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ABSTRACT 

Ins t rumen ta t ion  f o r  making geothermal 
borehole  measurements i s  l i m i t g d  by t h e  
temperature  c a p a b i l i t i e s  (%180 C)  of e x i s t -  
i n g  logging equipment developed f o r  t h e  
o i l  and gas  i n d u s t r y .  The Geothermal 
Logging Ins t rumen ta t ion  Development Program 
i s  being conducted by Sandia  Laborator-  
ies f o r  t h e  Div i s ion  of Geothermal Energy 
(DOE/DGE). Th i s  program emphasizes t h e  
development and f i e l d  tes t  performance 
v e r i f i c a t i o n  of  s v e r e  environment compo- 
nen t s  such as  275 C e l e c t r o n i c s ,  high 
temperature-high r e s o l u t i o n  p r e s s u r e  
t r ansduce r s ,  e l a s t o m e r i c  and metal too l  
seals, cableheads,  and c a b l e s .  S ince  t h e  
r e p o r t  t o  t h e  GRC l a s t  y e a r ,  a'number of 
t h e s e  e s s e n t i a l  developments have come t o  
f r u i t i o n :  a set  of  p r o t o t y p e  geothermal 
logging t o o l s  ( temperature ,  p r e s s u r e ,  and 
f low)  , c a b l e s ,  and cab leheads  w e r e  success-  
f u l & y  f i e l d  t e s t e d  t o  t empera tu res  up t o  
275 C i n  a geothermal w e l l  d u r i n g  November 
1978; an experimental  h igh  r e s o l u t i o n  
q u a r t z  p r e s s u r e  kransducer  w a s  s u c c e s s f u l l y  
t e s t e d  up t o  275 C and 1000 p s i ;  a ga l l i um 
phosphide d iode  w a s  developed gnd found t o  
o p e r a t e  s u c c e s s f u l l y  up t o  400 C; and t h e  
mechanical c l o c k s  i n  t h e  Amerada gauge 
w e r e  upgraded i n  temperature  and re l ia -  
b i l i t y .  
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INTRODUCTION 

Above t h e i r  temperature  r a t i n g  and 
combined wi th  t h e  c o r r o s i v e  environment of 
a geothermal w e l l ,  logging too ls  and c a b l e s  
have s i g n i f i c a n t t y  reduced r e l i a b i l i t y  and 
l i f e  expectancy. Working c l o s e l y  wi th  
geothermal producers ,  logging s e r v i c e  com- 
pan ie s  are conduct ing R&D t o  correct tech-  
n i c a l  d e f i c i e n c i e s  so t hey  may adequa te ly  
s e r v e  t h e  growing geothermal  market.  The 
b a s i c  impediments t hey  f a c e  i n v o l v e  s p e c i a l  
t echno log ie s  which are n o t  normally r e q u i r e d  
i n  t h e i r  t r a d e  and f o r  which t h e r e  are 
i n s u f f i c i e n t  i n c e n t i v e s  f o r  t h a n  t o  develop. 

*Work performed under t h e  a u s p i c e s  of t h e  
U.S. Department of Energy, C o n t r a c t  N o .  
DE-AC04-76PK00789 f o r  t h e  D i v i s i o n  of 
Geothermal Energy ( D G E ) .  

These t echno log ie s  are p r e c i s e l y  t h o s e  t h a t  
are being developed by t h i s  i n d u s t r y  based 
program; components development a c t i v i t i e s  
are d i r e c t e d  toward s t i m u l a t i n g  i n d u s t r i e s  
own i n v e n t i o n s  and f i e l d  a p p l i c a t i o n s  of 
geothermal logging in s t rumen t s  having i m -  
proved r e l i a b i l i t y ,  a p p r o p r i a t e  s i z e ,  
r ea sonab le  cost  and performance v e r s a t i l i t y  
vhich encompasses n o t  on ly  geothermal b u t  
conven t iona l  petroleum and h o t ,  deep n a t u r a l  
g a s  logging as w e l l .  The near-term g o a l  As 
t o  develop in s t rumen ta t ion  f o r  u s e  a t  275 C 
i n  p r e s s u r e s  up t o  48.3 MPa (7000 p s i )  : 
subsequent g o a l 8  are t o  extend t h e  capa- 
b i l i t i e s  t o  350 C and 138 MPa (20,000 p s i ) .  

GEOTHEREIP-L BOREHOLE MEASUREMENTS 

The r e p e r t o i r e  of tools  needed t o  
enhance geothermal development, t h e i r  
development sequence and performance re- 
quirements  are l i s t e d  i n  Table 1 based on 
in fo rma t ion  compiled by t h e  1975 Geothermal 
Workshop and updated by t h e  i n d u s t r y  based 
Geothermal Logging Ins t rumen ta t ion  S t e e r i n g  
Committee. F i g u r e  1 d i s p l a y s  t h e  primary 
d e f i c i e n c i e s  i n  geothermal logging.  To 
correct t h e s e  d e f i c i e n c i e s ,  t h e  t e c h n i c a l  

TABLE 1 
PROTOTYPE GEOTHERIUL LOGGING TOOLS 

Tool Performance 
(up to 275OC o p e r a t i o n  

Temperature 

P r e s s u r e  0-7000 p s i ,  0.1 p s i  

1 . OOC accuracy,  o . SOC 
r e s o l u t i o n  

accuracy,  0.01 p s i  
r e s o l u t i o n  

f l o w  

0.1 i n  accuracy w i t h  
f r a c t u r e  i n d i c a t i o n  

Flow 0-2000 gpm i n  d i p h a s i c  

Caliper 6 arm boreho le  geometry 

Casing Collar .Detect s t a n d a r d  collars 

F r a c t u r e  Mapping To be determined 
Casing & Cement- To be determined 

Locator 

i n g  I n s p e c t i o n  
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GEOTHEWlAL LOGGING DEFICIENCIES 
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FIGURE 1 

development of geothermal  borehole  i n s t r u -  
mentat ion i s  d iv ided  i n t o  t h r e e  t a s k s :  
1) s e v e r e  environment components develop- 
ment, 2 )  p ro to type  system development, and 
3 )  borehole  t es t  and e v a l u a t i o n .  

SEVERE ENVIRONMENT COMPONENTS DEVELOPMENT 

E f f o r t s  i n  components development 
are d i r e c t e d  toward a l l e v i a t i n g  e x i s t -  
i n g  t e c h n i c a l  d e f i c i e n c i e s  by i d e n t i f y -  
i n g ,  t e s t i n g  and e v a l u a t i n g  d e v i c e s ,  
materials, and components s u i t a b l e  f o r  
u s e  i n  geothermal logging  systems. 
c i f i c  developments are under way i n  275 C 
e l e c t r o n i c s ,  h igh  temperature-high 
r e s o l u t i o n  p r e s s u r e  t r a n s d u c e r s ,  a c o u s t i c  
t ran%ducers ,  and h igh  temperature  cor- 
r o s i o n  r e s i s t a n t  elastomers, ceramics and 
metals. 

Spe; 

H I G H  TEMPERATURE ELECTRONICS 

The t h r u s t  f o r  a 275OC c a p a b i l i t y  i s  
t h e  u s e  of hybrid t h i c k  f i l m  m i c r o c i r c u i t  
technology. R e s i s t o r  and d i e l e c t r i c  
i n k s  have been s p e c i a l l y  formulated for  
low v a l u e s  of thermal  c o e f f i c i e n t  of 
parameter  v a r i a t i o n .  These materials are 
now commercially a v a i l a b l e  a f t e r  having 
been t e s t e d  i n  p r o t o t y p e  g i r c u i t s  for  
thousands of hours  a t  300 C. 

S e v e r a l  commercially a v a i l a b l e  s i l i -  
con j u n c t i o n  f i e l d  effect t r a n s i s t o r s  
( JFETs)  have been found t o  o p e r a t e  sa t i s -  
f a c t o r i l y  a t  t h e s e  h igh  temperatures .  Thes 
JFETs provide  t h e  a m p l i f i c a t i o n  and 
swi tch ing  f u n c t i o n s  i n  t h e  hybr id  c i r c u i t s .  
While t h e  popular  b i p o l a r  s i l i c o n  t r a n s -  
istors arc i n t r i n s i c a l l y  bimited t o  
o p e r a t i o n  below about  300 C ,  compound 
semiconductors,  such as g a l l i u m  phosphide 
(Gap) and galium a r s e n i d e  ( G a l l s )  are capa- 

e 

b l e  of o p e r a t i n g  a t  much h igher  tempera- 
t u r e .  

For up t o  275OC o p e r a t i o n ,  p r o t o t y p e  
g e n e r i c  c i r c u i t s ,  such as v o l t a g e  r e g u l a -  
t o r s ,  l i n e  d r i v e r s ,  and vol tage- to-  
f requency c o n v e r t e r s ,  are be ing  commer- 
c i a l l y  f a b r i c a t e d  f o r  t h e  f i r s t  time by 
Teledyne P h i l b r i c k ,  Inc .  under c o n t r a c t  
t o  Sandia L a b o r a t o r i e s .  A s u f f i c i e n t ,  
though l i m i t e d ,  l i n e  of commercial com- 
ponents and f a b r i c a t i o n  techniques  is 
beginning t o  be made commercially a v a i l -  
a b l e  f o r  275OC o p e r a t i o n  t o  f u l f i l l  b a s i c  
c i r c u i t  needs f o r  a m p l i f i c a t i o n ,  switch-  
i n g  and f i l t e r i n g .  Development work i s  
c o n t i n u i n g  toward expanding t h e  r e p e t o i r e  
of a v a i l a b l e  d e v i c e s  and c i r c u i t s  s u i t a b l e  
f o r  275OC o p e r a t i o n .  For example, Harris 
Semiconductor Corp. i s  working under 
c o n t r a c t  w i t h  Sandia  to  develop a h i g h  
temperature  o p e r a t i o n a l  a m p l i f i e r  (op amp) 
t h a t  w i l l  be a direct  f u n c t i o n a l  r e p l a c e -  
ment w i t h  t h e  popular  4702 op amp e x c e p t  
tha& t h e  new op amp w i l l  o p e r a t e  up t o  
275 C. 

H I G H  TEIIPERATURE MECHANICAL COMPONENTS 

Elastomers  and seals cgpable  of with-  
s t a n d i n g  tempera ture  of 275 C and 7,000 
p s i  i n  t h e  presence  of geothermal b r i n e  
are r e q u i r e d  f o r  geothermal w e l l  logging  
a p p l i c a t i o n s  i n  seals, g a s k e t s ,  c o n n e c t o r s ,  
c a b l e  s h e a t h i n g  w i r e  i n s u l a t i o n  and w e l l -  
head p r e s s u r e  c o n t r o l s .  

T e s t  and e v a l u a t i o n  of a v a i l a b l e  
m a t e r i a l s  have i d - e n t i f i e d  s e v e r a l  promis- 
ing  c a n d i d a t e s  f o r  u s e  i n  s p e c i f i c  com-  
ponents such as seals and w i r e  i n s u l a t i o n .  

Two f luoro-e las tomers ,  Kalrez and 
Viton G (peroxide  c u r e d ) ,  both made by 
DuPont, have shown promising r e s u l t s  i n  
"0" r i n g  seals opera ted  i n  geothermal 
b r i n e  up t o  275OC and 7,000 p s i .  

Cables, s u i t a b l e  f o r  h igh  temper- 
a t u r e  o p e r a t i o n ,  have been eva lua ted  f o r  
geothermal o p e r a t i o n  and t h e  major problem 
i d e n t i f i e d  i s  t h e  degenera t ion  of t h e  
polymeric i n s u l a t i o n .  This  i n s u l a t i o n  i s  
s imul taneous ly  exposed t o  h igh  tempera ture ,  
p r e s s u r e  and h o t  geothermal f l u i d .  I n  a 
combined environments test  series, t w o  
promising c a b l e  i n s u l a t i o n  materials have 
been i d e n t i f i e d :  PFA (per f luora lkoxy)  
t e f  l o n  and TFE ( t e t r a f  l u o r e t h y l e n e )  t e f  - 
l o n ,  bo th  by DuPont. The PFA t e f l o n  was 
f a b r i c a t e d  i n t o  both  mult iconductor  and 
s i n g l e  conductor  logging  c a b l e  and w a s  
found t o  be  s t a b l e  up t o  26OoC. 
i n s g l a t e d  logging  c a b l e  was t e s t e d  up t o  
315 C b e f o r e  any evidence of degrada t ion  
w a s  e x h i b i t e d .  

TFE 
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PROTOTYPE SYSTEM DEVELOPMENT 

As listed i n  Table 1, t h e  tempera ture ,  
p r e s s u r e ,  f l o w ,  and c a l i p e r  t o o l s  are be ing  
addressed f i r s t  s i n c e  they  are p r e r e q u i s t e  
t o  almost a l l  o t h e r  geothermal borehole  
measurements. 

F a b r i c a t i o n  of a complete t o o l  inc lud-  
ing  housing and i n t e r c o n n e c t i o n s  has  been 
accomplished. T e s t  r e s u l t s  are subse- 
q u e n t l y  d iscussed .  

P r e s s u r e  - One of t h e  most u s e f u l  
borehole  measurements f o r  w e l l  t e s t i n g  is4 
a h igh  r e s o l u t i o n ,  p r e s s u r e  logging t o o l .  
Therefore ,  t h i s  development is  directed 
toward a h3gh r e s o l u t i o n  q u a r t z  c r y s t a l  
based p r e s s u r e  sensor  which s t r i v e s  f o r  
O . O &  p s i  r e s o l u t i o n  i n  temperatures  up t o  
275 C. This  ins t rument  i s  e s s e n t i a l  i n  
c o r r e l a t i n g  w e l l  f lows w i t h  p r e s s u r e  or 
f l u i d  level changes and drawing i n f e r -  
ences  about  t h e  r e s e r v o i r ' s  p roduct ion  
p o t e n t i a l  and i t s  a b i l i t y  t o  t r a n s p o r t  
and s t o r e  f l u i d s ,  

P r e s e n t l y ,  t h e  h i g h e s t  r e s o l u t i o n  
p r e s s u r e  measurements are made w i t h  
commercially a v a i l a b l e  q u a r t z  r e s o n a t o r  
t r a n s d u c e r s .  However, t h e  p r e s e n t  
technology of t h e s e  degices i s  l imi t ed  
t o  o p e r a t i o n  below 125 C; a l s o ,  t h e  
measurement's r e s o l u t i o n  i s  s e v e r e l y  
impaired by temperature  g r a d i e n t s  
t y p i c a l l y  encountered by ins t ruments  
moving downhole. 

The approach taken f o r  t h e  high 
temperature  d e s i g n  begins  wi th  a new 
q u a r t z  c r y s t a l  c o n f i g u r a t i o n  t h a t  i s  
s p e c i f i c a l l y  designed t o  o p e r a t e  
opt imal ly  a t  275OC. 
small enough t o  f i t  i n s i d e  a m i n i a t u r e  
oven which p r e c i s e l y  main ta ins  t h e  
q u a r t z  c r y s t a l  a t  i t s  optimum temper- 
a t u r e .  Using t h i s  new c o n f i g u r a t i o n ,  
l a b o r a t o r y  measuremenhs of p r e s s u r e s  
up t o  1200 p s i  a t  275 C have been 
accomplished. 

The c r y s t a l  i s  

Flow - A high temperature  i m p e l l e r  
type f l u x  g a t e  t r a n s d u c e r s i g n a l  feed-  
through mechanism h a s  been c o n s t r u c t e d  
and f i e l d  tested. 

C a l i p e r  - The c a l i p e r  i s  necessary  
i d e n t i f y  t h e  open borehole  geometry and 

BOREHOLE TEST AND EVALUATION 

On November 1 4 ,  1978, a p r o t o t y p e  
borehole  temperature  logging ins t rument  
and suppor t ing  e l e c t r i c a l  c a b l e  and cable- 
head achieved s u c c e s s f u l  o p e r a t i o n  down t o  
a t o t a l  depth  of 2452 meters (8045 f t )  
and up t o  t h e  sgstem's maximum r a t e d  t e m -  
p e r a t u r e . o f  275 C i n  a Union-owned geo- 
thermal  wel l .*  This  f i e l d  tes t  r e p r e s e n t s  
t h e  h i g h e s t  o p e r a t i o n a l  tempera ture  achieved 
f o r  a n  uncooled, non-dewared borehole  
ins t rument  package equipped wi th  a c t i v e  
e l e c t r o n i c s .  

The downhole system w a s  exposed i n  
t h e  bosehole t o  t h e  maximum tempera ture  
of 275 C f o r  approximately 1% hours .  The 
system also func t ioned  s a t i s f a c t o r i l y  
dur ing  a subsequent  18 hour soak t es t  a t  
241OC i n  a sha l lower  p a r t  of t h e  borehole .  
F i g u r e  2 d i s p l a y s  t h e  temperature  log 

UNION TEMPERATURE LOGS NOV. m a  

t h e r e b y - e s t a b l i s h  a b a s i s  f o r  l o g  i n t e r -  
p r e t a t i o n  and w e l l  complet ion s t r a t e g y .  
I n  a d d i t i o n ,  a c a l i p e r  is  a l s o  u s e f u l  i n  
g r o s s  f r a c t u r e  mapping where t h e  f r a c t u r e s  
are a t  least 0 . 1  inches  wide. Development 
e f f o r t s  are d i r e c t e d  a t  c o r r e c t i n g  major 
d e f i c i e n c i e s  i n  e x i s t i n g  c a l i p e r ' s  suscep-  
t i b i l i t y  t o  t h e  c o r r o s i v e ,  high temperature  
geothermal  environment. 

F I G U R E  2 

ob ta ined .  The downhole system c o n t a i n s  . 
a c t i v e  e l e c t r o n i c s  developed by Sandia .  
This  technology is  based upon h y b r i d  t h i c k  
f i l m  c i r c u i t r y  and j u n c t i o n  f i e l d  e f f e c t  
t r a n s i s t o r s .  The mechanical p a r t s  of t h e  
ins t rument  were designed and f a b r i c a t e d  

i n s u l a t e d  monoconductor c a b l e  w a s  deve l -  
to  by Gearhart-Owen I n d u s t r i e s .  The TFE 

oped by Vector  Cable Co . ,  and t h e  geo- 
thermal  wellhead p r e s s u r e  c o n t r o l s  w e r e  
purchased from Bowen Tool Co. and upgraded 
by Sandia.  

a f low v e l o c i t y  t o o l  w a s  r u n  and its com- 
puted v e l o c i t y  o u t p u t  checked a g a i n s t  
logging speeds.  This  w a s  done t o  a depth  

Although t h e r e  was no f low i n  t h e  w e l l ,  

*The a s s i s t a n c e  of Union Geothermal personnel  i n  CA and NM and of LASL personnel  a t  GT-2, 
and Lawrence Berkeley Laboratories a t  CGEH-1 is  g r a t e f u l l y  acknowledged. 
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of 3023 f t .  where t h e  temperature  w a s  221OC. e l e c t r o n i c s , "  IEEE T r a n s a c t i o n s  on 
F i n a l l y ,  a CCL u n i t  w a s  run t o  t o t a l  depth  Components, Hybrid, and Manu- 
(8045 f t )  to  g e t  an a c c u r a t e  r e f e r e n c e  ' f a c t u r i n g  Technology, V o l .  CHMT-1, 
of depth  measurements a g a i n s t  known c o l l a r  N o .  4 ,  D e c .  1978. 
l o c a t i o n s .  The CCL func t ioned  as in tended  
and a maximum reading  thermometer measured 4 -  Witherspoon, P o  A = ,  "Well T e s t i n g  
282OC dur ing  t h i s  test. 

ducted of t h e  pro to type  temperature  t o o l .  Berkeley Laboratory,  LBL-7027, 
The f i r s t  t es t  w a s  conducted i n  t h e  Hot publ i shed ,  M a r .  1978. 
Dry Rock W e l l ,  GT-2 of t h e  Los A l a m o s  
S c i e n t i f i c  Laboratory a t  t h e  Jemez Moun- 
t a i n s ,  NM;* a maximum temperature  of 175OC 
w a s  achieved a t  a depth of 2600 m. I n  
another  t e s t  conducted i n  t h e  COS0 Geo- 
thermal  Well CGEH-1 a t  t h e  China Lake 
Naval A i r  S t a t i o n ,  CA;* d a t a  i n d i c a t e d  
a temperature  of 189OC w a s  achieved a t  
834 m. Performance of t h e  ins t ruments  
i n  a l l  t h e s e  tests is  cons idered  e x c e l l e n t .  

A R e c a p i t u l a t i o n  of t h e  Development," 
Proceedings,  I n v i t a t i o n a l  W e l l -  

Two o t h e r  f i e l d  tests have been con- Tes t ing  Symp., O c t .  1 9 - 2 1 ,  1977, 

The above exper imenta l  p ro to types  
were f i e l d  t e s t e d  i n  geothermal boreholes  
us ing  a s p e c i a l  t r a i l e r  mounted s k i d  u n i t ,  
a 50 f o o t  m a s t  t r u c k  and a u x i l i a r y  s u p p o r t  
equipment for  long-term exper imenta l  tests 
of p r o t o t y p e  borehole  ins t ruments .  The 
s k i d  u n i t  is  equipped w i t h  16,000 f t .  of 
seven conductor  and 15,000 f t .  of mono- 
conductor h i g h  temperature  cables .  

A d d i t i o n a l  f i e l d  tests are planned 
i n  which upgraded Amerada gauges,  o r i g i n -  
a l l y  manufactured by Kuster  Co. and 
Geophysical Research Corp., w i l l  be run 
i n t o  geothermal  e x p l o r a t i o n  and produc- 
t i o n  w e l l s .  

A l l  t h e  above f i e l d  tes t  a c t i v i t y  i s  
d i r e c t e d  toward v e r i f y i n g  new technology 
wi th  logging s e r v i c e  companies and geo- 
t h e r c a l  producers ,  t h e  u l t i m a t e  s u p p l i e r s  
and customers of t h a t  technology. 
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