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ACOUSTIC SENSOR DEVELOPMENT FOR GEOTHERMAL BOREHOLE TELEVIEWER 
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INTRODUCTION 

The Borehole Televiewer’ (BHTV) is a well logging 
tool which provides an acoustic image of the bore- 
hole surface, delineating such important features 
as wall discontinuities, formation dip, fracture 
patterns, vugs, and washouts-. Demonstrated capa- 
bilities incluae mapping of fracture zones, bedding 
planes, and other borehole manifestations of the 
geology. BHTV has also been used in cased wells as 
an inspection tool to map cavitation, pitting, per- 
foration plugging or enlargement, casing breaches, 
and other production-related parameters. It is 
generally agreed that BHTV would be extremely useful 
during many phases of geothermal resource develop- 
ment .- 
USGS/Water Resources Department* has been conducting 
field evaluations of BHTV in geothermal reservoirs 
for some time. Their cooperative efforts with 
Simplec3 have resulted in an improved BHTV with 
extended temperature tolerance. However, efforts 
to operate the improved tool at temperatures as 
high as 500°F have been largely unsuccessful to 
date. The most serious geothermal tool deficiencies 
appear to be concentrated in the acoustic sensor 
portion of the tool, as it must withstand direct 
exposure to the borehole fluid. 

Westinghouse4 is currently under contract with DOE/ 
DGE to develop a geothermal BHTV sensor. Environ- 
mental design goals are operation at 275OC (525OF) 
and 7000 p s i  and sufficient tolerance to the corro- 
sive borehole fluid. The primary project objective 
is to demonstrate the operation of a BHTV sensor 
under simulated geothermal borehole conditions. 
The developed sensor configuration will follow that 
of the improved BHTV sensor package so that: the 
resulting technology can be readily incorporated 
into an experimental geothermal BHTV design. 

The basic approach selected is to provide geothermal 
replacement components far the improved BHTV embodi- 
ment rather than completely redesigning the tool. 
This decision was made for several reasons 1.) sensor 
problems are essentially materials problems and 

1. Patented by Mobil Research & Development Corp. 
2. U.S. Geological Survey-Water Resources, Denver. 
3. Simplec Manufacturing Co., Inc., Dallas, Texas. 
4. Westinghouse R&D Center, Pittsburgh, Pa. 

solutions are considered to be realizable, 2.) the 
basic BHTV configuration is believed to be function- 
ally effective in geothermal logging, 3.) an improved 
BHTV tool is available for experimentation, 4.) the 
approach facilitates relatively low-cost investi- 
gation of the usefulness of BHTV in the geothermal 
environment 

GEOTHERMAL BHTV SENSOR PROBLEMS 
The cross section diagram of Figure 1 indicates the 
various components comprising the sensor. The lead 
metaniobate piezoceramic disc used to transmit and 
receive acoustic pulses provides good electro- 
acoustic performance at temperatures exceeding 275OC I 

and therefore is not a problem. The piezoceramic 
disc I s  mounted on a damping material to minimize 
structural reverberation within the tool which could 
mask weak received signals. The commonly used damp- 
ing material is absorptive rubber which is unsatis- 
factory at 275°C and 7000 psi and must be replaced. 
Efficient acoustic communication between the piezo- 
ceramic and the borehole fluid is accomplished 
through a protective acoustic window and an inter- 
mediate coupling fluid. Traditional BHTV windows 
are fabricated from remperature intolerant elas- 
tomers. Recent efforts toward a high temperature 
window have focused on polyimide plastics such as 
Vespel by DuPont. While this material has permitted 

Figure 1 - BHTV Sensor Cross-section 
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logging i n  h o t t e r  w e l l s ,  f requent  window f a i l u r e  is 
reported and t h e  window is i n i t i a l l y  viewed as a 
l i k e l y  problem. 
is syn the t i c  l ub r i ca t ing  o i l  formulated f o r  jet 
engines. The performance of t h i s  f l u i d  is  con- 
s idered  quest ionable  under geothermal condi t ions  
and is the re fo re  viewed as a po ten t i a l  problem. 

A t y p i c a l  i n t e r n a l  coupling f l u i d  

BHTV SENSOR DEVELOPMENT PROGRAM PLAN 

Three phases of 27SoC, 7000 p s i ,  simulated borehole 
f l u i d  autoclave tests are planned. The f i n a l  phase 
involves  comprehensive.performance t e s t i n g  of a 
working BHTV sensor package. 
sensor r e p l i c a  is t o  be t e s t e d  t o  demonstrate a l l  
non-acoustic func t iona l  requirements. The i n i t i a l  
phase c o n s i s t s  of screening candfdate materials, 
components, and f a b r i c a t i o n  methods necessary t o  
conduct t h e  test  program. 

P r io r  t o  this ,  a 

s e a l i n g  grooves machined i n  the  pipe end faces .  1- 
inch  diameter a x i a l  ho les  through the  cen te r  of the 
end caps provide simultaneous exposure of wipdow 
materials t o  i n t e r n a l  coupling f l u i d  on one f ace  and 
au toc lave  f l u i d  on t h e  o ther .  The capsule  i n t e r i o r  
is charged with var ious  samples of candidate  sensor  
i n t e r n a l  components and then f i l l e d  wi th  a candidate  
coupling f l u i d .  Tota l  f l u i d  volume w a s  minimized t o  
reduce volume expansion and t h e  accompanying r i s k  of 
window rupture .  
capsule  i n t e r i o r  with t abu la r  alumina before  i n s t a l -  
l i n g  t h e  coupling f l u i d .  

This was done by charging the 

Free-flooding capsules  were a l s o  constructed by 
rep lac ing  t h e  window d i s c  with a per fora ted  s t a in -  
less steel d i sc .  
eva lua te  s u r v i v a b i l i t y  of numerous i t e m s  r equ i r ing  
d i r e c t  exposure t o  the  cor ros ive  f l u i d .  

These capsules  were used t o  

Phase I1 - Non-acoustic Sensor T e s t s :  Tes t s  are t o  
be accomplished using a r e p l i c a  of t h e  envisioned 

- f i n a l  form sensor. The r e p l i c a  design is shown i n  
F igure  3 and c o n s i s t s  of a SS 316 spool  enveloped 

Supportive inves t iga t ion  and development of  appro- 
p r i a t e  acous t ic  materials and loca t ion  of crit ical  
mechanical components are t o  be conducted i n  para- 
llel. wi th  i n i t i a l  autoclave work. Earlier p ro jec t  
work-had included a d e t a i l e d  s tudy of two improved 
Simplec BHTV t oo l s .  The major purpose w a s  t o  es- 
t a b l i s h  acous t ic  performance reference d a t a  aga ins t  
which our  experimental sensor  could be compared. 
The exe rc i se  a l s o  provided f ami l i a r i za t ion  with 
t o o l  embodiment and operat ion.  

Phase I - Screening T e s t s :  
(Figure 2) was designed t o  expose candidate  sensor 
materials and components t o  service-s imulat ive 
condi t ions.  
l engths  of 1-inch, Schedule 80, SS 316 pipe,  
threaded on both ends to  accept  threaded caps. 
The end caps compress the perimeter of t h e  candi- 
d a t e  window material aga ins t  a series of concentr ic  

A spec ia l  capsule  

Capsules w e r e  fabr ica ted  from 6-inch 

Conuntrk Sallng 
Gma d* I 

1” khedule 
55 316 PIC 
LAP 0.D.x Q99” 
Lo. 

Figure 2 - Assembly diagram of screening 
test capsule .  

Bubble - Seal 

Figure  3 - Cross-sect ional  view of c y l i n d r i c a l  
s t r u c t u r e  comprising sensor  r ep l i ca .  

by a c y l i n d r i c a l  s h e l l  window. 
sea led  around t h e  circumference of both end f l anges  
of t h e  spool  using a SS hose clamp o r  equivalent  
device.  
charged with pro to typica l  transducer assemblies and 
a coupling f l u i d .  
t o  minimize pressure  d i f f e r e n t i a l  across  t h e  window 
=s t h e  f l u i d  volume changes. 
be  accomplished using a metallic o r  e las tomeric  
O-ring or  a Bal-seal. Overall i n t e g r i t y  and dura- 
b i l i t y  of t h e  r e p l i c a  w i l l  be evaluated by t e s t i n g  
several vers ions  in t he  subjec t  autoclave environment. 

The window w i l l  be  

The r e s u l t i n g  i n t e r i o r  chamber w i l l  be 

An fnconel  bellows w i l l  be  used 

Fi l l -ho le  sea l ing  w i l l  
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Phase I11 - Acoustic Sensor Tests: F ina l  tests w i l l  
be accomplished by providing a spec ia l  replacement 
autoclave a g i t a t o r  shaf t .  
pene t ra te  t h e  ex i s t ing  packing seal i n  t h e  autoclave 
head and w i l l  support an opera t ing  BHTV sensor  
package designed around previously demonstrated 
methods, materials, and components. Sensor l eads  
w i l 4  be brought out  through a spec ia l  electrical 
penetrat ion.  
acous t ic  t a r g e t s  ( r e f l e c t o r s )  w i l l  be a t tached  t o  
t h e  autoclave in t e rna l s .  
cated i n  Figure 4. 

T h i s  hollow s h a f t  w i l l  

One or more a r r a y s  of s t a t i o n a r y  

The test concept is indi-  

Sensor 
- -1 

Figure 4 - BHTV sensor  eva lua t ion  concept. 
Since t h e  support s h a f t  permi ts  r o t a t i o n  of t h e  
sensor ,  t h i s  apparatus  w i l l  provide a complete 
ana lys i s  of sensor opera t ion  including beam pa t t e rn ,  
reso lu t ion ,  and s e n s i t i v i t y  measbrements. The ex- 
perimental sensor  w i l l  be evaluated by comparison 
with the  re ference  c h a r a c t e r i s t i c s  previously 
measured on ac tua l  BHTV t o o l s .  

Sa t i s f ac to ry  sensor performance w i l l  provide the  
b a s i s  f o r  incorporat ing t h e  developed technology 
i n t o  an experimental geothermal BHTV too l .  

FACILITIES , 

Autoclave: Fundamental t o  t h e  development program 
is a v a i l a b i l i t y  of spec ia l i zed  autoclave f a c i l i t i e s .  
A commercial autoclave s e r v i c e  was loca ted ,  having 
a 316 s t a i n l e s s  s t e e l  vessel capable of achieving 
275"C, 7000 psi, and t o l e r a n t  to simulated geothermal 
br ine.  The 10 ga l lon  vessel (Figure 5 )  is cyl indr i -  
cal with i n t e r i o r  dimensions of 114'' diameter and 
19" height .  The vesse l  is resis tance-heated from 
t h e  ou t s ide  and the  internal .  temperature is con- 
t r o l l e d  by c i r cu la t ing  a moderating f l u i d  through 
s p i r a l  wound tubing c o i l s  suspended i n s i d e  the 
vesse l .  Continuous o r  i n t e rmi t t en t  mixing of auto- 
c lave  f l u i d  is  provided by an  a g i t a t o r  a f f ixed  t o  a 
r o t a r y  s h a f t  which pene t r a t e s  the  autoclave head. 
Temperature and pressure  wi th in  the  vessel can be 
continuously monitored. 

A n  argon cover gas  is being used t o  p re s su r i ze  the 
autoc lave  f l u i d .  Exact volumes of b r i n e  and cover 
gas under room condi t ions are noted t o  permit com- 
pu ta t ion  of dissolved gas  liquid-vapor phase p a r t i -  
t i o n  a t  e leva ted  temperature and pressure.  

Figure 5 - Cross-section diagram of autoclave. 

Simulated Geothermal Brine: Of similar importance 
w a s  formulat ing an  autoclave f l u i d  r ep resen ta t ive  
of t h e  borehole  environment. DOE/DGE provided t h e  
e s s e n t i a l s  of a r ec ipe  developed f o r  similar eval- 
ua t ions  of o t h e r  geothermal components (elastomers). 
The fol lowing composition is being used: 

H2O 3 990 g /1  
N a C l  = 25.4 g / 1  

NaHC03 = 1.94 g / l  (0.023 M) 

HCl( lM)  = 41.0 m l / l  (0.041 M) 
Na2 S 9H20 = 2.15 g / 1  (0.00895 M) 

MATERIALS AND COMPONENTS EVALUATED 

Acoustic Windows: 1.) Kalrez high-femperature 
elastomer by DuPont , 2.)  ALPAS-150 high-temperature 
elastomer by ASAHI Glass Co., 3.) Vespel polyimide 
by DuPont, 4.) TFE Teflon by DuPont, 5.) Graphite- 
carbon-glass-f i l led TFE Teflon suppl ied by Bal-Seal 
Engineering, 6 . )  PFN phosphazene suppl ied by Fire-  
s tone  T i r e  and Rubber. 

Coupling F lu ids :  1.) Mobil Jet O i l  11, syn the t i c  
jet  engine lub r i can t ,  2.) Dow Corning DC-21OH 
S i l i cone  o i l ,  3.) DC-550 high-phenyl s i l i c o n e  o i l ,  
4. ) DC-710 high-phenyl s i l i c o n e  o i l .  

Transducer Assemblies: Rudimentary t ransducers  were 
constructed cons i s t ing  of pieces  of s i lver-electroded 
l ead  metaniobate bonded t o  th ree  candidate  damping 
materials using EPOTEK H-20E e l e c t r i c a l l y  conductive 
epoxy. Candidate backing mater ia l s  w e r e  tungsten- 
f i l l e d  S tycas t  2762FT epoxy, tungs ten- f i l l ed  Duralco 
700 epoxy, and a novel tungsten-f i l led r e f r a c t o r y  
cement. A l l  t h r e e  materials exh ib i t  exce l l en t  
damping p rope r t i e s .  
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Potting/Encapsulating Materials: Cubical samples of 
two high-temperature epoxies w e r e  f ab r i ca t ed ,  S tycas t  
2762FT and Duralco 700. 

Insu la ted  Wire: Specimens included Mica-glass 
insu la ted  n i cke l ,  s i l i c o n e  dioxide insu la ted  n i cke l ,  
TFE Teflon in su la t ed  copper, FEP Teflon in su la t ed  
copper. 

An assortment of o ther  i n t e r e s t i n g  materials were 
a l s o  evaluated over t he  course  of t h e  screening 
tests: e thylene  propylene (elastomer) ,  A s t r e l  360 
(3M-plastic), Polybutadiene, doryl-glass-mica, 304 
SS, Inconel 718, a bellows sample, two Bal-Seals, 
and 316 Swagelok tubing couplings. 

AUTOCLAVE TEST CYCLE 

The temperature of t he  autoclave-liquid system is 
f i r s t  slowly r a i sed  t o  250°F during an overnight 
period of 12 hours, while t h e  pressure  is maintained 
a t  100 psig.  The temperature of t h e  autoclave- 
l i q u i d  system is next r a i s e d  t o  525°F over a 7 hour 
period, during which time the autoclave l i q u i d  is 
continuously s t i r r e d .  During t h i s  time t h e  auto- 
clave pressure  rises of i t s  own accord from 100 t o  
1200 psig.  With the au toc lave  f l u i d  temperature 
a t  525'F, argon gas is  used t o  increase  p re s su re  
from 1200 t o  7000 psig.  The t o t a l  elapsed t i m e  
from t h e  start of i n i t i a l  heating t o  the  a t ta inment  
of 525"F, 7000 p s i g  test condi t ions  is 19 hours. 
The next t h r e e  hours of t e s t i n g  can bes t  be desc r i -  
bed as a tes t -condi t ion  s t a b i l i z a t i o n  period. The 
last  14-% hours of t e s t i n g  can be described as being 
t h e  spec i f i ed  test period i t s e l f .  During t h i s  t i m e  
t h e  pressure  and temperature are maintained a t  7000 
p s i  and 525'F, respec t ive ly .  

PROJECT STATUS AND RESULTS 
Two i t e r a t i o n s  of screening tests have provided 
s u f f i c i e n t  da t a  f o r  design of t he  sensor r e p l i c a .  
A t  t h i s  time, r e p l i c a  design is  complete and ccnn- 
ponents are being fabr ica ted .  The following m a t e -  
rials, components, and fabr ica t%on techniques have 
been se l ec t ed  f o r  t h e  sensor r ep l i ca .  

Acoustic Window: TFE Teflon, se lec ted  f o r  its 
super ior  r e t e n t i o n  of mechanical proper t ies  combined 
wi th  a t t r a c t i v e  acous t i c  proper t ies .  Carbon- and 
graphite-carbon-glass-filled TFE Teflon is a l s o  
being considered but  is expected t o  be more porous. 

Coupling Fluid: A l l  four  f l u i d s  t e s t ed  appear t o  be 
equal ly  s a t i s f a c t o r y .  Mobil Jet Oil I1 is s l i g h t l y  
favored s ince  it has been successfu l ly  used a t  elev- 
a t ed  temperature i n  d i r e c t  contact with a u x i l i a r y  
sensor components such as the  motor and s l i p  r ings .  
The four  sub jec t  coupling f l u i d s  w i l l  be c a r r i e d  
over i n t o  sensor r e p l i c a  t e s t ing .  I 

Transducer Assembly: Lead metaniobate piezoceramic 
w i l l  be used exc lus ive ly  wi th  s i l v e r  e lec t rodes  re- 
placed by gold. Damping material will be tungsten- 
loaded r e f r a c t o r y  cement, se lec ted  f o r  its inherent  
immunity t o  t h e  environment, i ts exce l len t  acous t i c  

l o s s  c h a r a c t e r i s t i c s ,  and machineabili ty.  Piezo- 
ceramic elements w i l l  be bonded t o  damping blocks 
using EPOTEK H-20E e l e c t r i c a l l y  conductive epoxy. 

Miscellaneous: 
porated i n t o  t h e  r e p l i c a  des ign  t o  minimize d i f f e r -  
e n t i a l  p re s su re  across  t h e  acous t i c  window. The 
bellows w i l l  be connected t o  t h e  r e p l i c a  housing 
using 316 SS Swagelok tubing f i t t i n g s .  A s t a i n l e s s  
steel  hose clamp is being used t o  provide t h e  seal- 
ing  f o r c e  between t h e  Teflon window and concent r ic  
grooves around the  housing. TFE Teflon Bal-Seal 
w i l l  be used t o  seal the  f l u i d  f i l l - h o l e .  

An Inconel bellows is  being incor- 

Other screening test r e s u l t s  of general  i n t e r e s t  
are as follows: Vespel, t h e  acous t i c  window 
material present ly  used f o r  improved BHTV, 
v i r t u a l l y  d i s in t eg ra t ed  over t h e  subjec t  test 
cycle. 
evaluated are judged unsu i t ab le  as acous t i c  windows. 
Kalrez sheet exposed t o  au toc lave  f l u i d  swelled 
approximately 100%. 
sumed. 
p a r t i a l l y  t o  t o t a l l y  consumed. 
tubing couplings have provided exce l l en t  seals 
aga ins t  t h e  autoclave f l u i d .  

All non-Teflon p l a s t i c s  and elastomers 

A s t r e l  360 was t o t a l l y  con- 
The two epoxies t e s t e d  var ied  from 

316 SS Swagelok 

CONCLUSIONS 

The ob jec t ive  of t h i s  work is t o  demonstrate f e a s i -  
b i l i t y  of a BHTV sensor having s u f f i c i e n t  d u r a b i l i t y  
f o r  geothermal use. Resul t s  t o  da t e  i n d i c a t e  t h a t  
s u i t a b l e  materials, components, and cons t ruc t ion  
methods are ava i l ab le  f o r  achieving that goal. 
Confidence is s u f f i c i e n t l y  h igh  t o  permit prelimin- 
a r y  design of t he  Phase I11 test  apparatus.  
Figure 6 ind ica t e s  a cross-section of t h e  apparatus 
which is expected t o  provide t h e  f i n a l  sensor  
v e r i f i c a t i o n  tests. 

Electrical F m l w g h  

Pimelatrlc Uemmt 

Figure 6 - Apparatus concept f o r  geothermal 
BHTV sensor f e a s i b i l i t y  tests. 
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