
LA-UR--G4-1639 

DE84 012452 

LOS Alamos National Laboratory is operated by the University of California for the United States Department of Energy under contract w - ~ ~ I J ~ - E N G - ~ ~  

LOGGING TECHNOLOGY FOR HIGH-TEMPERATURE GEOTHERMAL BOREHOLES TITLE 

AUTHOR(S). Bert R. Dennis 

SUBMITTED TO I n t e r n a t i o n a l  Symposium on Observation of t h e  Cont inenta l  
Crus t  Through D r i l l i n g ,  Tarrytown, NY,  May 20-25, 1984. 

.- ~~ ~ _ _ _ _ -  - ~- __ 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees. makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process. or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

By acceptance of this article the publisher recognizes that t h e  U S Government retains a noqerclusive royalty-free license to publish or reproduce 
the published lorm of this contributton or to ailow others to do so. for U S Government purposes 

The Los Alamos National Laboratory requests that the Publisher identify this  article as work performed under  the ausplces of the  U S Department of Energy 

Los Alamos National Laboratory 
Los Alamos,New Mexico 87545 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



LOGGING TECHNOLGY FOR HIGH-TEMPERATURE GEOTHERMAL BOREHOLES 

Ber t  R. Dennis 
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ABSTRACT 

Research i n  mater ia ls,  equipment, and inst runent  development was 
requi red i n  t h e  Hot Dry Rock Energy Ex t rac t ion  Demonstration a t  Fenton H i l l  
located i n  nor thern New Mexico. Results o f  t h i s  extensive development 
advanced t h e  logging technology i n  geothermal boreholes t o  present 
s ta te-of - the ar t .  

The new Phase I 1  Energy Ex t rac t ion  System a t  t he  Fenton H i l l  Test S i t e  
w i l l  cons is t  o f  two wellbores d r i l l e d  t o  a depth o f  about 4570 m (15,000 
ft) and then connected by a ser ies o f  hydraulic-induced fractures. The 
f i r s t  borehole (EE-2) was completed i n  May o f  1980 a t  a depth o f  4633 m 
(15,200 f t )  of which approximately 3960 m (13,000 f t )  i s  i n  Precambrian 
g r a n i t i c  rock. S ta r t i ng  a t  a depth of approximately 2930 m (9600 f t ) ,  t h e  
borehole was inc l i ned  up t o  35O from ver t i ca l .  Bottom-hole temperature i n  
EE-2 i s  32OOC. The EE-3 borehole was then d r i l l e d  t o  a depth o f  4236 m 
(13,900 f t ) .  I t s  i n c l i n e d  p a r t  i s  p o s i t i o n e d  d i r e c t l y  ove r  t h e  EE-2 
wel lbore w i t h  a v e r t i c a l  separation of about 450 m (1500 f t )  between them. 

Many of t he  geophysical measurements needed t o  develop the  hot dry  
rock concept are unique. Most o f  t h e  rou t i ne  instruments used i n  petroleum 
d r i l l i n g  f a i l  i n  the  hot and abrasive environment. New equipment developed 
i n c l u d e s  n o t  o n l y  t h e  downhole sonde t h a t  houses t h e  t r a n s d u c e r  and 
associated l i n e  d r i v i n g  e lect ron ics,  but  modi f icat ions a lso  were needed on 
the  e n t i r e  data r e t r i e v a l  systems and associated data analys is  technolgy. 

Successful  performance o f  w e l l b o r e  surveys i n  t h e  EE-2 and EE-3 
boreholes depended upon the  capaci ty  of t h e  sensors, instrument sonde, 
cablehead, and armored logging cable t o  work i n  t h i s  severe environment. 

The major areas o f  mater ia ls  developnent f o r  surveying the  boreholes 
i n  the  high-temperature environment were on elastomeric seals, e l e c t r i c a l  
i n s u l a t i o n  f o r  logging cables, downhole sensors, and associated downhole 
e lec t ron i c  and e l  ectro-mechanical components. 

. e  

INTRODUCTION 

The Earth Science Instrumentat ion Group a t  t he  Los Alamos National 
Laboratory i s  developing ins t runenta t ion  and new t o o l s  t h a t  can withstand 
downhole temperatures i n  excess o f  3OOOC and pressures greater than 138 MPa 
(20,000 ps i ) .  

This group was formed i n  1973 t o  provide geophysical measurement 
support f o r  t he  Hot Dry Rock (HDR) Geothermal Pro ject  a t  Fenton H i l l ,  New 
Mexico. 



The HDR Pro ject  traces i t s  beginning t o  Los Alamos geoscient ists who 
bel ieved the re  was a huge underground rese rvo i r  o f  hot, d ry  rock t h a t  could 
become another l a rge  source o f  energy i f  t h e  technology t o  use it could be 
developed. Volcanic a c t i v i t y  i n  the  Fenton H i l l  area a m i l l i o n  years ago 
had created the  Valles Caldera when a volcano the re  col lapsed i n t o  i t s  
empty magma chamber. Prel iminary t e s t s  a t  the Fenton H i l l  s i t e ,  located 55 
mi les from the  Laboratory, confirmed t h e  existence of a l a r g e  volune of hot 
rock deep underground. It was an ideal  place t o  t e s t  t he  HDR concept. 
Basical ly,  t h e  concept involved: 

o d r i  11 i n g  two holes deep i n t o  t h e  hot rock, 
o connecting them w i t h  f rac tu res  produced by hydraul i c  pressur izat ion,  
o pumping c o l d  water down one hole and b r ing ing  t h e  f l u i d  up the  other  

ho le  as super-heated steam, thus recovering heat (and energy) from 
t h e  rock. 

Funded by t h e  U.S. Department of Energy, t h e  f i r s t  phase o f  t h e  
p r o j e c t  was completed i n  1977. One t e s t  ho le  was d r i l l e d  t o  a depth of 
(2724 m) 8936 ft and a temperature o f  2OOOC. The second hole reached a 
f i n a l  depth o f  (3183 m) 9339 ft and a bottomhole temperature o f  205OC. A 
subsequent f r a c t u r e  completed the  loop, and an experimental heat-extract i o n  
system was establ ished between the  two holes i n  1979. This research system 
demonstrated the technical  f e a s i b i l i t y  and environmental acceptance o f  t h e  
HDR concept. 

A second engineering system i s  under construction. It i s  larger ,  
h o t t e r ,  and deeper t h a n  t h e  f i r s t  research  system. One bo reho le  was 
d r i l l e d  t o  a depth o f  4633 m (15,200 ft), o f  which about 3962 m (13,000 f t )  
i s  i n  Precambrian g r a n i t i c  rock. S t a r t i n g  a t  a depth o f  2926 m (9600 f t ) ,  
t he  borehole was i n c l i n e d  up t o  3 5 O  from ve r t i ca l .  Bottomhole temperature 
i s  317OC. The other borehole was d r i l l e d  t o  4237 m (13,900 f t ) .  I t s  
i n c l i n e d  p a r t  i s  p o s i t i o n e d  d i r e c t l y  ove r  t h e  f i r s t  w e l l b o r e ,  w i t h  a 
v e r t i c a l  s e p a r a t i o n  o f  457 m (1500 f t )  between them. A s e r i e s  of 
hydraul ic- induced f ractures w i l l  connect the two we1 1 bores and create an 
extremely l a r g e  rese rvo i r  of hot rock. Upon completion, t h i s  engineering 
ex t rac t i on  system w i l l  produce enough heat t o  represent a useful ener y 

n a t u r a l l y  heated rock beneath. t he  Earth 's crust. 

The DOE funds the  mater ia ls  developnent program f o r  t he  HDR Pro ject  
t h a t  covers a1 1 aspects of geothermal energy extract ion.  Mater ia l  s and 
components, high-temperature t o o l  s and instrumentat i o n  are needed t o  
support research on d r i l l i n g ,  b d r a u l  i c  f ractur ing,  and we1 1 bore logging. 
Some of t h i s  equipment developed by t h e  petroleum indus t r y  can be modified 
o r  upgraded f o r  work i n  hot, d r y  rock. 

source o r  demonstrate the  costs o f  e x t r a c t i n g  thermal energy from t i! e 

When i t  i s  feasible,  Los Alamos contracts  w i t h  p r i v a t e  indust ry  and 
other commerci a1 organi zat  i ons t o  devel op t h e  geothermal equi pment needed 
a t  Fenton H i l l .  The Earth Science Inst runentat ion Group i s  developing a 
wide spectrum o f  high-temperature equipment f o r  geothermal research, as 
we1 1 as sophist icated techniques f o r  geophysical measurements and data 
a c q u i s i t i o n  and analysis. 



I n  add i t i on  t o  t h e  Fenton H i l l  operations, work has been performed 
using the  Los Alamos equipment on a nunber o f  o ther  p ro jec ts  i n  cooperation 
w i t h  i n d u s t r i a l  contractors. Some o f  these pro jects  include: 

o F l u i d  Sample i n  the  Oceanic R i f t ,  East P a c i f i c  Rise 
o Crosswell Acoustic Imaging i n  the  Western Gas Sands, R i f l e ,  CO 
o Microseismic Mapping f o r  Union Geothermal a t  the Baca Location i n  

o Temperature/Fluid Veloc i ty  Survey a t  Ontario, OR f o r  t h e  ORE-IDA 

o F1 u i d  Sampl es/Temperature/Fl u i d  Veloc i ty  Surveys f o r  Geothermal 

o Temperature/VSP Surveys f o r  P h i l  l i p s  Petroleum i n  Brawley, CA 
o Microseismic Studies f o r  Republic Geothermal i n  Beowawe, NV 

New Mexico 

Food Company 

Resources, Inc. a t  Thompson's Ridge, NM 

FACILITIES 

Offices, shops, and laborator ies o f  t h e  Earth Science Instrumentation 
Group are located a t  TA-33, a technica l  area t h a t  i s  outs ide the main 
Laboratory complex i n  t h e  county of Los Alamos and borders the  Bandelier 
National Park. Technical Area 57 i s  t he  technical  area a t  Fenton H i l l  west 
of Los Alamos i n  the  Jemez Mountains. F i f t y - f i v e  mi les separate t h e  two 
s i tes.  The group designs, bu i lds,  and t e s t s  t h e  equipment a t  t he  TA-33 
s i t e  before tak ing  them t o  TA-57 fo r  f i e l d  assembly and operation. Well 
equipped f a c i l i t i e s  a t  both s i t e s  support t h e  group's complete c a p a b i l i t y  
t o  develop unique, high-temperature geothermal t o o l  s and instrumentation. 

A t  TA-33, engineers and designers r o u t i n e l y  use sophist icated CAD 
(computer-aided design) systems f o r  t o o l  design. Machinists and 
technic ians who are s k i l l e d  i n  geothermal instrumentat ion and e lec t ron i cs  
work i n  two highly-special ized f a b r i c a t i o n  shops. 

Technicians check out subassembl i e s  and downhol e equipment components 
i n  an Instrument Sonde Test F a c i l i t y  where condi t ions can be var ied t o  
simul a te  deep geothermal we1 1 bore temperature and pressures. A t  t he  Cab1 e 
Test F a c i l i t y ,  high-temperature wel l  logging cable i s  evaluated f o r  
physical  and e l e c t r i c a l  cha rac te r i s t i cs  i n  water over t h e  temperature 
ranges up t o  35OOC and p ressu re  r a n  es u t o  17.2 MPa (2500 p s i ) .  
Temperature and pressure i n  t h e  7.6 m 9 7  25- f t  long, hor izonta l  autoclave 
are remotely con t ro l l ed  from an adjacent cont ro l  room. Pressure-test ing 
e uipment i n  the  Ca l i b ra t i on  F a c i l i t y  c a l i b r a t e s  pressure transducers t o  

thermocouples and other  types o f  temperature sensors from up t o  35OOC. 
Strain-gage i n s t a l l a t i o n  equipment i s  located there, i n  add i t i on  t o  
measurement systems f o r  mater ia ls  t e s t i n g  and performance t e s t s  on 
accel erometers and geophones used i n  downhol e acoustic i nst  rumentat i on. 

1 3 3 MPa (15,000 p s i  ) and temperature-test ing equipment ca l  i b ra tes  

Data acqu is i t i on  systems are located a t  both technica l  areas and i n  
the  group's Wellside Service Units, which are well-equipped logging trucks. 
Each logging t ruck  c a r r i e s  6096 m (20,000 f t )  o f  TFE-Teflon insulated, 
armored, 7-conductor cable capable o f  operating . a t  temperatures exceeding 
3OOOC . 



The data acqu is i t i on  and cont ro l  equipment f o r  downhole measurements 
l o c a t e d  a t  Fenton H i l l  uses a Hew le t t  Packard 98458 computer f o r  t h e  
cent ra l  processing uni t .  Up t o  th ree  downhole instruments may be deployed 
simultaneously i n  th ree  d i f ferent  boreholes. There are two trai ler-mounted 
d i e s e l - d r i v e n  drawworks w i t h  6096 m (20,000 f t )  o f  h igh- tempera ture ,  
7-conductor, armored cable a t  t he  Fenton H i l l  Test S i t e  i n  add i t i on  t o  t h e  
two Wellside Service Units. The data acqu is i t i on  systems present ly  i n  use 
are designed f o r  low-level  s ignal  measurements from the  remote downhole 
sensors where the  7-conductor, armored, logging cable provides t h e  signal  
t ransmission l i n k .  A l l  s ignal -condi t ion ing grounding and sh ie ld ing  uses 
guarded d i f f e ren t i a l  techniques t o  opt imize maximum signal  -to-noise and 
common-mode r e j e c t i o n .  Data i s  d i g i t i z e d ,  normal ized,  and f i t t e d  t o  
ca l  i b r a t i o n  information, then displayed and stored i n  engineering uni ts .  

The s igna l  cond i t ion ing  and data acqu is i t i on  system f o r  acoust ic 
detect ion i s  unique. Signals detected by t r i a x i a l  geophones and 
accelerometers are t ransmi t ted t o  several special  purpose storage scopes 
w i t h  c i r c u l a t i n g  memories. This u n i t  t r i g g e r s  on the  present amplitude o f  
t h e  incoming microseismic s ignal  and provides a delay sweep t h a t  al lows 
d isp lay  of several mi l l iseconds o f  s ignal  obtained p r i o r  t o  t h e  t r igger .  
An i n t e r f a c e  bus designed a t  t he  Laboratory al lows the  computer e q u i p e n t  
t o  t a l k  t o  the  scope uni ts ,  cont ro l  t he  e n t i r e  acoustic detect ion system, 
and s to re  t h e  desired s ignals  on d i sc  u n i t s  f o r  on- l ine  processing t o  
determine source o r ien ta t i on  and distance from the  detector. Now f r a c t u r e  
growth can be observed on- l ine i n  rea l  time. The technology developed here 
t o  perform acoustic mapping i n  a geothermal environment i s  r a p i d l y  gaining 
i n t e r e s t  i n  the  industry.  

A data acqu is i t i on  and contro l  system t h a t  dupl icates t h e  downhole 
instrumentat ion system i n s t a l l e d  a t  Fenton H i l l  i s  located a t  TA-33. This 
system i s  used t o  check out downhole t o o l  operations i n  the  laboratory  and 
t o  w r i t e  the  computer programs requi red f o r  each too l .  With t h i s  system, 
members o f  t he  geothermal team design and develop special computer and 
per ipheral  equipment in te r faces  f o r  such th ings  as PCM, FM mul t ip lex ,  and 
FFT analyzers. Programs are written and checked out here for the acoustic 
detec t ion  systems i n t e r f a c i n g  t h e  data recording equipment. 

COMPONENTS ' .  
The most c r i t i c a l  components r e q u i  r e d  t o  produce an o p e r a t i o n a l  

geothermal wel l - logging system are t h e  cable, O-ring seals, and sensors 
t h a t  can withstand the  h igh bottomhole temperatures and pressure. Their  
development paved the  way f o r  upgrading a l l  t h e  downhole inst runent  systems 
a t  Fenton Hi1 1 . 

L'Garde, Inc. devel oped a high-temperature elastomer ca l l ed  EPDM-Y267 
compound f o r  O-rings and o ther  components used i n  the  Laboratory 's 
h i  gh-temperature downhol e too l  s. The O-rings were tested by temperature 
and pressure cyc l i ng  t o  determine operat ing cha rac te r i s t i cs  a t  3OOOC and 65 
MPa (10,000 ps i ) .  These O-rings are now comnerically ava i lab le  from Parker 
Seal Company. 



Small, high-temperature d i r e c t  current  motors were designed by 
American Electronics,  Inc. The motors are used i n  various devices such as 
the  f l u i d  sampler, geophone tools,  and t r a c e r  i n j e c t o r  on an i n t e r m i t t e n t  
basis. 

An armored, 7-conductor cable with TFE Tef lon used f o r  t h e  e l e c t r i c a l  
i n s u l a t i n g  mater ia l  was manufactured f o r  t h e  Laboratory by the  Rochester 
Corporat ion.  TFE Teflon, a1 though non-extrudable,  has been shown by 
extensive t e s t i n g  t o  be t h e  best w i r e l i n e  i n s u l a t i o n  mater ia l  f o r  use above 
3 O O O C  a t  t h e  present time. 

Extensive frequency response t e s t s  were conducted on t h e  new 
7-conductor, TFE-Teflon insulated, armored cable. Tests conducted over 
6100 m (20,000 ft) o f  t h e  cable show a corner frequency response o f  greater 
than 10 KHz, which i s  a fac to r  of 10 b e t t e r  than e i t h e r  t h e  standard Tefzel 
o r  the PFA-Teflon insulated logging cables. The data a l so  shows t h a t  t he  
response i s  down only 20 dB a t  100 KHz. Frequency response enhancement may 
be achieved by careful se lect ion o f  p a r t i c u l a r  conductors f o r  signal l i n e s  
coupled w i t h  proper cable terminat ion impedance. 

One of t he  most c r i t i c a l  components o f  t h e  downhole instrument package 
i s  the  cablehead. The cablehead provides t h e  downhole terminat ion o f  t h e  
armored, 7-conductor, logging cable and completes the  t r a n s i s t i o n  t o  the  
instrument sonde. The cablehead ensures water t i g h t  i n t e g r i t y  of t h e  
e l e c t r i c a l  wi re  terminations so very important i n  t h e  high-temperature 
environment. It also al lows a disconnect from t h e  armored cable should the  
sonde become s tuck  i n  t h e  borehole.  The cablehead, designed by t h e  
Laboratory, has been subjected t o  nmerous logging runs i n  geothermal 
environments i n  f l u i d  temperatures exceeding 3OOOC. 

A s i g n i f i c a n t  improvement i n  e l e c t r i c a l  connectors f o r  downhole 
instrument packages was made by Reynolds Corporation under contract  t o  the 
Laboratory. The new connectors are configured 1 i k e  the  standard Amphenol 
but uses a ceramic inser t .  The ceramic i n s e r t  i s  unique i n  t h a t  it i s  made 
from a mold and i s  machineable dur ing t h e  cu r ing  process. This i n s e r t  w i l l  
accept the  crimped pins t h a t  are r e a d i l y  inser ted and removed from t h e  
ceramic feedthrus. This fea tu re  al lows t h e  connector t o  be reused many 
t imes. The connectors  .have been t e s t e d  t o  35OOC w i t h  no obse rvab le  
degradation. 

Acoustic t o o l s  developed a t  Los Alamos were designed t o  
f rac tu res  and character ize geothermal reservoirs.  The ser ies o f  downho e 
instruments i n c l  ude geophone acoustic detectors, acoustic t ransceivers , 
accelerometers and explosive detonators t o  simulate seismic sources f o r  
ca l  i b r a t  i on purposes . 

The h i  gh-temperature geophone techno1 ogy devel oped a t  Los A1 amos has 
been t rans fe r red  t o  industry. High-temperature geophones may be purchased 
from Mark Products  i n  Houston, TX. Low-frequency geophones ( c o r n e r  
frequency below 30 Hz) are a f fec ted  by t i l t i n g  t h e  ax i s  more than 14' from 
the v e r t i c a l  . However, high-frequency geophones may be used i n  i n c l  ined 
pos i t i ons  greater than 80' from the  v e r t i c a l .  



An accelerometer acoustic detector may be used t o  complement t h e  
t r i a x i a l  geophone array. Results o f  extensive t e s t i n g  has shown t h a t  t h e  
high-temperature Endevco p iezoe lec t r i c  accelerometer i s  best su i ted f o r  the 
t o o l s  developed a t  Los Alamos. This accelerometer has a greater  frequency 
range, the  required e l e c t r i c a l  i so la t i on ,  and proper s i ze  f o r  mounting i n  
the  l i m i t e d  space provided i n  the  downhole sonde. 

The explosive detonator system rovides acoustic s ignals  from a known 

cal  i b r a t e  the high-temperature t r i a x i a l  geophone array deployed i n  adjacent 
wells. The downhole sonde i s  modular i n  design and i s  used t o  f i r e  up t o  
four detonators i n  sequence. Each o f  t h e  detonators contain p e l l e t s  o f  
hexani t rost i lbene (HNS) explosive. The detonator i s  a modif ied version of 
t he  Reynolds Indust r ies RP-84 slapper i n i t i a t o r  used i n  other  
h igh - tempera tu re  e x p l o s i v e  devices.  The d e t o n a t o r  i s  i n i t i a t e d  by a 
downhole capaci t ive discharge f i r i n g  u n i t ,  which i s  con t ro l l ed  through the  
armored ins t runen ta t i on  cable from t h e  surface con t ro l  un i t .  The f i r i n g  
c i r c u i t  and detonator has operated successful ly i n  wellbores where 
temperatures exceed 3OOOC. 

f i x e d  l o c a t i o n  i n  one o f  t h e  we1 P bores. These s i g n a l s  a r e  used t o  

Other explosive devices use a thermal ly  s tab le explosive shaped t o  
perform s p e c i f i c  functions. One such t o o l  leaves a bell-shaped c a v i t y  i n  
hard rock fo r  s idetracking the  wellbore. A second t o o l  uses a shaped 
charge t o  cu t  o f f  d r i l l  p ipe leav ing a clean c i rcumferent ia l  edge f o r  
overshot t o o l s  and a f r a c t u r e  i n i t i a t i o n  t o o l  i s  used t o  detonate a small 
explosive charge i n  a preselected zone i n  the open-hole sect ion of t h e  
wellbore t o  i n i t i a t e  the  f r a c t u r e  system by reducing the we1 lbo re  
impedance. The thermal ly s tab le  explosive has been tes ted  t o  temperatures 
exceeding 34OOC. 

DOWNHOLE INSTRUMENTS 

A v a r i e t y  o f  high-temperature downhole instruments have been devel oped 
f o r  use i n  the HDR Fenton H i l l  boreholes. These downhole systems have been 
d e s i g n e d  t o  o p e r a t e  a t  temperatures  above  3OOOC and p r e s s u r e s  up t o  20,000 
psi. A b r i e f  sumnary o f  t h e  downhole instruments t h a t  have been used fo r  
numerous wellbore surveys i s  given below. 

Temperature Probes 
. # .  

Temperature probes are f o r  borehole temperature surveys t o  provide 
diagnost ic measurements and geothermal r e s e r v o i r  character izat ion.  The 
measurements determine thermal gradient a1 ong the  borehole, locate 
borehole/ f racture intersect ions,  and ca l cu la te  thermal drawdown and 
r e c o v e r y  r a t e s  of t h e  c i r c u l a t i n g  systems. Temperature probes g i v e  
diagnost ic data dur ing d r i l l i n g ,  cementing, pressurization, and f r a c t u r i n g  
operations . 

The high-temperature probe, fabr icated i n  various sizes, i s  one o f  t h e  
s impler wel lbore survey t o o l s  t h a t  i s  r e a d i l y  f i e l d e d  t o  a l low on- l ine 
analysis of changing conditions. It uses a thin-walled, s ta in less s tee l  
thermistor  probe as t h e  sensor. The thermistor  i s  e s s e n t i a l l y  a 
semiconductor t h a t  behaves as a temperature-sensi t i  ve e l  e c t r i c a l  



resistance, prov id ing a h igh degree o f  reso lu t i on  t h a t  i s  we l l  su i ted  f o r  
con t i  nuous measurement i n temperature envi ronments exceeding 3OOOC 

Borehole F1 u i  d Sampl e r  

One of t he  f i r s t  high-temperature t o o l s  developed f o r  t he  HDR Project. 
Using th ree  conductors o f  t he  high-temperature armored ins t runent  1 ogging 
cable, t he  t o o l  takes two separate samples o f  270 cc o r  one la rge  sample o f  
780 cc. Chemical analyses o f  t h e  f l u i d  samples, which are taken a t  var ious 
depths i n  a borehol e, show geothermal reservoi  r proper t ies . 
Downhole I n j e c t o r  and Gamna-Ray Detector 

Radioactive t race rs  i n j e c t e d  a t  s p e c i f i c  loca t ions  i n  t h e  borehole 
show f l u i d  c i r c u l a t i o n  i n  t h e  f rac tu red  geothermal reservoir .  Radioactive 
B r e 2  o r  any o ther  t r a c e r  i s  i n j e c t e d  i n t o  the  i n j e c t i o n  we l l  w i t h  t h e  
i n j e c t o r  system developed a t  Los Alamos. A gamma-ray detector  i s  mounted 
i n  t h e  same sonde as t h e  i n jec to r .  When the  sonde i s  pos i t ioned i n  t h e  
borehole a t  a predetermined locat ion,  a motor-propelled rod  smashes the  
quartz ampoule t h a t  contains t h e  t racer .  The i n t e g r a l  gama-ray de tec tor  
t racks  t h e  rad ioac t ive  t r a c e r  as i t  leaves t h e  i n j e c t i o n  we l l  i n t o  t h e  
f rac tu re  system. A second gama-ray de tec tor  monitors t h e  a r r i v a l  of t h e  
t r a c e r  i n  the  production well. This t o o l  a lso  shows f l u i d  f l o w  v e l o c i t i e s  
and residence t ime i n  t h e  f r a c t u r e  system. 

F lu id -Ve loc i ty  (Spinner Probe) 

The fl u i d  ve loc i t y  (spinner)  probe y i e l d s  accurate data about compl e te  
f l u i d - f l o w  pat terns i n  a borehole. A t y p i c a l  borehole w i l l  have f rac tu res  
i n  several zones. The f l u i d  ve loc i ty ,  as measured by the  sensor, can help 
character ize t h e  man-made rese rvo i r  by determining the  nature and loca t i ons  
of the  f ractures,  where and how much f l u i d  leaves the  borehole reservo i r ,  
and the  r e l a t i v e  con t r i bu t i on  o f  each f r a c t u r e  t o  the  t o t a l  reservo i r .  

Caliper Tool 

An independent mult iarm c a l i p e r  t o o l  designed t o  def ine the  p r o f i l e  o f  
geothermal boreholes such as those a t  Fenton H i l l .  Development began w i t h  
the  design and fab r i ca t i on  o f  a prototype 3-arm sonde, which can r e a d i l y  be 
m o d i f i e d  t o  have s i x  independent arms. The arms a r e  even ly  spaced 
c i r cumfe ren t ia l l y  and are capable of measuring r a d i i  from 2-1/2 t o  7 in. a t  
a common depth. Arm length  can be var ied  t o  measure ho le  diameters up t o  
30 in.  o r  can be designed f o r  maximum s e n s i t i v i t y  a t  given diameters. The 
arms are ac t iva ted  by a motor and can be extended o r  re t rac ted  on comnand 
from the  surface. 

Acoustic Transceiver System 

The acoust ic t ransceiver  system consists o f  a t ransmi t te r  and 
associated e lec t ron ics  cons is t ing  o f  two magnetost r ic t ive transponding 
heads. One head transmits a frequency o f  8.5 KHz, and t h e  second heat 
t ransmi ts  a t  17 KHz. The rece iver  e lec t ron ics  inc lude an automatic ga in  
contro l  system operat ing over a range o f  a t tenuat ion from 1 t o  100 i n  e igh t  



steps ( 6  decibels/step). The assembled sonde incorporates a s u i t a b l e  
pressure housing and thermal p ro tec t i on  t o  ensure operat ion i n  t h e  
geothermal borehole envirorment o f  up t o  20,000 p s i  external  pressure and 
275OC external  temperature. 

Geophone Acoustic Detector 

The geophone acoustic detector incorporates a t r i a x i a l  geophone array 
t o  map source loca t ions  o f  microseismic s ignals  generated dur ing 
P r e s s u r i z a t i o n  and hydrau l  i c  f r a c t u r i n g .  The sonde a1 so i n c l  udes a 
downhole swi tch ing system t o  a l low mu l t i p lex ing  o f  add i t iona l  pe r t i nen t  
data t o  monitor i n te rna l  dewar temperature, sonde or ien ta t ion ,  and downhol e 
power supply voltages . 
Downhol e Acoustic Detonator 

The downhole acoustic detonator i s  used t o  c a l i b r a t e  geophone acoust ic 
d e t e c t o r s  deployed i n  ad jacen t  boreholes.  A geophone sonde, used i n  
conjunct ion w i t h  t h e  detonator package, reg i s te rs  t h e  acoust ic s ignal  s 

The two t o o l s  a r e  lowered i n t o  separa te  
foreholes. The detonator can set o f f  up t o  4 charges sequent ia l ly  a t  any 
desired locat ion.  The f i r i n g  system consis ts  o f  a downhole f i r i n g  module, 
surface contro l  un i t ,  detonator rack, and h i  gh-temperature detonators. 

ene ra ted  by  t h e  exp los i ve .  

Explosive Sidetrackinq Tool 

The explosive s idet rack ing t o o l  rubbl izes rock and leaves a 
bell-shaped c a v i t y  t o  f a c i l i t a t e  s idet rack ing i n  hard rock a t  a spec i f i c  
locat ion.  The e n t i r e  system i s  ra ted  f o r  operat ion a t  boreholes 
temperatures about 26OOC. The downhole f i r i n g  u n i t  uses a capac i t i ve  
discharge system (charged from t h e  surface a f t e r  i nse r t i on )  t o  f i r e  the  
high-temperature detonators. A dual f i r i n g  u n i t  gives redundancy. The 
f i r i n g  u n i t  i s  housed i n  a Laboratory-designed dewar f l a s k  o f  t h e  type 
incorporated i n  many high-temperature packages t o  p ro tec t  sens i t i ve  
e l  ec t  r o n i  cs. 

Expl os i  ve Cut - O f f  Tool 

The explosive cut-of f  t o o l  severs t h e  d r i l l  pipe s t r ing.  The device 
uses a h i g  h-temperature/hig h-expl os i  ve shaped charge, a h i  g h-temperat ure 
detonator, and a dewared f i r i n g  uni t .  The t o o l ' s  sha ed carge i s  designed 
t o  leave a c lean circumferent ia l  edge where i t  cuts  o P f pipe. 

E X D ~  os i ve Fracture- I n i  t i a t  i on Tool 

Deploys and de tonates  a smal l  e x p l o s i v e  charge a t  a p r e s e l e c t e d  
pos i t i on  i n  t h e  open borehole sec t ion  o f  a geothermal wellbore. Detonation 
of a shaped-charge expl os i  ve can reduce the  we1 1 bore impendance o f  e x i s t i n g  
f rac tu res  o r  i n i t i a t e  f rac tu res  i n  t h e  selected zone, a f t e r  which hydraul ic  
p ressur iza t ion  extends the  f rac tu res  i n t o  t h e  formation. The device i s  
ra ted f o r  wel lbore temperatures o f  3OO0C, a pressure l i m i t  o f  15,000 ps i ,  
and incorporates a downhol e f i r i n g  module, h i  gh-temperature detonator, and 
shaped high-explosive charge. The t o o l ' s  diameter i s  3-1/4 in. and it i s  
222-in. 1 ong. 



CONCLUSION 

State-of-the-art f o r  geophysical measurements i n  high-temperature 
geothermal environments i s  present ly  1 im i ted  t o  we1 1 bore temperatures of 
300OC. Development o f  we1 l - logging systems i n  the  temperature ranges o f  
4OOOC t o  5OOOC w i l l  r equ i re  research i n  mater ia ls  f o r  transducers, 
components, e lec t ron i cs  and data transmission l inks.  Several developments 
on t h e  hor izon inc lude metal sheathed logging cable t h a t  could advance data 
transmission capabi l i ty .  A program now i n  t h e  advance development stages 
a t  Los Alamos u s i n g  i n t e g r a t e d  t h e r m i o n i c  c i r c u i t s  t h a t  have proven 
successful f o r  e lec t ron i c  systems t h a t  w i l l  operate continuously a t  5OOOC. 

BIBLIOGRAPHY 

Archuleta, 3. , Fink, C., and Kurtenbach, J., "Equipment Development Report, 
Downhole F1 u i d  In jector,"  Los Alamos S c i e n t i f i c  Laboratory repo r t  
LA-7151-MS, February 1978. 

Archuleta, J., Fink, C., and Kurtenbach, J., "Equipment Development Report, 
Borehole F1 u i d  Sampl i n g  Tool ,'I Los Alamos S c i e n t i f i c  Laboratory repo r t  
LA-7152-MS, February 1978. 

Archuleta, J., and Todd, B., "Hot Dry Rock Geothermal Energy Develo ent 
Project ,  Cab1 ehead Assembly, Equi p e n t  Development Report, Los A r amos 
S c i e n t i f i c  Laboratory repor t  LA-7325-MS, August 1978. 

Smith, M. C., and Ponder, G. M., "Hot Dry Rock Geothermal Energy 
Development Program, Annual Report, Fiscal  Year 1981," Los Alamos 
National Laboratory repo r t  LA-9287-HDR, Apr i  1 1982. 

Lawton, R. , Kol ar, J., and Todd, B. , "F1 u i  d Veloc i ty  Sensor, Development 
Report ,I' Los Alamos National Laboratory repo r t  LALP-82-16, September 
1982 . 

Bennett, G. A., and Sherman, G. R., "Analysis and Thermal Design 
Improvements o f  Downhole Tools f o r  Use i n  Hot Dry Wells," Los Alamos 
National Laboratory repor t  LA-9671-HDR, February 1983. 

Smith, M.C., "Major Accomplishments o f  t h e  Hot Dry Rock Program, 
1970-1982," Los A1 amos National Laboratory repor t  LALP-82-37, August 
1983. 

Smith, M. C., Nunz, G. J., and Ponder, G. M., "Hot Dry Rock Geothermal 
Energy Developnent Program, Annual Report, Fiscal  Year 1982," Los 
A1 amos National Laboratory repor t  LA-9780-HDR, September 1983. 




