The tes t ing  w i l l  evaluate mater ia ls,  casing and 
coupling desing, sensor and signal condi t ioning design, and c a p a b i l i t i e s  
and other  key features o f  the four candidate geothermal subsidence moni- 
t o r i  ng systems. 

The pro jec t  w i l l  requi re  several areas o f  expertise. As noted i n  Section 
4.2, i t  i s  recommended t h a t  the prime contractor  be a f i r m  experienced i n  
geotechnical o r  subsidence engi neeri ng and moni t o r i  ng . The prime contrac- 
t o r  w i l l  coordinate the research i n  Pro ject  2 and provide continual feed- 
back t o  the subcontractors on the appropriateness o f  t h e i r  f ind ings  t o  
subsidence monitoring. Two main subcontractors w i l l  probably be requi red, 
as discussed i n  Section 4.1, one f o r  probe development and one f o r  we l l  
and 1 oggi ng equi pment devel opment . I n  the schedul i ng o f  probe devel op- 
ment, i t  i s  recommended t h a t  research on the mechanical components begin 
s i x  months i n  advance o f  the research on the e l e c t r i c a l  components because 
the c a p a b i l i t i e s  o f  i nsu la t i on  and r e f r i g e r a t i o n  systems w i l l  in f luence 
sensor devel opment. I n  eval u a t i  ng the  sensor components, i ni  ti a1 t e s t i n g  
should determine the one most promising sensor type o f  the four recom- 
mended and f u r t h e r  work should focus on improving probe performance. 
Whil e probe devel opment i s  underway, concurrent we1 1 and 1 oggi ng component 
development w i l l  concentrate on the design o f  s l  i p coup1 i ngs, we1 1 head 
access glands, and logging cables. Overall, Pro ject  2 should i den t i f y  one 
Of the four instrument systems and design, t e s t  and modify components t o  
the  po in t  where a working f i e l d  t o o l  can be constructed i n  Pro ject  3. 

The use of consultants by bo th  the prime and subcontractors should be 
encouraged. For example, i n  the probe development subcontract, i t  i s  
un l i ke l y  t h a t  one company has expert ise i n  reed switch construction, 
hybr id  c i r c u i t  design and magnet technology together. However, i t  would 
probably be i n e f f i c i e n t  and cunbersome t o  award each o f  these study areas 
as separate contracts. S imi lar ly ,  i t  may be useful  f o r  the prime contrac- 

Devel opment o f  components f o r  permanent downhole or we1 1 head appl i - c1 

LJ 
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b’ t o r  t o  r e t a i n  one o r  two consultants w i th  expert ise o i l  we1 1 d r i l  li ng 
and geothermal we1 1 operation. These consultants woul d advi se on poten- 
t i a l  problems, operational requirements, and degree o f  acceptance by the 
geothermal indust ry  

I n  t h i s  project ,  a f u l l  scale subsidence monitoring instrument system w i l l  
be developed and tested. As i n  Pro ject  2, the p ro jec t  work should be the 
respons ib i l i t y  o f  a s ing le prime contractor,.who should be experienced i n  
geothermal o r  subsidence engineering and instrumentation. The funct ion o f  
the prime contractor  i s  p r imar i l y  inspection, coordinat ion and administra- 
t ion .  He w i l l  a lso be responsible f o r  approving design changes as needed. 
The body o f  work f o r  the pro jec t  can be div ided i n t o  three parts, as f o l -  
1 ows : ( 1) construct  a prototype i nstrument ,. (2 )  concurrently, fu rn ish  and 
i n s t a l l  modif ied we l l  casing and re la ted  equipment, and ( 3 )  then f i e l d  
t e s t  the prototype i nstrume 

e the l e t t i n g  o f  
operator must be obtained, The a 11 include the consent o f  the 
operator to i n s t a l l  i n  a product i  l e  modi f i e d  cas 
by the contract  and permission t o  11 f o r  mater ia l  
monitor ing , and probe tes t i ng  f o r  approximately two years . 
The geothermal operator may a commercial venture o r  an experimental p r i -  
vate o r  i n s t i t u t i o n a l  operator under contract  t o  a government agency, such 
as the nat ional  t e s t  s i t e  a t  East Mesa i n  the Imperial Valley o f  Ca l i f o r -  
nia. A cooperative agreement permi t t i n g  the modi f l e d  casing i n s t a l  l a t i o n  
might  be arranged i n  p r i n c i p l e  by LBL, w i th  i n s t a l l a t i o n  and cos t  d e t a i l s  
to be negotiated between the prime contractor  f o r  Pro ject  3 and the geo- 
thermal operator, subject  t o  approval by LBL. To al low f o r  negot iat ing 
f l e x i b i l i t y ,  i t  might be wel l  t o  have more than one candidate geotherma 
ope r a t o r  ava i 1 ab1 e . 
4.4 ANTICIPATED COSTS AND TIME FOR INSTRUMENT DEVELOPMENT 

It i s  expected t h a t  the development o f  a working subsidence monitoring 
system may c o s t  about $625,000, as 

PROJECT 2 - Design and Labora $1 50,000 

200,000 

- Management 60,000 

- Subtotal Pro jec t  2 

We1 1 and Logging Components 

Probe Components 
- Design and Laboratory Test 

u 
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PROJECT 3 - Construct Prototype 200,000 

- Furn i sh  and Instal l  150,000 

- Field Test Prototype 200,000 

- Management 80,000 

- Subtotal Project 3 630,000 

Instrument 

Modi f i ed We1 1 Casi ngl  

Instrument System 

I 

- Total Development Costs $1.040. 000 

A l l  costs presume that  fu l l  advantage w.511 be taken of  a l l  geothennal 
research efforts i n  related areas, so t ha t  the basic research for t h i s  
project will be very specific and consequently not too costly. 

Project 2 will take 1 year t o  15 months t o  complete. Project 3 w i l l  take 
an additional 15 months to  2 years t o  complete. I t $  scheduling will 
depend on the availabil i ty of a geothermal well instal la t ion for  f ie ld  
testing. These costs and schedule do no t  include verification of instru- 
ment ab l l i ty  t o  r e s i s t  environmental damage and t o  monitor ground move- 
ments over a long-term monitoring program. 

k o s t  of modiflcations only 
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GEOTHERMAL WELL AND 
PRODUCTION SYSTEMS SPECIALISTS 

Design, t e s t  and fab r i ca te  
special  i zed casing , coup1 i ngs , 
we1 1 head access glands. Design 
treatment procedures t o  minimize 

sca l j ng  and corrosion of 
downhol e parts .  

INSTRUMENT- SPECIAL1 

Design, test ,  and 
const ruct  probe. 

Subcontract o u t  as needed. 

I 

SUBCONTRACTORS 

*Chemical Engineers 
-Tubi ng/Coupl i n g  

Spec ia l i s t s  
*We1 1 head Fabr icators 
*Well Completion 

Engineers 

LOGGING 

SUBCONTRACTORS 

Well Logging 

I 
DESIGN AND CONSTRUCT 

SUBCONTRACTORS 

* E l e c t r i c a l  Engineers 
*Mechanical Engineers 
OFabri ca t o r s  o f  Mechanical 

and E l e c t r i c a l  Components 1 
Figure 4.1 - RECOMMENDED MANAGEMENT STRUCTURE FOR SUBSIDENCE TOOL RESEARCH 
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I GEOTECHN ICAL OR 
SUBSIDENCE CONSULTANT 

LAWRENCE BERKELEY I LAB0 RAT0 RY 

1 

GEOTHERMAL WELL AND GEOPHYSICAL 
PRODUCT ION SYSTEMS INSTRUMENT 

SPECIALISTS SPECIALISTS 
L 8 

. 

DESIGN AND CONSTRUCT 
SUBCONTRACTORS 

SUBCONTRACTORS LOGGING 
1 

Figure 4.2 - ALTERNATE MANAGEMENT -STRUCTURE FOR SUBSIDENCE TOOL RESEARCH 
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--.+ 

I 

U 

I 

FURNISH AND 
I N S T A L L  
MOD I F  I ED 
WELL CASING 
AND RELATED 
EQU I P M N T  

rn 

PROJECT 2 hzEj=l 

D E S I G N  AND 
LAB TEST 
WELL AND 
LOGGING 
CONPONENTS 

PROJECT 3 

1 
CONSTRUCT 
PROTOTYPE 
INSTRUMENT 

Figure 4 . 3  - O U T L I N E  O F  P R O P O S E D  G E O T H E R M A L  S U B S I D E N C E  R E S E A R C H  - (CATEGORY 3 )  
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3 
I n  an extensometer, the sensing device locates the 
markers and determines the r e l a t i v e  v e r t i c a l  displace- 
ment between them. I n  an inclinometer, the sensing 
device measures the r e l a t i v e  angular r o t a t i o n  a t  the 
po in ts  under study; these points  are located by the 
length  o f  cable played out. 

Most extensometer and i ncl i nometer systems use sensing 
devices which must be lowered down a borehole to.make 
readings. A logging system may include a winch, elec- 
t r i c a l  cable, access gland and other equipment f o r  
hand1 i ng tfie sensing device. 

Inclinometers only. An o r ien ta t i on  device such as a 
gyroscope o r  grooves i n  a casing i s  needed t o  ind icate 
the compass bearing o f  the measured-angular movement. 

2.2 Inf luence o f  System Components on System Performance 

While every engineer can i d e n t i f y  some aspect o f  an instrumentation system 
which he fee ls  i s  most c r i t i c a l ,  i t  i s  important to recognize t h a t  each 
component o f  an instrumentation system w i l l  in f luence i t s  performance. I n  
pa r t i cu la r ,  the q u a l i t y  o f  the markers and sensing device should be com- 
parable. An example from surveying may c l a r i f y  t h i s  point. Good p rac t i ce  
p r o h i b i t s  the use o f  low accuracy wooden rods o r  wooden stakes w i th  a high 
accuracy f i r s t  order leve l .  Rather, an i nva r  rod and c a r e f u l l y  con- 
structed benchmarks are used. 
markers which provide a fuzzy signal are not compatible w i t h  precis ion 
sensing devices. Conversely, i f  the economics o f  geothermal wel l  comple- 
t i o n  p r o h i b i t s  i n s t a l  l a t i o n  o f  precis ion markers i n  the w e l l  , then i t  may 
be sensible t o  develop a subsurface subsidence monitoring t o o l  t h a t  pro- 
vides only approximate measurement o f  downhole compaction. 

I n  the main t e x t  o f  the report,  we discuss ways i n  which each of the com- 
ponents o f  a compaction monitoring system can be improved t o  provide bet- 
t e r  performance. However, we recognize that ,  i n  the f i n a l  analysis, the 
components f o r  a compaction monitoring system f o r  geothermal use w i l l  be 
selected based not only on the desired performance leve l  b u t  also on econ- 
omic constraints. 

S im i la r l y  then f o r  subsurface moni tori ng , 

3.0 MEASUREMENT REQUIREMENTS 

I n  In te r im  Report 1 (Appendix B) and i n  Section 2.1.1 o f  t h i s  report,  we 
b r i e f l y  exami ned what accuracies and other moni t o r i  ng character i  s t i c s  
might be useful t o  people studying subsidence phenomena. However, a 
de ta i l ed  study and interviews w i t h  potent ia l '  data users was beyond the 
scope o f  t h i s  study. The workshop drovided valuable i n s i g h t  i n t o  (1) who 
might  use the data and why compa n data may be 'collected, and (2) what 
speci f icat ions might be desirabl  r 5 ns trument *devel opment. The d i  scus- 
s ion bel ow summarizes some i ssue opinions expressed a t  the workshop. 
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3.1 Probable Users/Uses o f  Data 
6d 

Two mot ivat ing factors  w i l l  probably be responsible f o r  subsurface compac- 
t i o n  instrument development and use: ( 1 )  expectation o f  fu tu re  federal 
regulat ion,  and ( 2 )  data requi rements f o r  reservo i r  engi neeri ng . It was 
f e l t  t h a t  speci f i c  federal requirements f o r  subsurface subsidence monitor- 
i n g  were not  expected, and subsurface monitoring would only be used i f  
speci f i c a l  l y  required. Industry representatives appeared hesi s tant  t o  
endorse development o f  a compaction monitoring t o o l  because they feared i t  
might encourage federal regulat ion along those l ines.  With respect t o  
(21, the  modelers and reservoi r engi neers f e l t  t h a t  i n-si  t u  compaction 
measurements were valuable because they (a) would permit  a d i r e c t  compari- 
son o f  laboratory  and f i e l d  measurements o f  rock response, (b) they would . 

he lp r e f i n e  reservo i r  models, and ( c )  they would be useful t o  help mini-  
mize reservo i r  damage. However, one attendee commented tha t ,  a t  Wilming- 
ton, subsurface compaction data from the f i e l d  measurements were not used 
t o  any extent  by reservo i r  engineers. Many o f  the workshop attendees 
envisaged compaction monitoring as a long-range s c i e n t i f i c  too l ,  not  
necessar i ly  required by the DOE "on-l ine" date o f  1985. 

3.2 Speci f i c a t i  ons 

3.2.1 Magnitude o f  Movement and Associated Accuracy - Because o f  b r ine  
di sposal problems, i n j e c t i o n  w i l l  almost ce r ta in l y  be practiced. I n  most 
geothermal areas, b r ine  w i l l  be returned t o  the producing reservoir .  As a 
r e s u l t  o f  in jec t ion ,  the  magnitude o f  subsidence movements i s  l i k e l y  t o  be 
smal 1, although it may vary from the i n j e c t i o n  area t o  the withdrawal 
area. Consequently, t o  observe compaction where re in jec t i on  i s  practiced, 
sens i t i ve  instruments w i l l  be required t o  detect  and def ine the compacting 
zones. Thus, the speci f icat ions de ta i led  i n  Table 2.8 ( i n  main t e x t )  are 
reasonable and possibly even too lax. 

I n  geopressured areas (Snyder, 1978), the s i t u a t i o n  may be somewhat d i  f- 
ferent. Ear ly  laboratory data suggest t h a t  re in jec t i on  may substant ia l  l y  
reduce the  permeabi l i ty  i n  the f i n e  sands o f  the geopressured zones 
(Snyder, 1978). Also very h igh i n j e c t i o n  pressures w i l l  be required t o  
match downhole pressures, overcome flow loss  o f  head, and ensure adequate 
f 1 u i  d take . Consequently, waste b r i  ne may be r e i  n jected i nto re1 a t i  vel y 
shal low non-produci ng zones (Snyder, 1978). Without t h i s  source o f  
recharge t o  the producing reservoir ,  the  la rge  movements (5-7 m t o t a l  com- 
pact ion) l i s t e d  i n  Table 2.8 are more l i k e l y  t o  develop. Thus, geopres- 
sured we1 1 s may be monitored s a t i  s fac to r i  l y  w i t h  coarser instrumentation 
than i s  needed f o r  o ther  geothermal areas. 

3.2.2 Areal Extent o f  Monitoring 

A t  the Geothermal Subsidence Workshop, the question o f  the areal extent o f  
monitoring was raised. A study o f  the number o f  i n s t a l l a t i o n s  i n  a given 
f i e l d  and the  locat ions o f  those i n s t a l l a t i o n s  was beyond the scope of 
t h i s  project .  However, t h i s  po in t  mer i ts  f u r the r  study, since the number 
o f  required i n s t a l l a t i o n s  w i l l  a f f e c t  the r e l a t i v e  costs and benef i t s  o f  
each of the candidate instrument systems. 6, 
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A t  the Geothermal Subsidence Workshop, i ndustry representat ives were 
res i s tan t  t o  concepts t h a t  required modif icat ion o f  the we l l  t o  improve 
instrument system accuracy (such as the use o f  s l i p  couplings). Their 
hesistancy i s  understandable since increased i n s t a l  l a t i o n  costs and more 
complicated technical  problems would r e s u l t  from such modif icat ions.  

I n  our f i r s t  D r a f t  F ina l  Report (October, 1978) we discussed several tech- 
niques f o r  improving the accuracy o f  measurements, inc lud ing the use o f  
markers shot i n t o  the formation and the use of s l i p  couplings. These 
modi f icat ions were proposed (1) t o  minimize the in f luence o f  the steel  and 
cement i n  the borehole on the measured subsidence, and (2 )  t o  provide 
markers t h a t  accurately t rack  formation movements. A convenient way t o  
monitor ground movements i s  to monitor casing deformation and assume i t  
corresponds t o  formation compaction. We were concerned t h a t  w i t h  t h i s  
technique, r i g i d  couplings might hinder accurate d e f i n i t i o n  o f  the zone o f  
compaction, as shown i n  Figure 4.1. The use o f  s l i p  couplings can improve 
the s e n s i t i v i t y  o f  techniques which monitor casing deformation as an indi-  
ca tor  o f  formation compaction. Consequently, a1 1 four  o f  the recommended 
i nstrument systems i n  the D r a f t  F ina l  Report incorporated s l  i p coupl i ngs. 
I n  view o f  the comments a t  the workshop, we b r i e f y  re-examined some ques- 
t i o n s  associated with the use o f  s l i p  couplings, i ncludi  ng: 

o past  use f o r  subsidence monitor ing 
o compat ib i l i t y  wi th  the geothennal environment 
o compat ib i l i t y  wi th  ex i s t i ng  geothermal we l l  completion techniques. 

4.1 Past Use o f  S l i p  Couplings For Subsidence Monitoring 

I n  t h i s  section, the  previous use o f  s l i p  couplings i n  subsidence ares i s  
r e v i  ewed. 

Couplings which a l low s l i p  have been used t o  prevent subsidence damage i n  
o i l  and groundwater subsidence areas. Mayuga and A l len  (1969) note t h a t  
the use o f  a w e l l  completion technique t h a t  combined a compression j o i n t  
and a b e l l  hole packed wi th  a viscous f l u i d  was used t o  p ro tec t  o i l  wel ls  
a t  Wilmington, Ca l i fo rn ia ,  against  subsidence damage. Poland (1978b) 
notes t h a t  the Geolagical Survey i n s t a l l e d  s l i p  j o i n t s  i n  the San Joaquin 
and Santa Clara Valleys. I n  one wel l  i n  western Fresno County, he 
observed, "We i n s t a l l e d  8 s l i p  j o i n t s  i n  t h i s  we l l  2000 f t  deep i n  1958. 
As o f  now we have measured 12.3 f e e t  o f  compaction a t  t h i s  well .  It i s  
s t i l l  funct ion ing as a compaction recorder. 
f a i l e d  many years ago wi thout  s l i p  jo in ts . "  

The USGS has general l y  designed and fabr ica ted  t h e i r  own s l  i p coupl i ngs 
(Poland, 1978b; Lofgren, 1978). As shown i n  Figure 2.8a o f  the main tex t ,  
commercial casing expansion j o i n t s  are avai lable,  a1 though t h e i r  design 
funct ion i s  to absorb thermal length changes i n  production casing ra ther  
than subsidence-induced length changes. A commerci a1 "Casing Adjuster" 
f o r  subsidence damage cont ro l  was avai lab le f o r  a l i m i t e d  time from the 
Creighton O i l  Tool Co. and was used a t  Wilmington and a t  Lake Maracaibo, 

I am sure i t  would have 

LJ 
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Venezuela (see Figure 4.2). Currently, A and A Tools manufacture the ai 
Creighton casing adjuster  and Bowen Tools o f  Houston, TX, w i l l  provide 
s l i p  j o i n t s  on request (Al len,  1979). o f  a commercial s l i p  coupling cur- 
r e n t l y  avai lab le t h a t  i s  designed f o r  subsidence damage control .  

The above discussion suggests t h a t  s l i p  couplings have been used success- 
f u l l y  i n  subsiding areas ana can increase the l i f e  o f  the wel l  and improve 
the performance o f  instrumentation such as compaction recorders. 

4.2 Compati b i  1 i ty o f  S1 i p Coupli ngs w i t h  the Geothermal Envi ronment 

I n  t h i s  section, possible damaging e f f e c t s  o f  the geothermal environment 
on s l i p  couplings are examined. 

The problems o f  adjusters f o r  thermal length change may be comparaPle t o  
po ten t ia l  problems which s l i p  couplings may encounter i n  a geothermal 
environment. I n  o i l  we l l s  where s t r i n g  expansion i s  expected due t o  tem- 
perature changes a f t e r  we1 1 completion, a downhole casing expansion j o i n t  
i s  used i n  the innermost s t r i n g  (see Figure 2.8a i n  main tex t ) .  For geo- 
thermal applications, however, no su i tab le  seals are y e t  avai lab le t o  
a1 low the use of a downhole s l i d i  ng sleeve (Snyder, 1978). The approach 
i n  geothermal we l ls  has been t o  f i x  the lower end o f  the production s t r i n g  
and incorporate an expansion spool i n  the wellhead t o  accommodate therm- 
a l  l y - i  nduced 1 ength changes (Snyder, 1978). 
discussed i n  Section 6.0, o f f e r s  hope t h a t  the seal proDlem w i l l  be 
resolved w i t h i n  the next few years. 

New e l  astomer techno1 ogy , 

Other problems i ncl ude the extremely corrosive,  abrasi ve we1 1 f l  u i  d. 
Unless the ins ide  p r o f i l e  o f  the s l i p  coupling i s  very smooth, h igh points  
w i l l  be abraded by the formation sand ca r r i ed  by the f l u i d .  Also a t  diam- 
e t e r  changes o r  i n  recesses, scale products w i l l  be deposited. 

An addi t ional  po ten t ia l  problem f o r  s l i p  couplings, as shown i n  Figure 
2.8b, o f  the main tex t ,  may be the use o f  several d i f f e r e n t  mater ia ls,  
which may encourage galvanic corrosion. 

It i s  evident t h a t  mater ia ls  problems are an obstacle t o  the use of s l i p  
coupl i  ngs. In tens ive research i n  materi  a1 s f o r  geothermal use i s bei  ng 
conducted now by DOE and i t s  geothermal contractors. However, p rac t ica l  
app l i ca t ion  o f  t h i s  research t o  s l i p  coupling design may no t  be possible 
f o r  two o r  three years. 

4.3 Compat ib i l i ty  o f  S l i p  Couplings w i t h  Ex is t ing  Well Completion 
T I  

The instrument systems devel oped i n t h i  s pro jec t  u t i  1 i z e  s l  i p coup1 i ngs 
because they provide an accurate way t o  t rack subsurface movements. I n  
t h i s  section, we assess whether t h i s  dependence on s l i p  couplings i s  
appropriate. F i r s t  o f  a l l ,  the  we l l  must be cased o r  l i n e d  t o  use s l i p  
couplings. Secondly, s l i p  couplings are e f f e c t i v e  as markers f o r  monitor- 
i n g  only i f  there i s  a c e r t a i n  minimum adhesion between the casing and the 
formation. I n  t h a t  case, the compression o f  the casing (concentrated a t  w 

i 
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the s l i p  couplings) i s  equal t o  the compression o f  the formation over t h a t  I 
interva l .  I f  t h i s  adhesion i s  not  present, the couplings may not be as 
e f f e c t i v e  as markers since a l l  the s l i p  may concentrate a t  the coupling 
w i t h  the lowest resistance t o  s l id ing .  

Thus, i n  t h i s  sect ion we examine: 

(1) What are the completion techniques? 
(2 )  When are we1 1 s cased/l i ned? 
(3)  Can we expect minimum casi  ng/formation adhesion? 
(4 )  To what extent w i l l  we have t o  use methods other than s l i p  

couplings t o  monitor formation movements around a we l l?  
- 

4.3.1 Review o f  Geothermal We1 1 Completion Techniques 

I n  a l l  geothermal areas, casing i s  f u l l y  cemented above the producing fo r -  
mation. Pract ice d i f f e r s  wi th in the production zone. The casing program 
a t  the Geysers i s  unique i n  the U.S. because o f  the competent nature o f  
the geologic formation. An open hole completion i s  used t o  provide mini- 
mum r e s t r i c t i o n s  t o  flow. I n  the Imperial Valley, wel ls  are l i n e d  i n  the 
production zone since downhole formations are not competent enough f o r  
open hole completions. Most often, uncemented s l o t t e d  l i n e r s  are used, 
although one operator does cement casing and per fo ra te  it. S ign i f i can t  
sk in  e f f e c t s  and sand proauct ion may r e s u l t  w i t h  the use o f  s lot ted,  
uncemented l i ne rs .  
apparent as more power p lan ts  are constructed, as more we l ls  are d r i l l e d ,  
and as longer-term operating data become ava i lab le  f o r  ex i  s t i ng  we1 1s. 

Snyder (1978) suggests t h a t  these problems w i l l  become 

Sand production can be minimized by several techniques (Snyder, 1978). 
One approach i s  t o  provide support t o  the format ion around the wel l  so 
t h a t  natural  b r idg ing  w i l l  prevent sand movement. This approach also 
ensures good coupling between the formation and the casing f o r  accurate 
moni t o r i  ng. One method, gravel packs’ around s l  o t ted  1 i ners , i s expected 
t o  gain acceptance i n  the Imperial Val ley (Snyckr, 1978). Cementing and 
per forat ing a l i n e r  provides even more support. This technique may 
receive some use i n  the Imperial Valley, b u t  w i l l  proDaDly gain greater 
acceptance i n  the Gul f  Coast geopressured areas. Sands there are consia- 
erably  f i ne r  than i n the Imperial Val l ey  and w i l l  requi r e  more support t o  
minimize sand production. 

4.3.2 Potent ia l  S i t e  f o r  S l i p  Coupling Use 

This review o f  completion techniques answers several of the questions 
posed a t  the beginning o f  Section 4.3. 

Geothermal resource areas having casing o r  l i n e r s  i n  which s l i p  couplings 
could be incorporated include: 

o a l l  geothermal resource areas above tne  producng zone (especia l ly  
i f  compaction due t o  other sources i s  occurr ing i n  these forma- 
t i ons )  ii 
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44 o a1 1 geopressured areas 

o a l l  l i q u i d -  

The minimum casing/ground adhesion needed t o  make s l i p  couplings act  as 
accurate formation markers w i  

o i n  cemented we l ls  

o i n  gravel pac 

o i n  we l ls  w i th  s l o t t e d  l i n e r s ,  provided the formation i s  s o f t  
enough t o  move i n  and g r i p  the l i n e r ,  and provided erosion around 
the l i n e r  i s  l im i ted .  

A1 te rna te  techniques f o r  accurate t racking o f  formation movements must be 
considered fo r :  

o Vapor-dominated we l ls  i n  the producing zone 

o Some liquid-dominated we l ls  w i t h  s l o t t e d  l i n e r s  i n  the producing 
zone. 

I >  

4.4 Conclusion 

The approach i n  t h i s  r c t  has been t o  t ry  t o  use producing 
we1 1s f o r  subsidence monitoring. As a r e s u l t  we concluded, as presented 
i n  e a r l i e r  reports, t h a t  s l i p  couplings would improve the q u a l i t y  o f  the 
data. This conclusion was based on subsidence phenomena and measurement 
experience I n  non-geothermal areas. The review i n  t h i s  secion has i n d i -  
cated t h a t  whi le the s l i p  coupling technique i s  va l i d ,  i t s  po ten t i a l  f o r  
use may not  be as extensive as we had hoped. Our conclusions on s l i p  
couplings are presented i n  the fo l lowing paragraphs. 

Casing movement i n  a cemented well may not be representative o f  formation 
-movement wi thout the use o f  s l i p  couplings. 
casing damage .and improve 

e o f  s l i p  couplings 

S l i p  coup 

wells, where the combination o f  p o t e n t i a l l y  l a rge  movements (Section 3.0)  
and the use of cemented casing favor s l i p  coupling use. Also, a longer 
development time i s  ava i lab le  t o  al low mater ia ls problems i n  s l i p  coupling 
design t o  be overcome. S l i p  couplings also appear t o  be su i tab le f o r  pro- 
ducing toties w i t h  o r  some we1 1 s using 

ques i n  a l l  geo- 
thermal we1 1 s. above the ve the sensi t iv -  

o f  the measureme 

Lr 
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I n  the produci ng zones o f  vapor and some liquid-dominated we1 Is ,  i t  
appears t h a t  a1 ternate techniques f o r  t racking formation d i  splacements 
should be explored. Sane techniques are discussed i n  the main text .  They 
include: 

o use o f  markers (such as radioact ive o r  magnetic bu l l e t s )  shot 
i n t o  the formation around producing wel ls  

o use o f  a u x i l i a r y  casing attached t o  production we l l  casing 

o use o f  a separate i n s t a l l a t i o n  f o r  compaction monitoring 
-- f u l l y  cemented i n  the  producing zone and incorporat ing 
s l i p  couplings o r  bellows sections. 

Of these, the use o f  markers shot i n t o  the formation w i l l  probably mini-  
mize the cap i ta l  investment i n  permanent downhole subsidence monitoring 
equi pment. 

5.0 DEPTH PROBLEMS 

One problem which i s  encountered by probe type monitoring devices i s  va r i -  
able ve loc i ty  o f  the probe caused by " too l  bounce" and "cable stretch." 
This ef fect  can be minimized by the use o f  three o r  more sensors per probe 
(Main Text --Section 2.2.5) o r  the use o f  s t ra in - f ree  sections i n  casing 
(Main Text -- Section 2.4.3). Some b r i e f  comments on these two techniques 
f o l  1 ow. 

5.1 Probes w i th  Three o r  More Sensors 

Figure 2.4 i n  the main t e x t  shows how the  distance between downhole mark- 
ers can be calculated from the signals from a three sensor probe t ravel -  
l i n g  a t  a constant ve loc i ty  between the two markers. I f  the r a t i o  o f  the 
distances L and L2 (Main Text -- Figure 2.4) as shown b the s t r i p  
char t  recor!lgr i s  d iv fe ren t  from t h a t  on the probe, the  ve Z o c i t y  o f  the 
probe i s  probably not  constant. I f  one makes the assumption t h a t  the 
accelerat ion o f  the probe i s  constant over the i n te rva l  between the mark- 
ers, then a s l i g h t l y  more accurate est imat ion o f  distance can be obtained, 
as shown on Figure 5.1 i n  t h i s  appendix. The error,  i f  t h i s  correct ion i s  
no t  made, i s  about eleven percent a t  a constant accelerat ion o f  1 m/sec2, 
reducing t o  one percent a t  10-4 m/sec2 acceleration. Typical logging 
rates and marker distances were used i n  the calculat ions.  

5.2 Strain-Free Inser ts  

I n  Figures 2.13, 2.14, and 2.15 i n  the main tex t ,  we suggest the use o f  
strain-free i nse r t s  f o r  use i n  a u x i l i a r y  casing. St ra in- f ree inser ts  pro- 
vide a known length downhole and were proposed t o  reduce the measurement 
problems caused by varying probe ve loc i ty  as it traverses the borehole. 
A t  the Geothermal Workshop, D. A l len  (C i ty  o f  Long Beach) suggested t h a t  
t h i s  technique would also work i n  producing wells. A sketch of such a 
system i s  shown i n  Figure 5.2. I t s  advantage i s  t h a t  the cos t  of i n s t a l -  
l a t i o n  i s  l ess  than f o r  an aux i l i a ry  casing i ns ta l l a t i on .  Also, i n  common ((Mi 
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L 
with instruments proposed i n  Figures 2.13, 2.14 and 2.15 i n  the main text ,  
the probe i s  small and easy t o  handle. However, s t ra in - f ree  i nse r t s  may 
be d i f f i c u l t  t o  design f o r  the geothermal environment f o r  use i n  a f lowing 
well. Where the hole diameter increases above each inser t ,  sca l ing i s  
l i k e l y  t o  occur and may bond the i n s e r t  to the we l l  casing and thus defeat 
i t s  purpose. Corrosion and erosion o f  the i n s e r t  may damage i t s  c lean 
edges and make the signal a t  the edge o f  the i n s e r t  hard t o  detect. 

This appl icat ion o f  s t ra in - f ree  i nse r t s  could be prac t ica l  i n  f lowing 
water o r  o i l  wel ls  where environmental problems are l ess  severe. However, 
i n  f lowing geothermal wells, the harsh environment may p r o h i b i t  the use o f  
t h i s  moni t o r i  ng technique. 

6.0 MATERIAL PROBLEMS 

6.1 Super-Invar 

A r e l a t i v e l y  new con t ro l l ed  expansion a1 loy, Super-Invar, was not  covered 
i n  In te r im Report 3. Of ava i lab le controlled-expansion a1 loys, Super- 
Invar  has the lowest thermal coef f i c ien t  of expansion: 3.6 x lO-7OC o r  
about one fourth t h a t  o f  Invar-36 over the range Oo t o  100°C. 
i s  avai lab le from Bur le igh Instruments and t h e i r  spec i f i ca t ion  sheet i s  
attached as Table 6.1. 

Super Invar  

For Super-Invar (Burleigh, 19791, the thermal c o e f f i c i e n t  o f  expansion 
increases rap id l y  above 200oC. U n i t  expansion curves are no t  avai lab le 
f o r  Super-Invar as cu r ren t l y  formulated and heat-treated, b u t  an approxi- 
mate curve i s  given i n  Figure 6.1. Where Super-Invar i s  used i n  f i e l d  
instrumentat ion over the range o f  geothermal temperatures, some problems 
may resu l t .  Length correct ions due t o  temperature change are complicated 
by the non- l i  near re la t ionsh ip  between temperature and s t ra in ,  and where 
accurate knowledge of length change i s  important, i t  may be b e t t e r  t o  
se lec t  42% n icke l  a l l o y  w i t h  a constant expansion c o e f f i c i e n t  over 
0-3OO0C. Generally, the reason f o r  se lect ing Super-Invar i s  t o  minimize 
the t o t a l  length change due t o  temperature. From the l i m i t e d  data ava i l -  
able (Figure 6.11, i t  appears t h a t  the t o t a l  length changes o f  bars of 
Super-Invar and Low-Expansion "42" are essential l y  i den t i ca l  when ra ised 
from O°C t o  geothermal temperatures (300O). Thus, the  advantage o f  Super- 
Invar  i s  l o s t  over t h i s  temperature range. An addi t ional  l i m i t a t i o n  o f  
Super-Invar i s  t h a t  i t  should not  be used below -2OOC (Burleigh, 1979). 

, 

6.2 High Temperature Electronics and Logging Tools 

Current research i n high temperature e l e c t r i c a l  and mechanical components 
f o r  geothermal use and tes t i ng  o f  prototype logging t o o l s  may provide 
techniques f o r  construct ion o f  a geothermal compaction monitor ing too l .  
While these top ics were reviewed i n  depth i n  In te r im  Reports 2 and 3, some 
recent devel opments are summarized bel  ow. 
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TABLE 6.1 
SUPER-INVAR DATA SHEET 

Super-Invar is a special composition o f  a nickel/iron alloy w i t h  an 
extremely low thermal expansion coefficient: a < 0.36 x 10'6/0C. The 
machinability o f  Super-Invar makes i t  ideal for-many applications re- 
q u i r i n g  thermal s t ab i l i t y .  
and f l a t s  rough cut t o  a tolerance of 2 .2cm w i t h  a mill quality sur- 
face finish. Maximum l e n g t h  of any piece is 180cm due to  chamber limi- 
tations i n  the Super-Invar heat treating process. 

Thermal Expansion Coefficient a t  20°C (cm/cm/"C):~3.6 x 
Density (lbs/cu.in.): ,294 
Tensile St rength  (p.s . i  .): 69,800 
Yield St renght  (p.s.i.): 43,900 
Elongation i n  2 i n . ,  %: 
Modulus of Elasticity (p.s.i. x 10 ): 
Poisson's Ratio: ,234 
Rockwell Hardness: Rb77 

MACHINING 

Burleigh offers standard s ize  rounds, bars 

TYPICAL SPECS OF SUPER-INVAR 

38 
6 21.5 

The machining of Super-Invar is  only s l ight ly  more complicated than regular 
invar. Machining properties are similar t o  stainless steels. However, 
slower speeds will be required. An experienced machinist is  necessary to  
achieve h i g h  quality surface finishes w i t h o u t  cold working the material. 
Excessive heat generated during t h e  machining process will anneal the Super- 
Invar and a l t e r  the thermal expansion coefficient. (Burleigh, 1979) 
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TEMPERATURE - O F  

N O T E :  

Curve  r e p r e s e n t i n g  S U P E R - I N V A R  i s  an  a p p r o x i m a t i o n  and i s  
based  on a m a t e r i a l  w i t h  t h e  same f o r m u l a t i o n  b u t  a d i f f e r e n t  
h e a t  t r e a t m e n t  ( B u r l e i g h ,  1 9 7 9 ) .  Dashed l i n e  i s  o u r  e x t r a -  
p o l  a t  i o n .  

Figure 6.1 - EXPANSION CURVES FOR LOW EXPANSION ALLOYS 
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6.2.1 Basic Circuit  Elements - In Table 2.20 and Section 2.3.2 ( i n  main 
text) we summarized some of the on-going research i n  high-temperature 
electronics. 'Significant progress has been made and reported i n  the 
l i t e r a tu re  since tha t  information was collected fo r  Interim Report No. 3 
i n  early 1978. 
sent here sources of information rather than a summary of current pro- 
gress. 

c. 1978) of h igh  temperature devices, b o t h  active 
and passive, attachment and packaging techniques and ci rcui t fabrication 
technology can be found i n Palmer and Heckman -( 1978) . Sandia Laboratories 
is  a center of t h i s  research, and conducts in-house studies and manages 
outside contracts fo r  DOE i n  h igh  temperature electronics for  i t s  Geo- 
thennal We1 1 Technology Logging Instrumentation Program. Further i nfonna- 
t i on  on the i r  programs can De obtained from Dr. A.F..Veneruso a t  (505) 
264-9162. Another source of h i g h  temperature research resul ts  is  the IEEE 
Transactions. A t  the IEEE Midcon Convention i n  Dallas (Dec. 1978), pap- 
ers on h i g h  temperature electronics were presented by the Naval Research 
Lab, Harris Semiconductor, Sandi a Labs, Micropac , Inc. and Sei smic Engi - 
neeri ng , Inc . 
The rapidly growing knowledge i n  this area fers promise t h a t  suitable 
electronics and packaging will be available for  a- geothermal compaction 
1 oggi ng tool w i  t h i  n the near future . 

In view of the rapidly changing state-of-the-art, we pre- 

. An excel len t  review ( 

6.2.2 Logging Tool Development - Development o f  basic c i r cu i t  elements, 
discussed above, i s  the f irst  step i n  the deve pment of h i g h  temperature 
logging tools. These basic elements have bee sed t o  b u i l d  more complex , 
ci rcui t canponents, i ncl udi ng voltage regulators, l i  ne drivers , voltage 
chpara tors ,  special purpose amplifiers and multiplexers for h i g h  tempera- . 
tu re  use. Such devices are  now being tested for  use to  300% (Palmer and - 
Heckman, 1978). Construction and testing of complete logging tools is now 
feasible.  In a recent t e s t  (Sandia La , 19791, a temperature logging 
tool operated successfully f o r  1-,1/2 h rs a t  275OC and 18 hours a t  
241% i n  a geothermal well. Also tested were a flow t o  a low res01U- 
t i o n  pressure tool and a casing co l la r  locator. The casing co l la r  locator 
i s  an upgraded commercial model and currently i s  n o t  accurate enough for 
subsidence logging (A. Vei?eruso, 1979, personal communication) . A1 so 
under development are  a borehole caliper and a borehole televiewer. A 
brief description of these tools m a y  be found i n  Table 6.2. These devel- 
opments 1 i sted above suggest tha t  fie1 d-tested components for a subsidence 
monitor ing system may be available w i t h i n  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 
capabil i t ies .  The fol 1 owi ng paragraphs di scuss recent advances i n  these 
areas . 
Coolin System: DOE sponsored research on a refrigeration system t o  

devel opment of a m i  n i  ature reci procati ng compressor, w i  t h  steam as a work- 
ing f l u i d .  Currently, materials problems w i t h  respect to valves and 

ex -4-r- end t e temperature range of existing logging tools  has focused on the 

- A17 - 



Woodward-Clyde Consultants 

Temperature 

Pressure 

Flow 

Cal iper 

Borehole 
Televiewer 

TABLE 6.2 - GEOTHERMAL LOGGING TOOLS UNDER DEVELOPMENT 

~ 

Design based on platinum-resistance transducer; 
Compatible w i t h  mu1 ti- and mono-conductor cables. 

Design uses h igh reso lu t ion  quartz c rys ta l  
pressure sensor. 

Design i s  a high-temperature impeller-type 
transducer w i t h  s ignal  feed-through mechanism. 

Upgrade commercial ca l ipers  by replacement o f  
de f ic ien t  metals, seals and transducer. Four-arm 
c a l i p e r  t o  be developed f i r s t .  

Uses an experimental acoustic sensor, based on a 
lead metaniobate transducer; Upgrade e x i s t i n g  
Mobil Oil-patented too l  f o r  geothermal use. 

(Veneruso e t  a l ,  1978; Sandia Laboratories, 1978b; Wonn, 1978; and 
Veneruso and Sto l  1 er, 1978) 
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dynamic seals have slowed t h i s  research (A. Veneruso, 1979, personal com- 
munication). 

Cables: 
h a v e o w n  promising resul ts .  Aerospace Research Corporation tes ts  o f  a 7 
conductor-PFA t e f l o n  insu lated cable and a monoconductor TFE insulated 
Cable areencoura ing. 
dropped frm 400 56 (G = lo9) t o  no less  than 132MQ under simulated geo- 
thermal we l l  logging condi t ions b u t  returned t o  normal a f t e r  the test .  
The TFE monocable’s performance was be t te r  even a t  h igher temperatures 
(Sandi a Laborator i  es , 1978b ) . 

Laboratory t e s t s  of two cables provided by Vector Cable Company 

Leakage resistance o f  the 7 conductor cable 8 

Seals: Metal 0-Rings look promising f o r  seals, as shown i n  Table 6.3a. 
Elastomers f o r  dynamic seals, blowout preventers , cable i nsu la t i on  and 
other  geothermal uses are under in tens ive study. Chevron USA tested many 
o i l  f i e l d  rubbers i n  f lowing steam a t  450-475OF. Their  t e s t  ind icated 
t h a t  a l l  the  tested rubbers except Ethylene Propylene (EPR/EPDM) l o s t  
t h e i r  r e s i l  i ency (Snyder , 1978) . S i m i l  a r  concl usions were reached by 
Hirasuna, e t  a1 . (1977). The appl icat ions o f  Ethylene-Propylene are 
l im i ted ,  however, because i t  w i l l  not  bond t o  metal (Snyder, 1978). 
h igh temperature elastometers are summarized i n  Table 6.3b. A new elasto- 
meter, Kal re t ,  i s  promisin (bu t  cos t l y )  and has been used i n  f i e l d  log-  
ging t o o l s  a t  the Geysers 9 Snyder, 1978). 

Some 

7 .O REFERENCES 

A comprehensive reference l i s t  may be found i n  the main t e x t  o f  t h i s  
repo r t  . 
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TABLE 6.3 - HIGH TEMPERATURE ELASTOMER AND SEALS 
0 (Veneruso and S to l l e r ,  1978) 
0" 
0) W 

E Type Temperature L i m i t a t i o n  Perf a rma nce K 
Least D i r t  Sensi t ive 

Soft P l a t i n g  Recomnended 
Nick and Scratch Sensi t ive 
Minor J o i n t  Motion Tolerated 

Soft  P l a t i n g  Recommended 
Nick and Scratch Sensi t ive 

(a )  - HIGH TEMPERATURE SEALS 
I 

0 

Elastomeric 0-Rings Polymer Decomposition 300°C Reuse Permitted 

Metal 0-Rings Metal Softening 500°C Reuse no t  Recommended 

m 

Wave Rings Metal Softening 500°C Reuse Not Recommended 

(b) - HIGH TEMPERATURE ELASTOMERS I 

> 
Iu 
0 Decomposition 

Trade Name Type Temperature "C, Cost $/LB Per f  o rma nce 
I 

Good O i l  Resistance 
Poor Resistance t o  H2S 
and Steam 

F a i r  Resistance t o  Steam VITON E- -C FLUORO ELASTOMER 290 Poor f o r  H2S 

Improved Steam Resistance VITON G FLUORO ELASTOMER 290 
(Peroxide Cure) Poor f o r  H2S 

Best f o r  H S KALREZ FLUORO ELASTOMER 
F a i r  f o r  Sgeam 

Excel l e n t  Steam Resistance EPR* POLY OL EF I N 250 H2S Unknown 

Poor Steam and Poor H2S SILOXANE SILICONE 300 Resistance 

6 BUNA N NITRILE 150 

35 

40 

400 2000 
(Ful l y  F1 u o r i  nated) 

8 

17 

1 ('*Ethylene Propylene Terpolymers inc lude EPR and EPDM) c 
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