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. SUMMARY 

The objective of this project is to upgrade acoustic sensor 
technology such that appropriate well logging instruments can be made to 
operate under the hostile environment conditions anticipated in geothermal 
resource exploration and evaluation. 
selected as the vehicle for this sensor improvement work, primarily 
because of its demonstrated ability to detect and characterize fractures 
under sub-geothermal conditions. 
the work done toward providing an improved sensor for the televiewer. 
experimental sensor concept was devised, incorporating a thin metal 
acoustic window, an improved, high-temperature internal coupling fluid, 
and thermally resistant sensor internals. 

The Borehole Televiewer (BHTV) was 

This Final Technical report describes 
An 

During an autoclave test, it was successfully demonstrated that 
the resulting experimental sensor design concept provides the basic target 
detection and characterization functions required of a fracture mapping, 
Borehole Televiewer under simulated goethermal conditions. 
the experimental sensor remained operational at 275'C and 7000 psi. 

In particular, 

iii 



'w . 

1 . INTRODUCTION 

Fundamental to the exploration and development of geothermal 
energy resources is the availability of well logging instrumentation €or 
measuring the down-hole physical parameters. 
for extending the hostile environment capabilities of existing well 
logging tools and for developing new tools and methods where necessary. 

The need has been recognized 

In a geothermal workshop report' issued in 1975, the geothermal 
instrumentation problem was addressed. 
orders eight parameters considered essential for evaluation of most 
geothermal reservoirs. 
essential parameters either require or could make use of acoustic 
sensors: flow rate, fracture system (characterization), and formation 
depth and thickness. 
parameters, severe environment acoustic sensors can aid in measuring 
three: 
(caliper) 

The report discusses and rank- 

Traditional tools for measuring three of these 

From a list of six important but lower priority 

lithology and minerology, P and S wave velocities, and hole size 

Since September 1976, Westinghouse has been under contract with 
DOE/ERDA to provide improved acoustic sensor technology for geothermal 
well logging instrumentation. 
tasks: 

The work plan identified three sequential 

Task 1 - Sensor Application Survey 
Task 2 - Geothermal Sensor Revelopment 
Task 3 - Sensor Demonstration Under Simulated Geothermal Conditions 

The major goal of the Task 1 survey was to identify the most 
appropriate sensor type to carry into Task 2 (development) and Task 3 
(demonstration). Subject logging tools of the Task 1 survey were borehole 

bi ' 'All references given in Section 14. 
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televiewer,  acous t i c  ca l ipe r ,  acous t ic  ve loc i ty  logger,  down-hole flow 

meter, and passive l i s t e n i n g  ( f r ac tu re )  monitor. E f fo r t s  included a s tudy 
of t o o l  c a p a b i l i t i e s ,  appl ica t ions ,  operat ion,  and geothermal l imi t a t ions  

as discussed i n  the  Task 1 -.Technical Report , issued i n  May 1977. Based 

upon Task 1 f indings i t  was concluded t h a t  the  Borehole Televiewer could 

make the most e f f e c t i v e  use of the  severe environment acous t i c  sensor  
development work. 

2 

This F ina l  Technical Report descr ibes  the  development and demon- 

s t r a t i o n  work done under Task 2 and Task 3. Sections 2 and 3 descr ibe t h e  

borehole televiewer too l ,  i ts acous t ic  sensor,  and the  geothermal 

de f i c i enc ie s  of the  sensor. 

problems is  discussed i n  Sect ion 4. 
done t o  provide a televiewer sensor capable of withstanding simulated 
geothermal f l u i d  a t  275OC and 7000 psi .  

The approach toward solving the  sensor  

Sect ions 5 through 10 review the  work 
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2. BHTV TOOL DESCRIPTION 

The borehole televieFer (BHTV) is an important well logging toal 
for characterizing geothermal resources, identifying (locating) production 
zones, studying the down-hole geology and lithology, and for maintaining 
production wells. Its demonstrated capacity for locating, mapping, and 
charaqterizing fractures makes it especially relevent to geothermal 
researchers charged with resource assessment. 
can be combined with other data for estimating porosity of potential 
producfion zones and therefore the production capacity of the geothermal 
well. 

Such fracture information 

The televiewer provide? an acoustic image of the bore-hoAe 
surface, delineating such important features, as wall discontinuities, 
formation dip, fracture patterns, vugs, and washouts. Demonstrated 
capabilities include mapping of fracture zones? beddin4 planes, and gther 
borehole manifestations of the geology. B"PV has also been used in cased 
wells as an inspection tool to map cavitation, pitting, perforafion 
plugging or enlargement, case breaches, and other productign-related 
parameters. 

Figure: 2.1 shows the down-hole portion of a televiewer tool. 
The upper 2/3 of the cylindrical t p l  body contains The electronic 
circuitry and t;he lower 1/3 qntains the acousfic senqor as indicated in 
the figure. The schematic block diagram of Figure 2.2 indicates the 
operation of the down-hole televiewer tool in conjunction with surface 
electronics and a display. 

Within the ole sensor compartment, a piezoelectric trans- 

ducer is rotated (180 .RPM) by an electric motoq to provide a scan of a 
line around the borewall. The transducer emits high-frequency, narrow 

bean acoustic pulses. The emitted pulses are reflected from the borewall 

W 
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Figure 2.1. 
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Typical down-hole "sonde" of borehole televiewer, 
showing location of acoustic sensor. bow-spring 
centralizers top and bottom. . 
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Figure 2.2. Schematic block diagram of BHTV system and operation. 
(Reproduced from and j i t h  permission of Journal of 
Petroleium Technology ). 
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and are detected by the transducer. Scattering due to irregularities in 
the wall geometry varies the amplitude of the received signals. The 
received signals are amplified and detected by the down-hole electronics 
and the envelope of the signal is sent to the surface via the logging 
cable. At the surface, the envelope is used to Z-axis modulate a CRT 
display. A pulse is also generated by the flux gate magnetometer each 
time the acoustic beam passes magnetic north. This pulse is multiplexed 
to the surface on the logging cable to provide a trigger for the display 
horizontal sweep. 
the sweep. 
vertical position of the tool in the bore as measured by the depth 
potentiometer. The camera shutter remains open to record the display over 
each successive vertical segment of well. 
acoustic image, providing a direct and descriptive reproduction of the 

Blanking and horizontal 'retrace are aut tic parts of 
determined by The vertical beam position on the CRT display 

The result is an oriented 

borehole wall split along a know line. 

Figure 2.3 shows 3 examples of typical televiewer output data. 
Each example consists of a composite of successive individual pictures to 
form a continuous log. Fractures appear as characteristic lines, and 
bedding planes appear as sinusoidal curves with a single maximum and 
minimum point providing dip information. 

6 



Figure 2.3. Three borehole televiewer logs in  fractured West Texas 
Precambrian Formation. Wellbore f i l l e d  with dr i l l ing  
mud. 
Petroleum Technology ). 

(Reproduced fr  m and with permission of Journal of 9 
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3. PROBLEM DEFINITION 

The borehole t e l e v i  r (BHTV) was  o r i g i n a l l y  

i n  r e l a t i v e l y  cool petroleum ervoi rs .  As such, t he  t 

has a temperature l i m i t a t i o n  of approximately 15OoC. 

t h i s  pro jec t  is t o  develop an improved B H w  sensor concept, 

withstanding the  causcic  geothe 1 w e l l  f l u i q  a t  275'C aqd 

T4e objec t ive  of 

USGS/Water Resources Department has been condvcting f i e l d  

eva lua t ions  of BHTV i n  geothe 

a t i v e  e f f o r t s  with Simplec h 

temperature tolerance.  Howe f o r t s  t o  operate  the improved t o o l  a t  
temperatures as high as 500 

Some of the  most se r ious  geothermal t o o l  de f i c i enc ie s  appear t o  be concen- 

e se rvo i r s  f o r  s Q m e  ttme. Their  cooper- 

$ted i n  an improved BHTV with exteqded 

een l a r g e l y  unsuccessful t o  date.  

t r a t e d  i n  the  acous t i c  eensor port ion of the  too l ,  as it  mugt withstand 
d i r e c t  exposure t o  the  borehole f lu id .  

The Acoustic Sensor 

Figure 3.1 shows a cross-sect ional  diagram of a t r ad i t$ona l  BHTV 

acous t i c  sensor i n  typ ica l  proximity with $ t s  surrounds. A piezoceramic 

d i s c  €s used as a t rasducer  element which launches and receives  acous t ic  

pules.The piezoceramic d i s c  is mounted on a damping material t o  minimize 

s t r u c t u r a l  reverberat ion within the  t o o l  which could pask weak received 

s ignals .  

borehole f l u i d  is accomplished through an acous t i c  window and an 

intermediate  coupling f lu id .  The acous t i c  window must e f f i c i e n t l y  pass 

acous t i c  energy, maintain a b a r r i e r  aga ins t  the borehole f l u i d  environ- 

Acoustic communication between the  piezoceramic d i s c  and the  

ment, and be durable enough t o  withstand the r i g o r s  of logging as w e l l  as 

a c e r t a i n  amount of abuse through sur face  handling.The acous t i c  sensor 

a l s o  includes e l e c t r i c a l  wires which must be at tached t o  the p i ezoe lec t r i c  

d i s c  and some means f o r  holding the  d i s c  i n  place. L4 

i 8 
I 
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Figure 3.1. Cross-section diagram indicating construction of 
conventional BHTV tools .  
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Sensor Deficiencies 

Following a functional analysis of the various sensor compo- 
nents, a preliminary assessment was made of deficiencies which could 
hinder operation under anticipated geothermal conditions. 

Piezoceramic Disc - Lead metaniobate piezoceramic is the 
material used on the traditional BHTV. With a curie temperature in excess 
of 4OO0C, this material has been widely accepted as a transducer material 
for similar applications at temperatures of, 275OC and higher. 
no major design pl;oblem was anticipated in this area. 

Th 

Damping Material - The commonly used damping material i 
absorptive rubber compound. 
at temperatures as high as 275'C and the need for a replacement material 
was identified. 

This rubber was expected to be unsatisfactory 

LJ 

Coupling Fluid - Mobil Jet Oil 11 is used in the conventional 
televiewer. 
applications. 
performance under geothermal conditions. 
problem was therefore identified. 

This is a synthetic oil formulated for jet engtne lubrication 
Contact with the manufpcturer suggested uncertain 

A potential coupling fluid 

Acoustic Window - Traditionally, BHTV windows have been fabri- 
cated from temperature intolerant elastomers. Recent effoats toward 
higher tempergture windows have focused an high-temperature polyimide 
plastics such as Vespel by DuPont. 
While this material has permitted logging iq hotter wells, frequent window 
failure has been reported and the window waq therefore viqwed as a likely 
problem. 

A typical window thickness is 0.10". 

Miscellaneous - Contact with the televiewer manufacturer 
revealed existing fabrication difficulties in the area of attaching 
electrical leads to the silver electrodes of the lead metaniobate disc. 
Existing methods involved soldering wires directly to the electrode. The 

manufacturer viewed this method as unsatisfactory. Availability of 

suitable wire with high-temperature insulation was also viewed as a 
potential problem. 

u 
10 



4. PROJECT APPROACH 

Strategy - The sensor development approach selected was to 
provide geothermal replacement components for the existing televiewer 
embodiment rather than completely redesigning the sensor configuration. 
This decision was made for several reasons: 
appear to be material problems and solutions were considered to be 
realizeable, 2) the basic BHTV sensor configuration was expected to 
suffice for a geothermal tool, 3) a BHTV tool was available for experi- 

mentation, 4) the approach permits testing an improved BHTV in the 
geothermal environment in the shortest time. 

1) identified sensor problems 

An engineering analysis of the BHTV was done toward justifying 
the replacement component approach. Although some parts of the following 
analysis require approximations, the technique provides a semi- 
quantitative approach to extrapolating BHTV performance to the geothermal 
environment. 

Engineering Analysis of Existing BHTV Operation 

Introduction. This section describes an analytical method for 
relating tool and borehole parameters to BHTV performance. The analytical 
basis is provided by the classical active sonar eq~ation.~ 
comprising the equation will be discussed, their significance.reviewed, 
and relationship to the various system parameters identified. By 
comparing parameters for known operating conditions with those anticipated 
under geothermal conditions, this analytical method is then used to 
predict satisfactory performance capabil€ties of a geothermal BHTV. 

The terms 

The Active Sonar Equation. The monostatic active sonar equation 
has been developed to descr€be the acoustic operation of a simple pulse- 
echo system such as is illustrated .in Figure 4.1. A transducer, acting as 

11 
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( propagat ion 
medium) 

DVg. 7690A37 

Figure 4.1.  A combination transmit/receive ( i . e ,  monostatic) 
transducer used i n  pulse-echo mode to  detect a target. 
Numbered waveforms dtscussed i n  text .  
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a sound source (T) as well as a rece iver  (R), launches an acous' t ic 

pressure wave (1) in accordance with electrical e x c i t a t i o n  appl ied a t '  T. ' 

The i n t e n s i t y  of the  launched sound is character ized by a quant i ty  c a l l e d  

the  source l e v e l  (SL). 

t a r g e t ,  the  s i g n a l  l e v e l  is reduced by the  transmission lo s s  (TL) and a t  

(2) becomes SL - TL.(Quantities are expressed in decibe ls ,  a logari thmic ' 

nota t ion ,  s,uch t h a t  addi t ion  and .subtract ion within expressions imply 

mul t ip l i ca t ion  and d iv is ion ,  respectively.)  This s i g n a l  impinges on some 

ob jec t  which has. a t a r g e t  s t r eng th  (TS), giving rise t o  a backscat tered OF 

r e f l e c t e d  l e v e l  (3) of SL-TL + TS. Traveling back toward the  source,  t h i s  

l eve l  is again decreased by the transmission l o s s  (TL) in t he  medium. 

Thus the  s i g n a l  (echo) l e v e l  (4) a r r i v i n g  a t  the  receiving transducer is 
SL - 2TL + TS. The receiving transducer converts t h i s  presssure wave t o  

an electrical s i g n a l  which appears a t  R. 

Once the  echo (4) is received, it must compete with various 

In t rave l ing  from the  source t o  some d i s t a n t  

I *  

noise  s igna l s  in order  t o  be recognized o r  detected.  The three most 

sources are 1,) i s o t r o p i c  noise  coming from the  medium, 2.) 
e l e c t r i c a l  no ise  in the  receiver, and 3.) reverberat ion noise. A t  t y p i c a l  

BHTV operat ing frequencies,  the  i s o t r o p i c  noise  i n  a borehole is expected 

t o  be negl ig ib le .  It is f u r t h e r  assumed t h a t  su i t ab ly  low-noise receiver 
c i r c u i t r y  can be provided. It is expected t h a t  reverbera t ion  noise 
represents  the predominant noise  source competing with and masking echo 

s igna l s  a t  R. Denoting the reverbera t ion  l e v e l  as RL, an expression f o r  

the  signal-to-noise r a t i o  (SNR) a t  R, the  receiver input  can be wri t ten:  

I( . .I 

SNR - SL - 2TL + TS - RL (4.1) 
Reliable  discr iminat ion of bona f i d e  echos in the  presence of 

masking noise  requi res  tha t  t he  SNR 'exceeds some minimum'value which can 

be c a l l e d  the de t ec t ion  threshold (DT). 
determined by s p e c i f i c  s i g n a l  parameters, noise c h a r a c t e r i s t i c s ,  and 

s i g n a l  processing techniques incorporated i n t o  the receiver. It s u f f i c e s  

t o  say  t h a t  given a system, , s a t i s f ac to ry  operat ion can be expected 

. A  

The de tec t ion  threshold is 

whenever the  following inequal i ty  is s a t h f i e d :  

DT - @ SL - 2TL + TS - RL (4.2) W 

13 



This form of the active sonar equation provides the basis for 
relating BHTV performance to various operating conditions. 

Terms of the Active Sonar Equation: Before equation (4.2) can 
be put to use, it is necessary to have a basic understanding of the 
various physical parameters which influence the actual values of the terms 
in the right half of the equation. 

Source Level (SL) - is basically determined by the electrical 
exictation level and the electroacoustic e€ficiency of the transducer. 
Other factors such as directivity also affect SL but can be ignored for 
reasons explained later. 

Transmission Loss (TL) - is caused by interface reflections, 
absorption, scattering, and spreading (divergence) of the travelgng 
acoustic waves. Interface reflections are the result of acoustic impe- 
dance mismatches. They occur at the bopndaries between two eLasfically 
dissimilar materials such as between an acoustic window and a borehole 
flvid. Minimizing impedance mismatch minimizes this source of TL. 
Absorption describes the process of converting the acopt+c energy to some 
other non-acoustic form such as heat thereby introducing loss. Scattering 
can be a major source of loss in fluids containing sediments or gas voids 
suspended in the solution. 
some portion of the propagating energy is scattered off in non-useful 
directions. Spreading or divergence losses occur beyond the near-field of 
the sonic beam. 

As the acoustic wave encounters each parqicle, 

Target Strength (TS) - is essentially determined by the geometry 
of the target and the wavelength of the acoustic energy. Size, roughness, 
and orientation of reflecting surfaces relative to the acoustic wavelength 
(1) establish the magnitude of this terms. 
smooth (compared with 1 ), perpendicular target surfaces exhibit the 
highest target strengths. 

Large (compared with A ) ,  

Reverberation Level (RL) - of particular concern is reverbera- 
tion caused by acouptic energy which is launched by the transmitter, finds 

k., its way into the structure surrounding the transducer, and is still 

/ I  

I I , I  
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w .  
rattling afound in the structure at the time the target echo returns to 
the receiving transducer. Thus structural reverberation level is function 
of the amount of energy launched into the structure, and the acoustic loss 
mechanisms built into the structure. 

RL is also related to acoustic window performance. Acoustic 
energy reflected from the window back toward the sensor internal6 can 
introduce significcant reverberation problems. 

Table 4-1 summarizes the preceeding discussion. 

SONAR EQUATION TERM 

Source Level 
(SL) 

Transmission Loss 
(TL) 

Target Strength 
(TS) 

Reverberation Level 
' 

Detection Threshold 
(DT) 

TABLE 4-1 

INFLUENTIAL SENSOR 61 BOREHOLE 
PARAMETERS 

Electrical Excitation Level. 
Electroacoustic Efficiency. 
Directivity Index. 

Reflections at interfaces. ' 

Absorption and scattering in the 
medium. 

. Spreading Loss (divergence). 

Target Geometry (size, shape, 

Wavelength of acoustic energy. 

katerials and construction of 

Acoustic window performance. 

Determined by signal, noise, and 

orientation). 

sensor and adjacent structures. 

,receiver characteristics 

BHTV Performance Reference - There exists a reasonable body of 
information regarding performance of BHTV as, a function of influential 
parameters. 
known to reach a marginal SNR condition under the following conditions: 

More specially, the HT-BHTV available for experimentation is 

u 
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Tool: . Hi-Tempe ra t ure (HT) BHTV 
Sensor: H-T Construction 
Borehole : 12 #/gallon mud-filled hole of optimum fsol/borehole 

diameter' relationship. 
Targets : Fractures and other typicsl borehole fegtures. 

Let's say that for the above "reference" cgnditiona, the left 
side of equation (4.2) just equals the right (i.e., barely marginal 
performance) . 

Geothermal BHTV Performance Extrapolation - It is now possible 
to hypothetically place the same tool in a geothermal environment by using 
approximations to establish system parameters. Translating parameter 
variations into changes in the qonar equation terms thea permits esti- 
mating overall impact on performance under geothenpal conditions. 

A representative set of geothermal conditions might be as 
follows : 

Tool: Geothermal BHTV 
Sensor: Improved HT Construction 
Borehole: 1% sediment by volume tn caustic borehole fluld; same 

optimum tool/borehole diameter relationship . 
Targets: "Typical" geothermal fractures. 

We can now look at changes in the various terms of the sonar 
equation introduced by tool operation in geothermal well. 

Sourcer Level - The general form of te geothermal sensor is 
assumed to mimmick the design of the "reference" sensor. The 
peizoelectric element is assumed to be the same material with the same 
dimensions and operating (resonant) frequency. The directivity of the 
sensor is therefore unchanged. 
affected at 275OC. 
transmit pulse level is applied to the sensor. 
conditions, there should be no change in source level compared with the 
reference case. 

Sensor efficiency should not be adversely 
Xt is also assumed that a comparable electrical 

Under these assumed 

16 



Txansmission Loss - Acoustic window los ses  f o r  geothermal 
b l d  

sensor  are expected t o  be e s s e n t i a l l y  unchanged. Assume typ ica l  tool-to- 

borehole d is tance  is approximately 1" and f u r t h e r  i s  the same f o r  both 

tools .  Tota l  path i n  the borehole f l u i d  is therefore  2". A t  the  assumed 

operat ing frequency the approximate a t t enua t ion  through 1" of 12 #/gal lon 

mud is ca lcu la ted  t o  be 30 dB/inch while only 6 dB/inch i n  a 1% sediment 

(geothermal) solut ion.  

compared with the  round-trip path l o s s  of the  reference case. 

path length,  wavelength, and acous t i c  beam'character ie t ics  are assumed t o  

be the  same. The lo s ses  due t o  divergence should a l s o  be the same. 

The d i f fe rence  represents  a 48 dB decrease i n  l o s s  

Acoustic 

Target Strength - L i t t l e  is known about the  geometrical  f ea tu re s  

of s i g n i f i c a n t  t a r g e t s  i n  geothermfil wel1,logging. 

ga t ion  may suggest t h a t  "s igni f icant"  geothermal ' f r ac tu res  ( f o r  example) 

may be smaller than the " typica l  f r ac tu res"  of the  reference case. 

simply assumed t h a t  the  s t rengths  of s i g n i f i c a n t  geothermal t a r g e t s  are 

lower by 20 dB. 

Some i n i t i a l  i nves t i -  

It is  

Reverberation Level - An acous t i c  window material capable of 

withstanding the  geothermal environment is l i k e l y  t o  cause measurable 

increases  i n  s t r u c t u r a l  reverberat ion compared with the  reference case. 
It is alos expected t o  be somewhat challenging t o  provide a geothermal 

damping material f o r  p i ezoe lec t r i c  elements. 

the  reverberat ion l eve l  may increase by 10 dB. 

It is therefore  assumed t h a t  

The accompanying Table 4.11 summarizes the changes i n  the  

var ious sonar:' eua t ion  terms and shows t h a t  a geothermal BHTV, constructed 

and used according t o  the  l i s t e d  assumptions would a c t u a l l y  outperform the 

reference televiewer.  'Looking a t '  i t ' a  d i f f e r e n t  way, the  s i g n a l  t o  no i se  

r a t i o  could d e t e r i o r a t e  an add i t iona l  18 dB before the  geothermal BHTV 

would be marginal the same way as the  'reference. case. For example t h i s  

could mean t h t  even smaller geothermal f r a c t u r e s  may be resolvable ,  a l l  

8 ,  

other  parameters kept equal. I 

Various o ther  geothermal BHTV scenarios  could a l s o  be con- 

s t r u c t e d  and cont ras ted  with the reference case t o  g e t  a rough approxi- 

W mation of t h e i r  v i a b i l i t y .  

17 



While portions of this analysis involve approximations, it is 

believed that the resulfs prwide reasonable assurance that a geothermal 
version of the present BHTV is sound in principle. 

TABLE 4.11 

SONAR 
EQUATION 

Source 
Level 
(SL) 

Transmission 
Loss 
(2  TL) 

Target 
Strength 
0 s  1 

Reverberation 
Level 
(RL) 

CHANGE EXPECTED IN 
THESE PARAMETERS 

No change expected 

Amount of particulate in 
borehole fluid; 

Size and shape of significant 
borehole features 

Window performance; damping 
characteristics o f  backing 
block 

NET EFFECT 
ON SNR (dB) 

0 

d-48 

-20 

-10 

+18 OVERALL EFFECT 
ON SNR 

Work Plan 

Initial project efforts involved identifying candidate materials 
which potentially offered an acceptable combination of improved immunity 
to the geothermal envifonment and satisfsctory fupctional 
characteristics. The survivability of promising materials was then tested 
by exposing them to a simulated geothermal environment, Lab measurements 
were also made to establish basic qcoustic properties of key rqaterials. 
The maferials, components, and fabrication techniques which showed promise 
at the completion of these tests would be considered as candidates for 
designing a functional acoustic sensor, suitable for testing in a 
simulated geothermal environment. 

18 



u 
Special Facilities 

Autoclave: +Fundamental to.the development program is availa- 
bility of specialized autoclave facilities. A commercial autoclave 
service was located, having a 316 stainless steel vessel capable of 
achieving 275OC, 7000 psi, and tolerant to simulated geothermal brine. 
The 10 gallon vessel (Figure 4.2) is cylindrical with interior dimensions 
of 11-1/2" diameter and 19" height. The vessel is resistance-heated from 
the outside and the internal temperature is controlled by circulating a 
moderating fluid can be through sprial wound tubing coils suspended inside 
the vessel. Continuous or intermittent mixing of autoclave fluid is 
provided by an agitator affixed to a rotary shaft' which penetrates the 
autoclave head. 
continuously monitored. 

i '  

Temperature are pressure within the vessel can be 

An argon cover gas is used to pressurize the autoclave fluid. 
Exact voJumes'of brine and cover gas under room conditions are noted to 
permit computation of dissolved gas liquiil-vapor phase partition at 
elevated temperature. and. pressure. 

Simulated Geothermal Brine: Of similar importance was formu- 
lating an autoclave fluid representative of the borehole environment. 
DOE/DGE provided the essentials of a recipe developed for similar evalua- 
tions of other geothermal components (elastomers). 
composition is being used: 

The following 

H20 990 g/1 
NaCl = 25.4 g/1 

NaHC03 = 1.94 g/l (0.023 M) 

HC1 (1M) - 41.0 mlll (0.041 M) 
Na2S 9H20 = 2.15 g/l (0.00895 M) 

Electro-Acoustic Characterization of BHTV 

During the latter part of the project the plan called for 
performance demonstration of an operating sensor in a simulated geothermal 

. environment. An important part of the planned demonstration would be to u 



I- Thermocouple 
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61 

Figure 4.2 Diagram of 10-gallon autoclave vessel used for  
geothermal simulation testing. 
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show that the experimental sensor exhibits those electroacoustic 
characteristics necessary for a BHTV sensor. 
performance characteristics for the more conventional BHTV were viewed 
essential for comparison purposes. 

As such, a set of baseline 

An investigation revealed that electroacoustic performance data 
available for existing BHTV tools was qualitative and difficult to relate 
to useful performance reference techniques. Therefore, quantitative 
characterization of two borehole televiewer tools at USGS (Denver) was 
undertaken. 
represented the high-temperature state of the art at the initiation of 
this project. Details of the characterization methods, apparatus, and 
results are presented in Appendix I. 
baseline performance comparison data and may represent the first 
documentation of quantitative relationships between BHTV electrical 
signals and pressure fields in the surrounding medium. 

Both tools incorporated Vespel acoustic windows which 

The results satisfied the need for 
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5 .  SENSOR REPLACEMENT MATERIALS INVESTIGATION 

Screening Tests 

Considerable e f f o r t  went i n t o  evaluat ing replacement materials 
from the  s tandpoint  of environemntal immunity, sonic  proper t tes ,  and non- 

acous t i c  functions.  

acous t ic  funct ions were evaluated by autoclave Screening test, 

Immunity t o  the geothermal environment and non- 

Phase T r Screening T e s t :  A capsule (Figure 5.1) was designed 

t o  expqse candidate sensor materials and components t o  service-s imulat ive 

conditions.  Capsules were f ab r i ca t ed  from 6-inch lengths  of 1-inch, 
Schedule 80, SS 316 pipe, threaded on both ends t o  accept threlzded caps. 

The end caps compress the  perimeter of the  candidate  window material 

aga ins t  a series of concentr ic  s ea l ing  grooves machined iq the  p i p e  end 

facps. 1-inch diameter a x i a l  holes through the  center of $he end caps 

provide simultaneous exposure of window materials t o  i n t e r n a l  coupling 

f l u i d  on one f ace  and autoclave f l u i d  on the  other.  

is charged with various samples of candidate  sensor  i n t e r n a l  components 

and then f i l l e d  with a candidate coupling f lu id .  To ta l  f l u i d  volume was 
minimized t o  reduce volume expansion and the  accompanying r i s k  Qf window 

rupture.  This was done by charging the  capsule i n t e r i o r  with tabu1 r 

alumina before i n s t a l l i n g  the  coupling f lu id .  

The capsule i n t e r i o r  

7 

Free-flooding capsules were a l s o  constructed by replacing the  

window d i s c  with a perforated s t a i n l e s s  steel  disc .  

used t o  eva lua te  s u r v i v a b i l i t y  of numerous items requi r ing  d i r e c t  exposure 

t o  the  cor ros ive  f lu id .  

These capsules were 

Two i t e r a t i o n s  of autoclave screening tests wqre acqomplished, 

involving a wide range of candidate mater ia ls .  Appendix IT conta ins  

d e t a i l s  of the  test procedures, materials tes ted ,  and r e su l t s .  One of the  

' more s i g n i f i c a n t  r e s u l t s  of the e a r l y  mater ia l s  screening tests vas 
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Figure 5.1.  Assembly drawing of capsule for early screening tests. 
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v e r i f i c a t i o n  t h a t  Vespel is a high-risk acous t ic  window material, This 

r e s u l t  is i l l u s t r a t e d  i n  Figure 5.2 which shows severe decomposition of a 

Vespel block and wafer (coupon) r e s u l t i n g  from one autoclave screening 

test. Information ava i l ab le  at  the  end of the  two screening tests 

indica ted  tha t  a replacement window material would be a major problem. 

The two window mater ia ls  which showed marginal promise were Kalrez 1050 

(DuPont) and TFE Teflon (DuPont). Screeening tests a l s o  indicated t h a t  

lead metaniobate piezoceramic bonded t o  a newly developed tungs ten- f i l l ed  

cement backing material using a conductive’epoxy could survive not only 

the  temperature, but d i r e c t  errposure To the simulated geofluid 9s well. 
This was a l s o  found t o  be the  caee f o r  a t  least oqe type of TFE Teflon 

insu la ted  hook-up wire. 

The simple capsule design of Figure 5.1 did not proviqe an 
adequate seal between the window and the metal housing. Therefore f l u i d  

communication of varying degrees was a problem throughout the  two 

screening tests. As a r e s u l t ,  screening test provided l i t t l e  new da ta  

regarding improved high temperature coupling f lu ids .  

Advanced Screening Tests 

Recognizing the l imi t a t ions  of the  simple screening s t  capsule 

of Figure 5.1,  it was decided tha t  an improved test capsule wap Deeded. 

An improved capsule was designed, incorporat ing a c y l i n d r i c a l  s h e l l  window 

and improved means of s ea l ing  between the window and the  housing. Figure 

5.3 shows a cross-section of the improved capsule destgn concept. A SS 

316 spool is enveloped by a cy l ind r i ca l  s h e l l  window. The window is 

sealed around the  circumference of both end f langes  of the spool using a 
SS hose clamp o r  similar device. The r e su l t i ng  i n t e r i o r  chamber is  

charged with pro to typica l  transducer assemblis and a coupling f lu id .  A 

bellows is  used t o  minimize pressure d i f f e r e n t i a l  across  the  acous t i c  

window and t o  permit  f r e e  expansion of the  f l u i d  a t  e levated 

temperature. 

t o g l s  f o r  the  same purpose. 

Such a bellows is also widely used i n  conventional BHTV 

Li# 
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exposure to simulated geothermal conditions. Block and 
coupon control specimens (above) are compared with their 
autoclaved counterparts (below). 

U 
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Figure 5.3 Diagram of improved capsule €or advanced screening 
tests .  
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Three such improved test capsules were designed around th? 

window materials considered most promising a t  t h a t  point  i n  the  
inves t iga t ion :  Kalrez 1050 (DuPont) perfluoroelastomer,  Teflon TFE 

(DuPont) te t ra f luoyethylene ,  and Ryton R-171 ( In t e rna t iona l  Polymer 
Corporation) 40% g las s - f i l l ed  polyphenylene sulf td?.  The internal  f l u i d  

f o r  a l l  t h ree  capsules was DC-710 (Dow Corning) hlgh-phenylated s i l i c o n e  

o i l .  

Figure 5.4 shows the  three capsutes,  assembled and ready f o r  

autoclave tes t ing .  Figures 5.5, 5.6 and 5.7 show the  condi t ion of 

a f t e r  autoclaving. 

Tef Jon windows, 

With regard t o  the  perfo nce of DC-740 f l u i d ,  autoqlgving 

Figures 5.8 and 5 ,9  are close-ups of the  

rqsu l ted  i n  extensive gas formatio the  Teflon capsule,  caus$ng the  

bellQws t y  rupture  upon r e tu rn  t o  atmospheric pressure.Ip the: Ryton 

capsule,  the  DC-710 f l u i d  apparent ly  reacted. with 
form a consol idated white powder as is shown i n  F 

These r e s u l t s  r a i sed  ser ious  doubt abpu 

su i tabqe  non-metallic windoy rpaterial. It was also clear that qome 
add i t iona l  wark was needed $q the  area of high tqmperaqure coupling 

cluded that geothermal BHTV window develqpment should 

metal designs and t h a t  i den t i f i cac ion  and scneening 
f betver  coup f l u i d s  were neeqed. 

Acoustic Proper t ies  of Materials 
I 

Concurrent with the preliminary and advanced qateyials screening 

tests, da ta  was co l l ec t ed  regarding the  sonic  proper t ies  of the var ious  
subjec t  materials. Of p a r t i c u l a r  i n t e r e s t  are soqic  ve loc i ty  (compres- 

s iona l )  and s p e c i f i c  acous t ic  ilppedance. 

some materials. I n  o ther  cases the parameters werq from l a b  

measurements. Table 5-1 summarizes c e r t a i n  acous t i c  proper t ies  of 

materials examined. Figure 5.11 relates acous t i c  losses  through various 

Data was read l ly  ava i l ab le  f o r  

. thicknesses  of window materials immersed i n  transformer g i l .  
W 
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Figure 5.4.. The three advanced screening test capsules ready for 
autoclave test ing.  Window materials are TFE Teflon 
( l e f t ) ,  Ryton 171 (center) ,  and Kalrez 1050 (r ight) .  4 
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F’igure 5.5 Photo showing the post-autoclave condition of the Kalrez 
window. 
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Figure 5.6 Photo showing the post-autoclave condition of the Ryton 
window. Note deformed bellows top and swollen window. 

30 



Figure 5.7 Photo showing the post-autoclave condition of the Teflon 
window. Note deformed bellows top and window indention 
on right side. 
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Figure 5.8 Close-up of post-autoclave Ryton window. Surface 
pinholes do not penetrate window. 
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retainer screw holes and 
surface show evidence of 
deformation. Top flange 

O-ring (Kalrez 1050) seal 
considerable p las t i c  
with O-ring shown a t  r ig  
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TABLE 5-1 

Compressional Acoustic 
Ye l o c i  t y Density Impedance 

m/sec k g / m  MKS r a y l s  
(C0) (PI (P Co) 

MACOR (ceramic) 5.9 103 2.51 x lo3 14.9 x lo6 
VESPEL 2.5 103 1.43 x lo3 3.6 x lo6 

E/C 2762 FT Epoxy 3.02 103 2.14 x lo3 6.47 x lo6 
Cotronics  Epoxy 

KALREZ 1.35 103 '2.01 103 2.71 106 

(Duralco 700) 2.55 103 1.94 103 4.9 106 

(~)TUNGSTEN/EPOXY 2.32 103 6.76 103 
(~ITRANSFORMER OIL 1.41 103 0.88 103 

WATER ( t y p i c a l )  1.5 103 1.0 103 
ALUMINUM ( t y p i c a l )  6.3 103 2.7 103 
STEEL ( t y p i c a l )  6.1 103 7.7 103 

(Keramos K-81) 3.3 103 6.2 103 
TFE Teflon 1.25 103 1 .  2.2 103 
Ryton (R-100) 2.3 103 i.34 x 103 

(40% glass f i b e r - f i l l e d )  2.35 x lo3 1.60 103 
Brayco 812 ( f l u i d )  0.7 103 2.0 103 

(ipprox. va lues)  5.9 103 8.9 103 

Mobil Jet O i l  I1 1.36 103 1.0035 x lo3 

Lead Metaniobate 

Ryton (R-171) 

. .  Inconel 718 

, *  * 1 ,  

15.7 x lo6 
1.24 x lo6 
1.37 x lo6 
1.5 x lo6 

1 7 ' x  lo6 
47 x 106 

20.5 x lo6 
2.75 x lo6 
2.99 x lo6 

3.76 x lo6 
1.4 x lo6 

52 x lo6 

(l)3:1 Rat io  by weight Tungsten powder: 
( 2 ) O i l  used t o  s imula te  t y p i c a l  i n t e r n a l  f l u i d  

Emerson Cumming 1762 FT Eoxy. 

(WEMCO-C) I n s u l a t i n g  O i l .  
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Figure 5 . 1 1  Data showing signal drop through certain window 
materials of various thicknesses. 
drop through TFE Teflon. Measured with specimens 
immersed i n  transformer o i l .  Data generally indicates 
Ryton i s  low-loss, high temperature matertal. 
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6. ADVANCED FLUID SCREENING TESTS 

As a result cf the problems encountered with DC-710, additional 
sources of high temprature fluids were sought and a method for screening 
new candidates was needed. 

The add1 t ional fluids considered 'were as follows : 
KRYTOX 143 (DuPont) - perfluoroalkylpolyether 
Santovac 5, 6 (Monsanto) - polyphenylether 
Therminol 66 (Monsanto) 
BRAYCO 810, 812 (Bray Oil Co.) - perfluoroalkylpolyether 
FOMBLIN Y-25 (Mon-Edison) - perfluorinated polyether 
BRAYCO 8152 (Bray Oil Co.) - perfluorinated polyether 

Three representative fluids were selected from this list for 
i 

follow-on screening tests. 

The major concern regarding fluid properties were chemical com- 
patability with the sensor components and decomposition to a gas phase at 
high temperature. 

A simple capsule was designed to provide for tes t ing  these 

fluids in a small autoclave. The test capsule is aproximately 6-inches 
long and the design is indicatd in Figure 6.1. 
is capped ( 2 )  and the other end is terminated in a 318" x 1/4" tubing 
adaptor (3) .  
short length of 1/4" tubing (5). The bellows allows for thermal expansion 

One end of a 3/8" tube (1) 

A metal bellows (4) is connected to the adaptor (3) by a 

of the fluid and provides an indication of residual gas generation after 
autoclaving. Figure 6.2 shows an assembled capsule. 

To include possible chemical effects on the sensor internals, a 
miniature transducer assembly was also constructed to fit into the 

capsule. The assembly design is ehown in Figure 6.3 and consists of a 

w . 0.10" diameter disc of K-81 lead metaniobate, bonded to a rectangular 
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Figure 6.1 Diagram of advanced f lu id  screening test capsule design. 
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Figure 6.2 Photo of an assembled advanced f l u i d  screening test 
capsule. 
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Figure 6.3 Degign deta i l s  of the miniature transducer assebmly for 
advanced f lu id  screening tests. 

40 



piece of tungsten powder f i l l e d  alumina cement (backing mater ia l ) .  A 

shor t  piece of TFE Teflon insu la ted  copper wire is  p ro to typ ica l ly  

connected t o  the  s i l v e r  e lec t rQde  of the  K-81 piezoceram$.c. The adhesive 

used f o r  the  w€re and the  d i s c  is Epotek H20E s i l v e r  gonductive epoxy. A 

completed assembly is shown i n  Figure 6.4. 

Temperature was expected t o  be the  ,most s ignf  

with regard t o  f l u i d  performance. Pressure 

importance and caus t i c  geofluid shovld not; e f f e c t  the  ln t e rna lq  

Therefore' the  three  capsules were teste1 a properly assembled capsule. 

i n  a water autoclave with c y l i n d r i c a l  dimensions of 12" high and 5" 

diameter. The autoclave is ra ted  a t  P5O0F (343OC) and 

The test procedure wae as follows: 1) caps@ 

wi th  a miniature  transducer assembly and approxirnqtely 7 ml of candidate 

f l u i d  aqd then sealed, 2) capagul,e$ were autaclaved at 275OC and ,2000 pq4 

f o r  a per iod of 4-hours. 

F lu id  performance was a6sesse4 by two ds. First, evidence 

of r e s idua l  f l u i d  Outgassing was checked by comparing pre- and post- 

u l e  volumeg. 

on with i n t e r n a l s  wsuld r e s u l t  i n  measurable increqses  

S ign i f i can t  gas generated due t o  f l u i d  break- 

and capsule volume. Second, the  condi t ton of the  f l u i d s  

gnd the  minature t ransducer  assemblies were c a r e f u l l y  inspected a 
i t h  pre- tes t  conditions.  

he r e s u l t s  of these  tests f o r  a l l  th ree  f l u i d s  

deteCtable qign of r e s idua l  gas fonqation, revealed no chemiqal a t tqqk  of 

i n t e r n a l s ,  and produced no apparent changes i n  co lor  o r  appearance of 

f l u i d s  o r  materials. 
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Figure 6.4  Photo of fabricated miniature transducer assembly. 
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7. METAL ACOUSTIC WINDOW DESIGNS 

The r e s u l t s  of preliminary and advanced window material 
screening tests did not provide the  confidence viewed necessary t o  

designing a geothermal BHTV sensor. 

window design should be invest igated.  The' following sec t ions  descr ibe  

a n a l y t i c a l  and experimental work t o  iden t i fy  and test so lu t ions  t o  the  

metal window problem. 

It was therefore  decided t h a t  a metal 

Design Problem Defined 

Referr ing t o  Figure 7*1A, we are given 

1) p iezoe lec t r i c  crystal 

2) coupling f l u i d  

3) acous t i c  window material (metal) 

4) 
5 )  

geometric cons t r a in t s  (e.8.) kc is f ixed )  

approximate acous t ic  proper t ies  of the  two f lu ids .  

The problem t o  be solved is t o  determine what can be'done with 

window thickness  (kW) t o  provide acceptable  acous t i c  s i g n a l  t r a n s f e r  

between the c r y s t a l  and the geofluid.  

Analy t ica l  Solut ions 

Solu t ion  # I )  Transmission l i n e  theory provides a convenient 

a n a l y t i c a l  approach t o  t h i s  problem. Referring t o  Figure 7.1-B, l e t  2, 

and 2, be the  c h a r a c t e r i s t i c  (or  "specif ic")  acous t i c  impedances of the  

coupling f l u i d  and the  window material respectively. 
can be modeled by a f ixed  length of l i n e  (ac) having a c h a r a c t e r i s t i c  

impedance 2,. 

l ength  (aw) of transmission l i n e  having characteristic impedfance 2,. 

The coupling f l u i d  

Similar ly ,  the  acous t i c  window is modeled by a va r i ab le  

b 
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Figure 7.1 Transmission-line equivalents of the BHTV sensor: 
(A) the physkal embodiment, (B) a generalized 
transmission line analog, (C) the transmission line 
analog for special case of a half-wave window. 
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The purposes,of t h i s  ana lys i s  are served by represent ing the  

gepfu id .as  a "lumped" load impedance (koAD) which terminates the  window 

transmission l i n e  a t  "C". 

The spec i f i ed  pe i zoe lec t r i c  c r y s t a l  determines the nature  of the  

energy pul'se launched i n t o  the coupling f l u i d  s e c t i o n  a t  "A". 

power is  de l ivered  t o  the  load (ZLoAD) when R w  is equal t o  one ha l f  

wavelength. 

window e s s e n t i a l l y  "disappears" (except f o r  the  e f f e c t s  of absorpt ion loss 
i n  the  window which i n  our case is small). Power t r a n s f e r  can now be 

examined using the  s impl i f ied  analog shown i n  Figure 7.1-C where the  

coupling f l u i d  is terminated a t  "B" by the  geofluid load impedance 

Maximum 

It can be shown t h a t  under these condi t ions,  the  acous t i c  

The a c t u a l  coupling f l u i d  t o  be used has not been spec i f i ed  so 

Similar ly ,  the  acoustJc  

However, based upon 
tha t  exact a c o u s t i c  impedance (Z,) is not  known. 
impedance of t he  geofluid (ZLom) is not w e l l  known. 

conservat ive estimates, we expected tha t :  

zLoAD 

0.5 - < - < 2.0 (7.1) % - e ,  

Another formula' can now be used t o  c a l c u l a t e  the  r a t i o  of power 

t ransmit ted (del ivered)  t o  the load (Pt) ,  t o  t he  power inc ident  ( P i )  from 

t h e  l e f t  on the  boundary a t  "B": 

Pt 4R 
pi (R+1)2 
- e  (7.2) 

Subs t i t u t ing  the  l imi t ing  R values of (7.1) i n t o  Equation (7.2), 
t he  power t ransmit ted w i l l  b e ' g r e a t e r  than o r  equal t o  89% of the inc ident  

power. 

s tandpoint ,  a half-wavelength window is c e r t a i n l y  worth pursuing. 

. However, t he re  are some po ten t i a l  d i f f i c u l t i e s  assoc ia ted  with half-  

It may be t en ta t ive ly  concluded t h a t  from a power transmission 

LiJ 
wavelength (or  tuned) windows. 
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First, the above analysis can be extended to the show that as 

much as 11% of the incident energy is reflected back tpward the source 
(crystal). Such reflected energy must be reduced to an acceptably low 
level by the time that echoes'are returning from the borewall targets. 
This puts additional demands on methods for controlling internal 
reverberation. 

Second, a half-wavelength window is a resonant device, valid at 
a single frequency. The bandwidth of the "half-wavelength solution" is 
related to the Q of the mechanically resonant system. High acoustic 
impedance metal windows in conjunccion with the relatively low impedances 
o f  the subject fluids result in a high Q resonance and therefore 
relatively narrow bandwidth. 

The acoustic pulse emitted by the conventional BHTV has 
considerable bandwidth and we woulql expect that a half-wave window would 
essentially narrow-band-filter this pulse. The anticipated reqult wouzd 
be an output pressure pulse of longer duration due tp "ringing" in the 
resonant window. 

Solution 12). Electrical transmission line theory also preducts 
that even for severe impedance mismatches, power transmission through a, 

window can approach unlty for arbitrarily thin windows. 
satisfactory power transmission can often be obtained through windows with 
thickness on the order of 1/10 wavelength. 

In practice, 

The thickness of a typical 1/10 wavelength metal window can be 
calculated using the basic equation 

fA f c (7.3) 

where f = frequency 
A = wavelength 
c = speed of sound in window. 
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u 
It is apparent that 

A C 
10 10f . 
-e- (7.4) 

A typical sonic velocity for metals is 5 x lo3 m/sec and the 
dominant BHTV frequency is 1.3 x lo6 Hz so that 

(7.5) m/sec - 3.85 x' 10-4meters x - a  
lo (10)(1.3 x 106)/sec 

This is equivalent to approximately 0.015 inches. 

Inspection of these equations shows the advantage of using a 
high sonic velocity window material. 
met with a thicker and therefore more durable window. 

That is, the A/10 criteria canabe 

Experimentation: 

These solutions were examined experimentally using the apparatus 
A commercial BHTV transducer (Simplec) was used diagramed in Figure 7.2. 

to launch pulses into an oil bath in the direction of a broadband 
Automation Industries receiver with flat response though 5 MHz. 
Transmitter to receiver orientation and separation were held constant at 
6-inches. 
indicated and the effect(s) on received signal level was determined. 

Window performance is characterized by calculating the signal loss (in 
decibels) compared with no window present and is plotted in Figure 7.3. 
For reference, the loss through the existing high-temperature BHTV Vespel 
window (0.10" thick) is also included. 

Various experimental windows were inserted at the location 

Discussion of Results. The data for brass of varying thickness 
demonstrates the low loss expected from thin (in wavelengths) metal 
windows. 
brass window of 1.5 mils (0.0015") of 

The 1.3 MH2 wavelength in brass is approximately 01142". A 
s 

A/lOO nearly duplicates the loss 
' of the 0.1" Vespel window. Transmission line theory would predict maximum W 
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Dwg. 7690A40 

-Window Material 

XFMR 
Oil 

I .  

TX = Simplec XDCR 

=Auto. Ind. 10 - mHz 

XMTR= Panametrics 50% PR 
Energy= 1 
Damping= 0 
Atten =20 db 

R X  

Figure 7.2 Diagram of experimental set-up used to evaluate acoustic 
window performance. 
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Figure ,7.3 Experimental verif icat ion of window performance 
predicted €rom analytical solutions. 
brass shim-stock of various thicknesses up t o  0.062- 
inches. 
herring-bone. 
s ta in less  steels a l so  plotted along with that of a 
commercial Vespel BHTV window. 

Solid l i n e  is for  

Waveform phase distortions occur in  region of  
Performance of half-wavelength carbon and 
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loss  at A / 4 '  or 35 mils. The data agrees well, showing a wximum 196s qt 
The approximate loss for a A/? braps window 4s the 63 mil datg 

.* 

32 mils. 
point or about 15 dB. Approximate half-wavelength windows of cold rolled 
steel (CRS) and SS 304 (higher sonic velocity materials) are also shown 
with losses of 17 to 18 dB. 

Signals through all three A/2 window9 showed definite ringing 
and therefore pulse spreading, as anticipated. Pulses throvgh the brass 
windows of increasing thickness were reducqd in amplitude but undistorted 
from 1 mil through 20 mil (.* 0.141) thickness. 
7.3.) Phase distortion begins at 
elongation by 63 mils (A/2). 
in Figure 7.3 by herring-bone line.) 
exhibited the expected pulse elongation. 

(Solid line in Figure 
.* 

20 mils and results in pulse 
(The region of pulse distortion iq indtcated 

Both steel A/2 windows also 

Sampling of Data 

A series of selected oscillograph photos (Figures 7.4 through 
7.11) is included for demonstrating some of the aforementioned effects, 
In each of these cases, pertinent received signals are found in the left 
half of the delayed sweep oscillographs. 

Additional Tests 

These encouraging results obtained with thin brass sheet 
prompted some revised fixturing and additional tests with some other 
alloys. 
covering a window port with a segment of metallic cylindrical shell. 
radius of the metal acoustic window port coveripg $s made to be the same 

The improved fixturing is shown in Figure 7.12 and provides fqr 
The 

as the ref erencp Vespel window (3-3/8" Dia. ). 

Pulse-echo tests were then made in an oil bath t o  further 
demonstrate the viability of a thin metal window. 
window materials were 0.002" thick SS 301 and Inconel 718. The 
performances of these window materials was compared with the standard 
(Simplec) Vespel window by echo-ranging off of a 0.024" diameter wire 

For these tests, metal 
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Figure 7.4. Received signal through o i l ;  no window present. 
(0.5 V/cm vert . ,  5 Vsec/cm horiz . )  

Figure 7.5.  Received signal through 0.10" cyl indrical  she l l  Vespel 
window. (0.5 V/cm vert . ,  5 Vsec/cm horiz.) 
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Figure 7.6.  Received signal through 0.0015" brass window. 
(0.5 V/cm vert . ,  5 Psec/cm horiz . )  

Figure 7 . 7 .  Received signal through 0.015" brass window. 
(0.05 V/cm vert . ,  5 Psec/cm horiz . )  
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Figure 7.8. Received signal through 0.025" brass window, showing 
phase distortion (0.05 V/cm vert., 5 Psec/cm horiz.) 

Figure 7.9. Received signal through 0.063" brass window, showing 
pulse elongation associated with X/2 thickness. . 

(0.1 V/cm vert., 5 Usec/cm horiz.) 
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Figure 7.10. Received signal through 0.093" s ta in less  steel window, 
showing pulse elongation associated with X/2 
thickness. (0.1 V/cm vert . ,  5 usec/cm horiz.)  

Figure 7.11.  Received signal through 0.089" Cold Rolled Steel window, 
showing pulse elongation associated with X/2 
thickness. (0.1 V/cm vert . ,  5 usec/cm horiz.)  
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Figure 7.12. Fixturing for evaluating thin metal acoustic windows. 
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t a r g e t  loca ted  1.5" from the  outs ide  window radius.  

transducer assembly was placed aga ins t  the  in s ide  rad ius  of the  test 

windows f o r  t ransmi t t ing  and receiving acous t i c  pulses  from the wire 

t a rge t  through the windows. . This test arrangement roughly simulates a 

conventional BHTV snesor,  including the  e f f e c t s  of reverberat ion,  window 

r e f l e c t i o n s ,  window absorption, and r e f l e c t i o n  from a t a rge t .  

A standard (Simplec) 

Figures 7.13 and 7.14 show the r e s u l t s  €or  the  0.1" th ick  Vespel 

and the  0.002" th i ck  SS 301 windows, respect ively.  Both oscillogrgms show 

the  superimposed e f f ec t$  of 1.) t ransducer  ring-dgwn ( i n t e r n a l  

reverberat ions,  window re f l ec t ions )  and 2.) the  target echo. 
echo occurs a t  the  3 cm mark, correspcmding t 9  the  t a r g e t  range of 1.5 
inqhes. 
Tow l e v e l  r e s idua l s  of the ring-down p e r p i s t  beyond the 2 c m  mark. 

Comparing the  two oscil lograms, it is appareqt t h a t  the  metal window 

produces increased reverberat ion as expected, however does not r e s u l t  i n  a 

t a r g e t  echo masking problem. The received echo l e v e l  through the  metal 
window is only 4 dB down from t h a t  obtained through the  Vespel window. 

The da ta  f o r  the  0.002" Inconel 718 window is e s s e n t i a l l y  i d e n t i c a l  t o  
t h a t  shown f o r  the  SS-301. 

The fq rge t  

The f irst  2 c m  are occupied by transducer ripg-down, Acceptiably 

These r e s u l t s  are s i g n i f i c a n t  s ince  both Inconel 718 and 300- 

series s t a i n l e s s  steels are expected t o  be t o l e r a n t  t o  cor ros ive  

geothermal borehole f lu ids .  

Summary 

1.) Loss and pulse shape for  t h e  Vespel window can be dupl icated 

with metal windows having thickness  of about X/lOO t o  X/50.  

2.) Metal window thicknesses betweqn 0.15X and 0.40A should be 
avoided t o  e l imina te  d i f f i c u l t i e s  with phase d i s t o r t i o n .  

3 . )  Half-wavelength metal windows represent  considerable  loss 
(12 t o  15 dB worse than Vespel) and produce pulse elongation. Pulse  

e longat ion tends t o  reduce d is tance  resolut ion.  The major practical 
concern with the  h / 2  window is t h a t  most of the " los t "  energy a c t u a l l y  

goes i n t o  i n t e r n a l  sensor reverberation. 
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Figure 7.13.' Pulse-echo oscillogram of 0.024" wire target through - 
0.1" Vespel  window. 

Figure 7.14. Pulse-echo oscillogram of 0.0.24" wire target through 
0.002" SS301 window. 
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8. EXPERIMENTAL SENSOR DESIGN 

Resul t s  of inves t iga t ions  of materials, components, and f a b r i r  

ca t ion  techniques were now s u f f i c i e n t l y  promising t o  permit proceeding 

with an experimental sensor design f o r  autoclave tes t ing .  +4 transducer 

assembly cons is t ing  of lead metaniobate bonded t o  a tungsten powdey-filled 
r e f r ac to ry  cement looked promising, Advanced f l u i d  ecreengng tests had 

i d e n t i f i e d  three  candidate coupling f l u i d s ,  Santovac 5 ,  Krytox 143, and 

Brayco 812. Of the  three,  some succsqsful  work had been reported 

operat ing electric motor i n  contact  r i t h  812 at  high temperature. 

f e a t u r e  i g  re levant  t o  the  p l ev iewer ,  Brayco 812 was serec ted  f o r  

eva lua t ion  i n  the experimental sensor desfgn. Considerable a n a l y t i c a l  and 

experimental had work a l s o  showed the  promise of t h i n  metal acous t ic  

windows. Inconel 718 was se lec ted  f o r  the experimental sensor beqause i t  

As t h i s  

was r ead i ly  ava i l ab le  i n  t h i n  shee ts ,  has a favorably high sonic  ve loc i ty  

(-5900 m/sec) , and had demonstrated good corrpsion r e s i s t a n c e  during p r i o r  

autoclave screening tests. 

spec i f i ed  a t  the  ou t se t  of designing the  experimental BHTV test sensor. 

The rest of the  sensor design involved determining how the  elements covld 

be placed i n  ava i l ab le  autoclave space while maintainiqg those f e a t u r e s  

necessary f o r  evaluat ion tes t ing .  Ident i fy ing  certain hardware support  

These major design elemFnts were e s s e n t i g l l y  

items was a l s o  involved. 

The basic  test plan f o r  t he  experimental sensor concept is 

ind ica ted  i n  Figure 8.1. An autoclavp was ava i l ab le  which had provis ions 

f o r  a ro t a ry  s h a f t  pene t ra t ion  i n  the  head t o  permit  f l u i d  ag i ta t ion .  

test plan ca l l ed  f o r  replacing the conventional ro t a ry  s h a f t  with a 

The 

s p e c i a l  s h a f t  which would include a housing f o r  the  experimental sensor 

package. This approach permits ro t a t ing  the  sensor and "scanning" ta rge tq  

i n  e f f e c t ,  as the  RHTV does. 

I " I 
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Sensor 
Electrical 
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Figure 8.1. Basic test concept for evaluating experimental sensor. 
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Figure 8.2 shows the  most des i r ab le  loca t ions  of t a r g e t s  and 

sensor element with respect t o  r o t a t i o n a l  a x i s  and the  cooling c o i l .  To 

insure "clean" t a r g e t  re turns ,  they should be spaced approximately 1/2" 

from the cooling c o i l  I . D .  A target-to-sensor spacing of approximately 

1-1/2" is realist ic f o r  BHTV operation and def ines  the rest of the basic  

geometry. 

The concept devised f o r  r ea l i z ing  t h i s  configuration is 

indicated i n  Figure 8.3 where a rectangular  housing encloses the  1/2" 

diameter p i ezoe lec t r i c  d i s c  and the  3/4" cubic damping block. A 3/4" 

diameter por t  hole provides f o r  passage of acous t i c  s ignals .  This port  is 

t o  be covered by a f l a t ,  0.002" t h i c k  metal window. 

has shown i n s i g n i f i c a n t  performance v a r i a t i o n s  with f l a t  VS. curved, t h i n  
metal windows. 

Other bench t e s t i n g  

A drawing of the experimental sensor design is shown i n  Figure 

8.4 and a n  assembly photograph of the  sensor is shown i n  Figure 8.5. 

There are seve ra l  points  of i n t e r e s t  i n  the design. A rectangular  tubing 

sec t ion  is welded t o  top and bottom f langes (round). 
hole  is c u t  i n  one s i d e  of the  rectangular  tubing w a l l ,  locat ing the 

acous t i c  window. 

A 3/4" diameter p o r t  

The p i ezoe lec t r i c  d i s c  mounted on a 3/4" cubic damping 

block is supported within the  housing and d i r e c t l y  in s ide  the  window port. 

The window port  is covered with the  Inconel 718 (0.002") 

acous t i c  window material. An e l ec t ron  beam welding (vacuum) process was 

developed f p r  t h i s  step. The process includes sandwiching the  t h i n  window 

material between the  housing w a l l  and a "window frame". This method 

provided good and consis tent  r e s u l t s  using 4 l i n e a r  weld passes as y i s i b l e  

i n  Figure 8.5. 

The top flanged j o i n t  is sealed using a Kalrez 1050 w r i n g  

grooves deviate  from standard groove dimensions according t o  the maqufac- 
t u r e r s  recommendations. The top f lange also contains the  necessary 

e lectr ical  feed through. The sensor housing i n t e r i o r  is f i l l e d  with 

coupling f lu id .  The e lectr ical  feedthrough used w a s  s p e c i a l l y  designed 

and manufactured by Ceramaseal Corp. and was welded i n t o  the  top flange. LJ 
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Figure 8.2, Diagram showing desired placement of piezoelectric ' 
element and targets within available autoclave epacem 
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Figure 8.3. Diagram o€ sensor and housing design used t o  rea l ized  
des i red  e lemendtarge t  geoine try. 
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Figure 8.4. Resulting sensor design, including internal support$, 
housing, acoustic window, electricql feed-through, seal, 
and volume expansion bellows. 
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Figure 8.5. Assembly photograph of the experimental BHTV sensor. 
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The feedthrough uses 0.035" diameter n icke l  wires. The o ther  wi rps  yere 
at tached t g  these feedthrough wires by $pot welding. 

A tubing connector i s  welded t o  the bottom f lange of the  sensqr 

housing f o r  attchment of the f l u i d  expansion bellowsr 

increqses  on the  order 9f 20% are expecfep et  530'F ( 4 7 5 O C ) .  

ale0 serves  t o  pressure balance the housing so t h a t  the  d i f f e r e n t i a l  

pressure @cross the th in  gcoust€c window is very s m a l l .  

i n  the conventional televiewer too l  f o r  thq same reason. 

cage surrounds the  bellows. 

assembled qensor ready f o r  evaluat ion pesting. 

Fluid volume 

The beqlpws 

A bellows is used 

A p ro tec t ive  

Figure 8.6 shows a phob?graph of the 
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Figure 8.6. Photograph of fabricated experimental acoustic sensor 
concept . 
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9. PRELIMINARY SENSOR TESTING 

he expertmental sensor was fabricated along with a set of 
ical spare transducer and housing parts. The spare pgrts were 
rform some of the following bench tests. Performance and character- 

tic comparisons were made relative to standard televiewer parts supplied 
his project by Simplec Manufacturing. Beam patterns, revqrberation 

s, and sensitivities Were measured and compared as described in 
following sections. The section describinF seasitiv y measurements 
indicates the effects of cert individual sensor a ustic elements, ' 

Beam Pattern - The embled experimental sensor, filled with 

ayco 812, was immersed in an oil bath and uged Ln the pulss-echo mode 
against a 3/32" diameter steel rod target at q rgnge of 1-1/8". The test 
paratus i s  shpwn in Figure 9.1. 
s used in conjunction with the sensor. 

A Paqametrics 5050 PR pulser/receiver 
The resvlting beam pattern is 

plotted Figure 9.2. 

compares favorably with the 3' beam width measured during tests (see 
Appendix 1)  on an actual BHTV tobl, 
tool $$ s h o p  in Figure 9.3. 
dges not degrade the beam pattern. 

The half-power (-3 dB) beam width is 3.2O. This 

n e  beam pattern meaoured on that: 
It is Bppareng thaF the experimental design 

Reverbergtion - Measuremeqts were also made to compare the 
1 ,  

reverberation levels of the assembled geothermal sensor and a (reference) 
qock-up of a conventional BHTV sensor. The reference sengqr mock-up 
consisted of a sat of conventional sensor intermals (Simplec) and a Veepel 
window (Simplec) in appropriate proximity to egch other as shown in Figure 
9 . 4 .  
of a window from a 3 3/8" diameter tgo1 and a transducer asselpblg from a 1 

7/8" diameter tool, this arrangepent does pvt the piezoelectrtc transducer 
assembly in close prgximity with the window and is therefore believed to 
be representative of an actual BHTV sensor. 

Although the reference qensor mock-up shown in Figure 9.4 oonsists 
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Figure 9.1. Apparatus used to measure beam pattern of Experimental 
Geothermal Sensor. 
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Curve 71 5663-A 
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Figure 9.2 Transmit-received beam pattern for experimental sensor, 
measured i n  room temperature transformer otl. 
power beam-width is 3.2'. 

Half- 
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9.3. Transmit-receive pattern for a USGS BHTV sensor, 
measured i n  room-temperature water. 
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Figure 9.4. Reference trawducer assembly i n  prototypical proximity 
with Vespel (reference) window. 
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Two comparative sets of da ta  are presented. Again, the 

Panametric 5050 PR pulser / rece iver  was used. 

reverbera t ion  l e v e l s  immediately a f t e r  the  t ransmit ted pulse. Figure 9.6 

displays the  same reverberat ion over a longer t i m e  i n t e rva l .  

t a r g e t s  in the  sound f i e l d  f o r  these measurements. It is concluded t h a t  

1 .) both sensors are reverberation-noise-limited and 2.) the  geothermal 

sensor o f f e r s  an improvement (decrease) in reverberat ion l e v e l  by a f a c t o r  

of approximately 2. 

Figure 9.5 compares the  

There are no 

S e n s i t i v i t y  - Detai led measurements were made t o  compare the  

t r ansmidrece ive  s e n s i t i v i t y  of the  geothermal sensor and the ( re ference)  

conventional BHTV sensor mock-up. 

a l a rge ,  f l a t ,  metal r e f l e c t o r  (tank w a l l )  a t  a range of l " . a n d . t h e  

Panametrics 5050 PR pulser / rece iver  was d. The propagation 

transformer o i l .  

For the  following tests, the  t a r g e t  Qas 

Transducer Assembly - Figures 9.7 and 9.8 show the  two 

transducer assemblies used t o  generate  and rece ive  the  acous t i c  s igna ls .  

Figure 9.9 shows'a 2.65 Volt (p-p) w a l l  echo using the  reference 

t ransducer  immersed in o i l .  Figure 

using the  goethermal t ransducer  ass 

the  bas ic  geothermal transducer ass 

with the  reference. 

expected. The reference t r  
f o r  the  purpose of improvin 

temperature equivalent  of 

i n  the  geothermal u n i t  an 

backing material is higher densi ty  and therefore  has a higher acous t i c  

impedance than the  reference unit .  

tungsten powder which helps t o  cont ro l  transducer Q, promotes a t t enua t ion  

and the re fo re  reduces transducer reverberation. 

reverberat ion performance is a l s o  evident in comparing Figures 9.9 and 
9.10.) 

expected t o  decrease the output pressure somewhat. 

between 2 and 4 of the 6 dB performance d i f f e r e n t i a l  could be recovered by 

s down by 6 dB compared 

A t  least pa r t  of t h i s  

The high dens i ty  is a r e s u l t  of the  

(The improved 

The r e l a t i v e l y  higher impedance of the  backing materials w a s  

It is estimated t h a t  
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(A) Experimental 
Geothermal 
Sensor 

Reference 
Sensor 

Figure 9.5. Reverberation comparison beteween (A) experimental 
geothermal sensor and (B) reference sensor. Scale 
factors are 0.1 V/div. (vertical) and 10 Vsec/div. 
(horizontal). Panametrics 5050 PR settings: Energy = 

~ 4, Attenuation = 20 dB. 
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Experimental 
Geothermal 
Sensor 

Figure 9.6. Reverberation comparison between (A) experimental 
goethermal sensor and (B) reference sensor. Scale 
factors are 0.2 V/div. (vertical) and 20 Vsec 
(horizontal). Panametrics 5050PR settings: Energy = 4 ,  
Attenuation = 0 dB. 
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Figure 9 .7 .  Reference transducer assembly by S implec ,  using lead- ' 
metaniobate crystal and rubber backing material behind 
perforated brass mounting plate. 

75 



Figure 9.8. Experimental geothermal transducer assembly, using lead- 
metaniobate crystal bonded to tungsten-filled, 
refractory cement backing block. 
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RM-77964 

76 



i 

Figure 9.9. Wall echo using reference transducer. Wall echo appears 
I at  3.5 div. on lower t r a c e  (10 Vsec/div) and is  expanded 

(2  Vsec/div) i n  upper trace. Vertical s c a l e  f a c t o r  is 1 
Volt/div. Panametrics 5050 PR s e t t i n g s ,  Energy = 4,  
Attenuation = 40 dB. 

Figure 9.10. Wall echo using geothermal transducer.  Wall echo 
appears a t  3.5 d iv  on lower trace (10 Vsec/div) and is 
expanded ( 2  Vsec/div) i n  upper trace. Vertical scale 
f a c t o r  is 0.5 Volt/div. Panametrics 5050 PR se t t i ngs :  
Energy = 4, Attenuation = 40 dB. 

hd 
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s a c r i f i c i n g  some Q and/or reverberat ion performance. 

tungsten powder from the backing material should go toward r ea l i z ing  t..,s 

trade-off . 
Omitting the  

Transducer with Window - The two t ransducer  assemblies were then 

put i n  appropriate  conjunction with t h e i r  respec t ive  acous t ic  windows of 

Vespel and Inconel 718. The two assemblies are shown in Figures 9.11 and 

9.12. For t h i s  test, transformer o i l  w a s  used both in s ide  the  ou t s ide  

t ransducer  housings. 

geothermal (0.51 Volts) and the reference u n i t  (1.675 Volts) respec- 

t ive ly .  

a t tenuat ion  than the  reference (Vespel) window. While l i t t l e  can be done 

Figure 9.13 and 9.14 show the  t a r g e t  echoes f o r  the  

This data  shows t h a t  the  metal geothermal window causes 4 dB more 

t o  mi t iga te  t h i s  4 dB acous t i c  performance decrement, mechanical 

d u r a b i l i t y  and thermal immunity of the window have been g r e a t l y  improved. 

High-Temperature Fluid - The f i n a l  test involved f i l l i n g  the  

goethermal sensor the Brayco 812 ins tead  of transformer o i l .  The 

r e s u l t i n g  t a r g e t  echo is shown i n  Figure 9.15. The echo amplitude is 0.27 

Volts (p-p) which is 6 dB worse than the  same apparatus f i l l e d  with 

transformer o i l .  

- Comparing Figures 9.14 

and 9.15 shows the thermal sensor t o  be lower s v i t y  than the 

, re ference  sensor by dB. However, s e n s i t i v i t y  is viewed as the  

ul t imate  f igu e r i t  for the  'BHTV sensor. The s i g n i f i c a n t  sensor  

c h a r a c t e r i s t i  s e n s i t i v i t y  t o  t a r g e t  r r e l evan t  i f  the  

masking noise  imi la r ly ,  less s e n s i t i v e  sensors  with low 

masking noise  

amp1 if ier  gain. 

s can usual ly  be roved by simply increasing rece iver  

Both the geothermal and reference sensors  are reverberation- 

. noise-limited and from Figures 9.5 and 9.6 it is evident t h a t  t he  

reverbera t ion  noise  i n  the  geothermal sensor  is down by a f a c t o r  of 2. 

Therefore, the vol tage gain of a geothermal BHTV rece iver  input ampl i f ie r  

can be doubled (+6 dB) t o  make the  reverberat ion l e v e l  of the  geothermal 

. sensor equal t o  tha t  of the reference sensor a t  some de tec to r  input.  The 
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Figure 9.11. Reference transducer assembly i n  prototypical proximity 
with Vespel (reference) window. 
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Figure 9.12. Experimental geothermal transducer installed i n  housing 
with 0.002" Inconel 718 window. 
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Figure 9.13, .ermal sensor 
ears at  4.2 
anded 

factor i s  
: Energy = 

Figure 9.14 Wall echo suing reference sensor mock-up shown i n  
Figure 9.11. Wall echo appears at 3.5 div. on lower 
trace (10 vsec/div) and is  expanded (2 vsec/div) i n  
upper trace. 
Panametrics 5050 PR sett ings:  
Attenuation = 40 dB. 

Vertical scale  factor i s  0.5 Volts/div. 
Energy = 4, 
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Figure 9.15. Wall echo using Brayco 812-fil led geothermal sensor 
mock-up shown i n  Figure 9.12. 
div. on lower trace (10 Psec/div) and is expanded 
( 2  vsec/diu) i n  upper trace. 
0.1 Volt/div. Panametrics 5050 PR set t ings:  
Attenuation = 40 dB. 

Wall echo appears at 5 

Vertical scale  factor i s  
Energy 9 4, 
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LIJ 
2X vol tage .ga in  a l s o  increases  the l e v e l  of a l l  geothermal t a r g e t  echoes 

by 6 dB. 

s e n s i t i v i t y  is reduced by 6 dB from a SNR standpoint.  

merit  bas i s ,  the  geothermal sensor is therefore  only about 10 dB worse 

than the  reference sensor. 

Therefore the  16 dB performance d i f f e r e n t i a l  based on t a r g e t  

On a SNR f igu re  of 

Conclusion. The conventional BHTV has demonstrated acceptable  

f r a c t u r e  imaging performance i n  mud-filled boreholes where t a rge t  echo 

a t t enua t ion  is r e l a t i v e l y  high. The geothermal BHTV is expected t o  

encounter r e l a t i v e l y  "clean" borehole f l u i d  which should cause much less 

~ 

I 
I t a r g e t  echo a t tenuat ion .  Referring t o  Sect ion 4, a t tenuat ions  i n  mud- 

~ f i l l e d  boreholes may be as much as 50 dB higher. Meanwhile, reverbera t ion  

I 

I 
l e v e l s  i n  the  sensors  remain fixed. Therefore as a p r a c t i c a l  matter, the  

(-10 dB) geothermal sensor design should produce s a t i s f a c t o r y  r e s u l t s  i n  a 

geothermal BHTV tool. 
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10. AUTOCLAVE DEMONSTRATION TEST OF EXPERIMENTAL SENSOR 

Over the period of December 18-20, 1978, an experimental 

acous t ic  sensor was t e s t ed  a t  Pressure Chemical Co. (Pi t tsburgh)  during 

autoclaving under simulated geothermal condi t ions according t o  Test Plan 

No. ST-005 (see Appendix 111). The primary ob jec t ive  of the  test w a s  t o  

demonstrate acous t ic  sensor operat ion a t  275OC, 7000 ps i ,  and i n  simulated 

geothermal f h i d .  

Test Apparatus and Methods - Figure 10.1 shows the experimental 

sensor designed f o r  t h i s  test. The acous t i c  window is f ab r i ca t ed  from 
0.002" Inconel 718. Transducer i n t e r n a l s  cons i s t  of a lead metaniobate 

piezoceramic element (d isc)  bonded t o  a cube (3/4") of tungsten-powder- 

f i l l e d  r e f r ac to ry  cement. The i n t e r n a l  coupling f l u i d  se l ec t ed  w a s  Brayco 

812. A spec ia l  high-temperature and pressure electrical feedthrough 

(Ceramaseal) provided electrical contac t  with the  sensor  in t e rna l s .  The 

housing design included a flanged j o i n t  which was sea led  using a Kalrez 

w r i n g .  

The housing was designed t o  be an i n t e g r a l  pa r t  of a s h a f t  which 

penet ra tes  a gland seal i n  the  autoclave head. This permi ts  r o t a t i o n  of 

t he  sensor housing t o  a i m  t he  acous t ic  beam i n  var ious d i rec t ions .  

The autoclave and the  simulated geothermal f l u i d  used was t h e  

same as had been used in a l l  p r i o r  tests. 

Figure 10.2 shows the  type of acous t i c  t a r g e t  i n s t a l l e d  i n  t h e  

autoclave f o r  evaluat ing sensor performance. Three t a r g e t s  were i n s t a l l e d  

with rod diameters of 0.096", 0.124", and 0.188". 

Figure 10.3 shows the test sensor i n s t a l l e d  i n  the  autclave head 

The electrical j u s t  p r io r  t o  i n s t a l l i n g  the  head on the  autoclave vesse l .  

l eads  can be seen coming o tu  of the top of the  hollow support shaf t .  The 

acous t ic  t a r g e t s  are wired i n  place on the  in s ide  of the  spiral  cooling 
co i l .  
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Figure 10.1 Photograph of assembled experimental BHTV sensor, 

designed for operation under simulated geothermal 
conditions. 
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Figure 10.2. Typical acoustic target assembly designed for autoclave 
sensor evaluation testing. The stainless steel rod 
(target) is spot-welded to a stainless steeJ plate to 
provide for attachment to autoclave internals. 



Ffgure 10.3. Experimental sensor and three targets 8hown instal led 
( inside cooling c o i l )  i n  the autoclave head assembly 
prior to testing. 
out of the top of the hollow support shaft .  

Electrical  leads can be seen coming 
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k list of specific electro-acoustic test parameters was 
identified for monitoring and recording at various times during the 
autoclave test. The plan called for recording the parameters intially, at 
temperature/presssure, and at .test conclusion. 
oscilloscope CRT would provide permanent records. 

Sensor ring-down (reverberation) - This measurement may aid 

Polaroid photograhs of 

1 . )  

in diagnosing sensor problems which could arise during the test and is 
significant in its own right. 

2.) Target echo levels (on-axis) - Provides overall performance 
indication. 

3 , )  Half-power (-3 dB) beam width and levels/angles of 
sidelobes - Provides overall performance indication. 

4 . )  Echo travel times - Provides data for calculating sonic 
velocity in simulated geofluid. 

5 . )  Sensor element (D.C.) resistance - Aid in diagnosing 
possible transducer integrity problems. 

An electronic diagram of the test apparatus is shown in 
Figure 10.4. 

transmit and receive acoustic pulses which were displayed on an 
oscilloscope. 
Provisions for measuring the DOC. resistance of the sensor are also 
shown. 
over a 100' length of coaxial cable. 
indicated that this was acceptable practice. 

A Panametrics Model 5050PR pulser/receiver was used to 

A Polaroid camera was used for recording waveforms. 

Safety consideration dictated that the sensor be remotely operated 
A room temperature bench test 

Figure 10.5 shows the test sensor and the three targets about to 
be immersed in water for the purpose of preliminary base line 
measurements. Following thse measurements the autoclave head and test 
apparatus was installed on the vessel and a direction indicator was 
installed on the shaft pulley as shown in Figure 10.6. 

indicator provided "aiming" information for the sensor and is graduated in 
The direction 

. degrees. 
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Dwg. 7690A39 

100' 
Coaxial Cable 
RG-59 

/ 
I 

., S,nsor 

c 

Autoclave 
\ 

I 
I 

I To 0' scope 

1 
5050 PR Settings: 

Rep. Rate = 6, Energy = 4; 
Damping =O ; Attenuation =O db 

Figure 10.4. Diagram of electronic t e s t  apparatus used during 
autoclave testing. 
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Figure 10.5. Close-up view of sensor and targets about t o  be immersed 
i n  water for preliminary base-line measurements. 

I 
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Figure 10.6. Photograph of autoclave head 'finally installed in the 
vessel, showing direction indicator attached to "beam- 
stea rtng" pulley. 
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Test Problems - Several d i f f i c u l t i e s  developed over the course 

of the  autoclave tes t ing .  A s  temperature increased,  the  sensor suscept i -  

b i l i t y  t o  RFI ( rad io  frequency in te r fe rence)  a l s o  increased. RFI  from AM 

radio broadcasts as w e l l  as high frequency in t e r f e rence  synchronized with 

60-Hertz power l i n e  were observed. 

Increased sensor temperature a l s o  r e su l t ed  i n  an apparent 

decrease i n  the  sensor t a r g e t  s e n s i t i v i t y .  This s e n s i t i v i t y  decrease was 
accompanied by a dramatic decrease i n  the  D.C. r e s i s t ance  of the sensor. 

The r e s i s t ance  went from g rea t e r  than 20 megohms a t  room temperature t o  

170 Q a t  540°F. One e f f e c t  of these electrical problems is manifest i n  

the  base-line d i s t o r t i o n  of CRT photographs. The causes of these  test 
problems were inves t iga ted  and are decribed la ter  (see Sect ion 11). 

Sensor Acoustic Performance - The RFI problems made signal-to- 

no i se  r a t i o s  (SNR) marginal f o r  the  two smaller t a r g e t s  (0.094" and 0.125" 
diameter). However, echoes from these  smallest tarets remained de tec t ab le  

even a t  275OC. 

The SNR f o r  the  3/16" diameter t a r g e t  remained high enough t o  

provide confirmation of sensor operat ion a t  275'C. 
t a r g e t  from the  sensor window was 1.77". 

The range of t h i s  

Figure 10.7 is an oscil logram of the echoes from the  3/16" 

t a r g e t  rod a t  room temperature j u s t  before the  autoclave was ready t o  

begin heating. The data  of Figure 10.8 a l s o  includes the  e f f e c t s  of t h e  

chemicals and a hydros t a t i c  pressure of 295 psi.  

are occupied by transducer ring-down. 

5.8 d iv i s ions  and an echo from the  rod mounting p l a t e  appears a t  7.8 
divis ions.  

is lower because it  is "shadowed" by the  wire rod. 

The f i r s t  2.5 d iv i s ions  

The wire rod t a r g e t  echo occurs a t  

Although the  mounting p l a t e  is a "stronger" t a r g e t ,  i ts echo 

Figure 10.8 shows an oscil logram with the  sensor "aimed" a t  the  

same t a r g e t  but with an autoclave temperature of 480°F and pressure of 

5725 psi.  The echo from the  wire rod t a r g e t  is lower l e v e l ,  has s h i f t e d  

t o  the  r i g h t  due t o  temperature dependence of sonic  ve loc i ty ,  and now 

occurs a t  6.8 div is ions .  The echo from the rod mounting p l a t e  is s t i l l  
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Figure 10.7. Echo pa t t e rn  
from 3/16" dia. rod i n  
simulated geogluid. T = 70°F; 

Horizontal  = 10 vsec/div. 
Vertical 5 0.5 Volt/div. 

P = 295 psi .  

Figure 10.8. Echo pa t t e rn  
from 3/16" dia. rod i n  
simulated geofluid.  T = 
480°F; P = 5725 p s i  
Horizontal  = 10 vsec/div. 
Vertical = 0.5 Volt/div. ' 

Figure 10.9. Echo pa t t e rn  
from 3/16" dia. rod i n  
simulated geofluid.  T = 350°F 
(275OC) P = 6500 pss. 
Horizontal  = 10 Psec/div. 
Vertical - 0.5 Volt/div. 



dis t inguishable  a t  8.8 divis ions.  Figure 10.9 a l s o  shows the  

aforementioned d i s t o r t i o n  i n  the base-line and revea ls  an apparent 

increase  i n  the  sensor reverberat ion level .  

Figure 10.9 shows similar da ta  under maximum test condi t ions of  

530°F (275OC) and 6500 psi .  

occurs a t  7.1 div is ions  and the mounting p l a t e  echo is masked by the  

increasd background e l e c t r i c a l  noise  level .  The base-line d i s t o r t i o n  is 

s t i l l  apparent and the sensor reverberat ion appears t o  be about the  same 

The w i r e  rod t a r g e t  echo is lower l e v e l  and 

as t h a t  of Figure 10.8. 

The acous t i c  beam shape w a s  measured with the  sensor i n  the  

autoclave a t  both room temperature and a t  300°F. The r e s u l t i n g  da ta  is 

p l o t t e d  i n  Figure 10.10 and shows t h a t  the  beam shape is e s s e n t i a l l y  

unal tered from RT through 300°F. The p lo t s  a l s o  r e f l e c t  the o v e r a l l  

decrease i n  s e n s i t i v i t y  previously discussed. Decreased SNR made similar 
beam shape measurements a t  high temperatures d i f f i c u l t .  However, s t e e r i n g  

the  beam +2O of the  t a rge t  did cause echos t o  drop i n t o  the  noise  l e v e l  

even a t  275OC, confirming the bas ic  t a r g e t  d i scr imina t ion  fea ture .  
- 

Pose-Test Examination - Figure 10.11 shows the condi t ion of t he  

experimental sensor a f t e r  the  autoclave test. Examination of t he  sensor  

housing e x t e r i o r  revealed no mechanial damage t o  the  window o r  the  

bellows, although something (presumably i n t e r n a l  f l u i d  decomposition t o  

gas) had caused the  room-temperature bellows length  t o  increase.  

Inconel 718 acous t i c  window was s t i l l  shiny. 

f lange  is removed, showing the  post- tes t  condi t ion of the Kalrez o-ring 

and a con t r a s t  between the  general  condi t ion of i n t e r i o r  and exerior 
surfaces .  

there  w a s  no s ign  of autoclave f l u i d  invasion. Carbon steel a l l - th read  

in s ide  the  housing was corroded as is evident  i n  the  post- tes t  photo of 

Figure 10.13. 

The 

In  Figure 10.12, the  top  

Al l  i n t e r i o r  o t a in l e s s  steel sur faces  were br ight  and shiny and 

The piezoceramic element remained bonded t o  the backing 

(damping) block and a l l  e l e c t r i c a l  wire connections were in t ac t .  The 

piezoceramic material appears t o  have turned grey ins tead  of its o r i g i n a l  

l i g h t  tan  color. The exposed s i l v e r  e lec t rode  was i n  good condition. 
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Figure 10.10 Transmit/receive beam pattern for experiemntal sensor 
at R.T. ( so l id )  and a t  300'F (broken). 
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F igure 10.11 Photo showing pos t - t e s t  condi t ion  of the  sensor  
housing. No s i g n  of mechanical damage is evident .  
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Figure 10.12. Photo of the disassembled flanged joint ,  showing post- 
test  condition of the Kalrez O-ring and untarnished 
interior s ta in less  steel surfaces. 



Figure 10.13 Post-’test photo of sensor internals, including 
transducer assembly, wiring, all-thread, and electrical 
penetration. 

I I .  
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Some concern'was r eg i s t e red  over the condi t ion of the  i n t e r n a l  coupling 

f l u i d  (Brayco 812) which had changed from clear t o  s l i g h t l y  cloudy. 

suggests  some   degree of chemical i n s t a b i l i t y  i n  Brayco 812 which w a s  not 

observed during earlier f l u i d  q u a l i f i c a t i o n  tests a t  275OC and 2000 ps i .  

Discussion of t h i s  problem is found i n  Section 11. 

This 

Post- tes t  D.C. r e s i s t ance  of the  sensor recovered t o  3.3 
Megohms. The ine rna l  gas generated during the autoclaving was of 

s u f f i c i e n t  volume (at  room temperature and, 1 a t m )  t o  void the c r i t i ca l  

region between the  piezoceramic and the  acous t i c  window. This rendered 

the  upright  sensor inoperat ive immediately a f t e r  the  test. 

post-autoclave bench t e s t s  (acous t ic ) ,  f l u i d  was  forced out  of the  bellows 

and i n t a  the  c r i t i ca l  region and then the  housing was resealed.  

To permi t  

, 

It w a s  then possible  t o  confirm t h a t  both t a rge t  s e n s i t i v i t y  and 

reverbera t ion  l e v e l  recovered t o  near pre-test conditions.  The re- 
assembled sensor  was immersed i n  a water bath and connected t o  the  5050 PR 

t o  permit  measurement of reverberat ion and t a r g e t  s e n s i t i v i t y .  

Pre-autoclaving measurements under i d e n t i c a l  ROT. (room temperature) 

condi t ions were a v i l a b l e  f o r  comparison. Before and a f t e r  R.T. t a r g e t  

s e n s i t i v i t i e s  were determined using a reference t a r g e t  (3/32" diameter 

rod) hose-clamped t o  

the  h ighes t  echo level .  Figure 10.14 shows the  pre-autoclave test data 

with a 3.4 Volt (peak-to-eak) t a r g e t  echo a t  3.8 hor izonta l  divis ions.  

Figure 10.15 shows the  echo from the same t a r g e t  a f t e r  autoclaving. The 

post-autoclaving echo l e v e l  is 3.5 Volt (peak-to-peak). , This test shows 

t h a t  autoclaving d i  

t a r g e t  s e n s i t i v i t y .  

e sensor housing f lange and posi t ioned t o  produce 

o cause any appreciable  perma n t  change i n  R.T. 

Reverberation l e v e l  was checked by simply removing the  t a r g e t  

from the  test apparatus. Pre- and post-autoclaving reverbera t ion  l e v e l s  

can be compared d i r e c t l y  i n  Figures 10.16 and 10.17. I f  anything, 

autoclaving has decreased the high-frequency reverbera t ion  between 2 and 4 
hor izonta l  divis ions.  

frequency reverbera t ion  between 5 and 7 div is ions ,  but t h i s  can be 

Autoclaving has s l i g h t l y  exaggerated the  low- 
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Figure 10.14. Pre-autoclave R.T. target s ens i t iv i ty  data. Target: 
3/32" dia. rod @ 1-1/2" range (3.8 d iv . )  
Vertical = 0'5 Voltldiv 
Horizontal = 10 Psec/div. 

Figure 10.15. Post-autoclave R.T. target s e n s i t i v i t y  data. Target: 
3/32" dia. rod @ 1-1/8" range (3.8 div.)  
Vertical = 1 Volt/div 
Horizontal = 10 Psec/div. 
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Figure 10.16. Pre-autoclave sensor reverberation characteristics. 
Vertical = 0.1 Volt/div; Horizontal = 10 msec/div. 

Figure 10.17. Post-autoclave sensor reverberation characteristics. 
Vertical 0.1 Volt/div; Horizontal = 10 msec/div. 
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f i l t e r e d  out. This test shows t h a t  no s i g n i f i c a n t  change i n  R.T. 
reverberat ion c h a r a c t e r i s t i c s  has r e su l t ed  from autoclaving. 

Sonic Velocity in Geofluid - The successfu l  operat ion of the 

sensor in the  simulated geothermal f l u i d  provided an opportunity t o  

measure the  sonic veloc i ty  of the  f l u i d  a t  various temperatures and 

pressures.  

compared with known sonic  ve loc i ty  of pressurized water. Figure 10.18 

ind ica t e s  t h a t  the  chemistry of the  simulated geothermal f l u i d  has a 
r e l a t i v e l y  small e f f e c t  on the  sonic  ve loc i ty  as a funct ion  of tempera- 

In  Figure 10.18, t h i s  sonic  ve loc i ty  (c )  da t a  is p lo t t ed  and 

ture .  

L ' I  

I .  
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11. DISCUSSION OF RESULTS 

The major objective of the autoclave test was to demonstrate 
operation of those electro-acoustic features required of a BHTV sensor. 
Although degraded from room temperature operation, the sensor remained 
functional at contract-specified conditions of 275OC, 7000 psi, and in the 
presence of a simulated geofluid. 
also demonstrated is that it maintains its directionally-selective beam 

The other major requirement which was 

characteristics. 

The major difficulties encountered during autoclave testing were 
1) coupling fluid depolymerization to a gas phase, and 2) certain 
electronic problems related to high temperature characteristics of the 
piezoelectric sensor material. A discussion of these two difficulties 
follows . 

Coupling Fluid Decomposing to Gas - The gas found inside the 
post-autoclave sensor compartment was unexpected. 
of Brayco 812 fluid inside the housing was 150 CC. The post-autoclave 
bellows length had increased about 3.8 cm, corresponding to a net volume 
increase of 68 CC. This amounts to 45% of the ortginal fluid volume. 

The approximate volume 

Consultation with polymer fluids expertise has provided insight 
into the problem of fluid depolymerization during autoclaving. The gas 
produced during autoclaving is almost certain to be related to the 
unfortunate use of carbon steel all-thread inside the sensor 
compartment. This conclusion is reached based upon a technical 
publication6 DuPont ' s Krytox, which is also a perf luoroalkylpolyether like 
Brayco 812. At temperatures above about 550% these fluids begin to react 
with some metals and/or their oxides. Figure 11.1 is copied from the 
reference and quantifies the reaction problem for several metal alloys. 
Presumably, positive slopes correspond to reaction products deposited on 

LJ 
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84 TO 48 hr TESTS, NO REFLUX CONENSOR USED. 
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Figure 11.1. Corrosion of metals by KRYTOX 143AC fluorinated oil at 
elevated temperatures (from Ref. 6 ) .  

. .  . .  . .  . 
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t 
the specimens and negative slopes indicate conditions of specimen 
decomposition. 
problematical. 

These curves confirm that carbon steels are particulgrly 

I .  

Table 11-1, also copied from the reference, lists alloys better 
suited for exposure to high temperature perfluoroalkylpolyether. 
reference also describes work toward developing certain additives which 
can decrease the reaction rate. 

The 

A reaction between Brayco 812 and the tungsten powder in the 
backing material is not considered likely since no significant gas was 
generated during the latest autoclave fluid screening tests. During those 
screening tests, (see Section 6 )  tungsten powder filled backing material 
was exposed to Brayco 812 at 275OC for 4-hours without evidence of gas 
generation. 

It is concluded that the gas generation problem encountered 
during sensor autoclave tests could have been avoided if the carbon steel 
all-thread were replaced with a stainless steel or an Inconel. As such 
perfluoroalkylpolyethers such as Brayco 812 and Krytox 143 would appear to 
be acceptable from the standpoint of the geothermal acoustic sensor 
concep t. 

Electronic Problems 

Following the autoclave testing, several lab investigations were 
conducted to locate the source of electronic problems. The first test was 
aimed at determining if autoclaving had resulted in permanent (residual) 
changes in room-temperature sensor operation. These lab investigations 
were also aimed at a better phenomenological understanding of the test 
results. 

It has been mentioned that autoclaving caused some coupling 
This gas did not preclude sensor fluid degradation to the gas phase. 

operation in the autoclave because of the very high pressure. However, at 
room temperature and pressure the increased gas volume voided the acoustic - 

path between the piezoelectric disc and the acoustic window, making the ' U 
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TEMP., 
F 

700 

650 

600 

550 

METALS AND ALLOYS SUITABLE FOR USE WITH 
KRYTOX@ 143 OILS AT ELEVATED TEMPERATURES 

Test Conditions: 72 hours at 5 liters dry gadbr. 
Qualifying Corrosion Rate: 6 0.4 mg/cm -day. 

ATMOSPHERE 
AIR INERT GAS 

Nickel alloys Nickel alloys 
cobalt alloys Cobalt alloys 
AMs-5547 steel AMs-5547 steel 

AMs-5525 steel 
Ti (6Al 6V 2Sn) 

304, 446 stainless steel 

M g ,  Ag, Cr, v 
301, 304, 310, 316, 321, 446 

stainless steels 
N- 155 
Ti (13V llCr 3Al) 
Ti (6Al4v) 
Al (QQ-A-355) 
Bearing Bronze 

405, 410, 440 stainless steels 
High Speed stainless steel 

QQS-636, M-1, M-50, WB-49, 
(14.5Cr 4.0Mo 1.2V 1.15C bal. Fe) 

52100 steels , 

Ti ( 8 W ,  cu 

44oc 
High-speed stainless steel 
(14.5Cr 4.0Mo 1.2V 1.15C bal. Fe) 

WB-49, 52100 steels 
QQ-S-636, M-1, M-50, 

Ti (8Mn), cu 

Ti (7A14MO) 

NOTE: metal or alloy suitable at ohe temperature is also suitable at all 
lower temperatures. Any metal suitable in air is also suitable in 
inert ‘atmosp&re. 

TABLE 11-1 
(from Ref. 6 )  
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sensor  inoperative.  This was overcome by removing the  top flange, forc ing  

coupling f l u i d  out of the  bellows, and then replacing and re-sealing the  

top flange. The D.C. res i s tance  of the  sensor  was then checked a t  3.3 

Megohms, the  same as before resolving the  gas void problem. 

The re-assembled sensor was then immersed i n  a water bath and 

connected t o  the  5050 PR t o  permit measurement of reverbera t ion  and t a r g e t  

s e n s i t i v i t y .  Pre-autoclaving measurements under i d e n t i c a l  R.T. (room 

temperature) condi t ions were ava i l ab le  f o r  comparison. 

Before and a f t e r  R.T. t a r g e t  s e n s i t i v i t i e s  were determined using 

a reference t a r g e t  (3/32" diameter rod) hose-clamped t o  the  sensor housing 

f lange  and posi t ioned t o  produce the  h ighes t  echo level .  

shows ' the  pre-autoclave test data  with a 3.4 Volt (peak-to-peak) t a r g e t  
echo a t  3.8 hor izonta l  divis ions.  Figure 11.3 shows the  echo from the  

same t a r g e t  a f t e r  autoclaving. The post-autoclaving echo l e v e l  i s  3.5 
Volt (peak-to-peak). 

appreciable  permanent change i n  R.T. t a r g e t  s e n s i t i v i t y .  

Figure 11.2 

This test shows t h a t  autoclaving d id  not cause any 

Reverberation l e v e l  was checked by simply removing the  t a r g e t  

from the  test apparatus. Pre- and post-autoclaving reverbera t ion  l e v e l s  

can be compared d i r e c t l y  I n  Figures 11.4 and 11.5. 
autoclaving has decreased the high-frequency reverbera t ion  between 2 and 4 
hor izonta l  divis ions.  Autoclaving has s l i g h t l y  exaggerated the  low- 

frequency reverbera t ion  between 5 and 7 div is ions ,  but t h i s  can be 

f i l t e r e d  out. This test shows t h a t  no s i g n i f i c a n t  change i n  ROT. 

reverberat ion c h a r a c t e r i s t i c s  has r e su l t ed  from autoclaving. 

If anything, 
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Figure 11.2. Pre-autoclave R.T. target s e n s i t i v i t y  data. Target: 
3/32" dia. rod @ 1-1/2" range (3.8 div.)  
Vertical = 0.5 Volt/div. 
Horizontal = 10 vsec/div. 

Figure 11.3. Post-autoclave R.T. target s ens i t iv i ty  data. Target: 
3/32" dia. rod @ 1-1/8" range (3.8 div.)  
Vertical - 1 Volt/div 
Horizontal - 10 Psecldiv. 
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Figure 11.4. Pre-autoclave sensor reverberation characteristics. 
Vertical = 0.1 Volt/div; Horizontal = 10 Vsec/div. 

Figure 11.5. Post-autoclave sensor reverberation characteristics. 
Vertical = 0.1 Volt/div; Horizontal = 10 Psec/div. 
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Investigating Sources of Autoclave Test Problems 

After determining that no permanent acoustic performance damage 
was done to the sensor as measured at room temperature, attention turned 
to understanding the autoclave test difficulties and accounting for 
decreased sensitivity at 53OoF (275OC).  The planned tests would require 
heating sensor test apparatus to 6OO0F in a nitrogen-atmosphere furnace. 
In the interest of preserving the condition of the autoclaved sensor, it 
was decided that all testing requiring heating sensors should be done 
using the "spare" transducer assembly, fabricated identically to the 
autoclaved unit. This assembly is shown in Figure 11.6. 

Initial efforts focused on the cause of the exponential base- 
line observed during high temperatures in the autoclave. 
suspected that the 170 D.C. resistance measured at 550' during 
autoclaving could cause the problem. Shunting the R.T. sensor with a 
170 f i  resistor did not change the base-line but did decrease echoes by 
2:l. 
530°F. 

At first it was 

This helps account for part of the lost sensor sensitivity noted at 

Further efforts to understand the exponential Vase-line revealed 
that shunting the sensor with .01 mF capacitor could force an exponential 
base-line condition on the scope trace. This is a major departure from 
the few hundred picofarads measured across the sensor element at t o w  

temperature. 

Toward understanding how this dramatic change could come about 
at elevated temperature, pursuant investigations focused on the detailed 
electro-mechanical characteristics of the sensor at high temperature. 
Specific attention was given to the sensor capacitance. 
involved the non-autoclaved transducer mock-up in the nitrogen-atmosphere 
furnace. This testing involved three kinds of measurements at various 
temperatures: 

The testing again 
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Figure 11.6.  "Spare" transducer assembly used for investigations 
requiring large thermal excursions. 
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1) t he  5050 PR and the scope could be connected t o  the transducer t o  

observe exponential  base-line d i s t o r t i o n ,  

a special instrument was used t o  measure the  vector  impedance of 

the  sensor VS. frequency, 

an  impedance bridge was used t o  measure the  low-frequency (1 kHz) 

capacitance of the  sensor. 

2) 

3) 

The "spare" transducer was put i n t o  the  ni t rogen furnace and 

heated t o  633OF. 

d i s t o r t i o n  was apparent using the  5050 PR and scope. Figure 11.7 shows 

the  base-line d i s t o r t i o n  a t  tha t  time and temperature. This is an  

important r e s u l t  i n  t h a t  it shows t h a t  the  exponent ia l  base-line a t  high 

temperature is not r e l a t e d  t o  pressure o r  the  presence of coupling 

f lu id .  It was then hypothesized tha t  the  base-line d i s t o r t i o n  could be 

A t  t h a t  temperature, the  exponential  base-line 

el iminated by a p a r a l l e l  (shunt) inductor  across  the  sensor,  forming a 

high-pass f i l t e r .  

such an inductor  was i n s t a l l ed .  The e f f e c t  of the  shunt inductor  is 
evident  i n  Figure 11.8 showing the des i red  s t r a i g h t ,  hor izonta l  base- 

l i ne .  This demon'strates t ha t  the  base-line d i s t o r t i o n  problem can be 

e a s i l y  overcome with a simple parallel inductor. 

While the  condi t ions o f 'F igu re  11.7 were maintained, 

The capacitance of the transducer assembly s a l s o  measured VS. 

temperature, using a General Radio Bridge (Model 1650-A) . Figure 11.9 
shows the capacitance data  plot ted.  
of the  sensor  element 

takes  a dramatic uptur oward many thousands of picofarads.  This is j u s t  

t he  kind of shunt capacitance tha t  was required t o  force  exponential  

base-line condi t ion room temperature. 

The p l o t  shows t h a t  the capaci tance 
r e l a t i v e l y  s t a b l e  u n t i l  about 450°F and then 

omething happens t o  the molecu s t r u c t u r e  of the 

lead metaniobate ( the  capac i tor  d i e l e c t r i c )  a t  high temperature which 

dramatical ly  increases  i t s  e f f e c t i v e  d i e l e c t r i c  constant.  The increased 

capacitance a t  high temperature should cont r ibu te  t o  the decreased sensor 

s e n s i t i v i t y  during autoclaving. It is believed t h a t  this enormous high 

temperature shunt capaci tor  "swamps" much of the  cur ren t  produced by the  
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Figure 11.7. Ring-down pattern of "spare" assembly in 633OF furnace, 
showing exponential scope baseline. 

Figure 11.8. Same conditions as Figure 6, except with inductor in 
parallel with sensor element. 

Ld 
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Figure 11.9. Plot of measured transducer capacitance VS. 
temperature. 
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electro-acoustic transduction process. One way of alleviating this 
problem would be to use a very low input impedance receiver. 

Numerous other capacitance measurements were also made on room 
temperature devices toward further understanding in this area: 

Unmounted lead metaniobate disc 1 261 pf 
Unmounted lead metaniobate disc 2 261 pf 
Unmounted lead metaniobate disc 3 269 pf 
Autoclaved sensor disc (pos t-autoclaving) 420 pf 
"Spare" sensor disc, after sever81 600°F 
excursions 450 pf 

Calculated capacitance, based on actual dimensions and 
manufacturers published dielectric constant, is 257 pf. It is clear that 
the capacitance of unmounted discs are consistent, unit-to-unit, and agree 
with theoretical calculations. It is also evident that elements which 
were exposed to high-temperatures have permanent increase (approximately 
doubled) in R.T. capacitance. 

Subsequent thermal cycles did not apper to cause further room 
temperature capacitance increase. Also, the R.T. capacitance change was 
about the same for both the autoclaved transducer and the "spare" 
transducer, suggesting again that this capacitance shift is attributable 
to thermal effects only. 

The final test to be described involved special instrumentation 
for electromechanically characterizing resonant devices such as the sensor 
transducer. The data generated is a plot of the magnitude and phase angle 
of the sensor impedance as a function of frequency. An x-y plotter 
permanently records this plot. These measurements were made on the 
various available transducer devices over a range of temperatures as an 
additional aid in understanding the autoclave test results. The 
predominant plot characteristic of a resonant device is a ''loop" whose 
features provide quantitative performance data. 
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Figure 11.10 shows a typ ica l  impedance VS. phase angle plot.  

This p l o t  is f o r  a 1/2" dia. x 1.3'MHz, unmounted lead metaniobate d i s c  

(Keramos K-81) i d e n t i c a l  t o  those used i n  the  autoclaved sensor and the  

transducer mock-up. Figure 11.11 shows the  p lo t  f o r  the  "spare" 

t ransducer  assembly a t  ROT. p r i o r  t o  a 650°F thermal excursion. The most 

notable  d i f fe rences  are a smaller s i z e  loop and a s l i g h t l y  lower resonant 

. 

frequency. Both of these e f f e c t s  are t y p i c a l  of p i ezoe lec t r i c  elements 

t i g h t l y  coupled (bonded) to, high-Z backing materials. 

Figure 11.12 through 11.16 show similar p l o t s  f o r  the  "spare" 

transducer assembly a t  various temperatures up t o  604'F. 

Figure 11.17 was made a f t e r  the  assembly had returned t o  room 

temperature. 
' temperature range ind ica t e s  a s t a b l e  e lectro-acoust ic  t ransduct ion process 
. which is maintained a t  high temperature and is e s s e n t i a l l y  unal tered upon 

r e t u r n  to  room temperature. 

The p lo t  of 

The consistency of the  "loop" characteristics over the  test 

Figure 11.18 shows a R.T. p lo t  of the  sensor ( i n  a i r )  which had 

- *% undergone the  autoclave test. The p lo t  depar t s  from the  othes  i n  t h a t  the 

"loop" i s  considerably smaller and the  resonance frequency has 

increased. These d i f fe rences  are thought t o  be due . t o  the  unique 

condi t ions  of the  autoclave test. Spec i f i ca l ly ,  it is  believed t h a t  the  

i n t e r n a l  coupling f l u i d  under the  7000 p s i  pressure may have been forced 
i n t o  the  poros i ty  of the lead metaniobate and/or the backing h t e r i a l .  

This may expla in  the smaller loop because the  loss mechanisms could be 

modified (increased).  Permanent invasion of f l u i d  i n t o  the lead 

metaniobate could modify the ' son ic  ve loc i ty  i n  the  material and therby 
change the  resonant frequency. 

ve loc i ty  i n  the  lead hetanlobate  t o  decrease by approximately 18%. 
This explanation would requi re  the sonic  

Table 11-11 compiles re levant ,  f e a t u r e s  of t he  fmpedance p l o t s  

f o r  the  var ious test transducers mentioined above. 
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TABLE 11-11 

Test (1) (2) fu (3) fL(4)  q(5) 
fO -- - Time Temp. - Device 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 
3 

1000 

1041 

1049 

1100 
1123 

1132 
1206 

1217 
1524 

ROT. 

214'F 

335 

40 1 

505 

604 
492 

458 
ROT. 

Re To 
R. To 

1.248 

1.249 

1 243 

1.246 
1.258 

1 265 
1.256 

1.254 
1.231 
1.293 
1.471 

1,287 1.225 

1 277 1.214 

1.275 1.212 

1,276 1.216 
1.282 1.226 

1,297 1.227 
1.283 1.219 

1.280 1.216 

1.274 1.217 

1.313 1.258 
1.539 1.406 

20.13 

19.83 
19.73 

20.77 
22.46 

18.07 
19.63 

19.59 
21.60 

23.51 
11.06 

Notes: 
(1) Test Devices: 1 - Spare assembly in furnace; 2 = Unmounted lead 

metaniobate disc; 3 - Autoclaved transducer assembly. 
(2)  fo = "resonant" frequency 

(3) 
(4)  

f, = upper half-power frequency 
fL = lower half-power frequency 

( 5 )  Q = fO E fo 
Bandwidth fu - fL 
The K-81 lead metaniobate material used in this project was 

supplied by Keramos Incorporated of Lizton, Indiana. Mr. Paul Angleton, 
Vice President of Research at Keramos was contacted regarding the radical 
changes in the material properties which became apparent above 48OoF 
during autoclaving and were subsequently studied as described above. 
conf inned that at temperatures exceeding roughly 500°F, the dissipation 
and resistivity of K-81 increases sharply but that the peizoelectric 

properties of the material remain intact. This statement corroborates the 
measurements which were made on K-81 discs in the nitrogen furnace after 

He 
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the autoclave tes t .  This indicates that K-81 lead metaniobate can be 

considered a suitable piezoelectric material for a geothermal BHTV, 

provided that the high-temperature s h i f t s  in e l ec tr i ca l  properties are 

factored into the design of the transmit and receive electronics.  
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12 0 CONCLUSIONS 

1) The present ly  manufactured BHTV sensor is not w e l l  su i t ed  

f o r  d i r e c t  exposure t o  the  geothennl environment spec i f i ed  by DOE (275OC, 

7000 ps i ,  and cor ros ive  geofluid).  

2)  Although wrapping the  conventional Vespel window with TFE 
, *  

Teflon tape (USGS - Water Resources) has extended the  temeprature 

to le rance  of Vespel, i ts  hydrolyt ic  behavior represents  a major 

r e l i a b i l i t y  problem i n  fu tu re  appl icat ions.  

' 3)  A t h i n  metal acous t i c  window can provide comparable acous t ic  

sensor  performance without the concurrent r i s k  of chemical a t t a c k  by t h e  

cor ros ive  geofluid.  

4 )  Perfluoroalkylpolyethers such as Brayco 812 and Kyrtox 143 

appear t o  be acceptable  as i n t e r n a l  coupling f l u i d s ,  from standpoints  of 

temperature, pressure,  and acous t ic  properties. 

.~ 

5 )  Lead metaniobate p i ezoe lec t r i c  material such as is presen t ly  

used i n  the  BHTV is acceptable  provided t h a t  t ransmit  and receive 

c i r c u i t r y  o f f e r  su i t ab ly  low e l e c t r i c a l  impedances. 

6 )  Tungsten-powder-filled r e f r ac to ry  cement is an exce l len t  

high-temperature damping (backing) material which is machineable and is  

cornpatable with above coupling f lu id .  

7 )  Epotek H-20E s i l v e r  conductive epoxy can be used f o r  

mechanical and electrical bonds within the  sensor a t  temperatures of 

275OC. 

8) The d i f f i c u l t i e s  experienced during autoclave demonstratiod 

tes ts3of  the experimental sensor are explainable  and can be overcome. 

9)  The sensor  concept developed under this contract  is capable 

of providing those functions required of a BHTV a t  temperatures up t o  

27SoC, pressures  up t o  7000 p s i ,  and i n  the  presence of corrosive f lu ids .  

W 
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13. RECOMMENDATIONS 

1) The perfluoroalkylpolyether (Brayco 812) fluid evaluated 
during the sensor autoclave demonstration test provided those acoustic 
coupling features fundamental to BHTV sensor operation. However, apparent 
fluid depolymerization resulting in substantial void fraction when 
returned to 1 atmosphere was observed. The evidence indicates that 
depolymerization was due to a chemical reaction with an oxide of a carbqn 
steel mechanical within the sensor compartment. 
sensor housing could probably be modified to accommodate the generated gas 
while maintaining adequate acoustic sensor operation. Alternatively, the 
carbon steel could obviously be replaced by a stainless steel or Inconel 
alloy. However, both of these approaches ignore a more general set of 
potential fluid related problems. 
the standpoint of the acoustic sensor, the fluid must also be compatible 
with several other devices (materials) located in the sensor housing. 
These devices include an electric motor, slip-rings, gear box, flux gate 
magnetometer, and a market switch. Also, other fluid properties such as 
lubricity, viscosity, and dielectric strength are expected to impact on 
the operation of these other devices. 

The conventional BHTV 

In addition to being acceptable from 

It is therefore recommended: that a comprehensive study by 
undertaken to assess fluid compatibility with all sensor compartment 
devices under conditions of 275OC and 7000 psi. 
work should include 1) identification and characterization of flu€d 
compatibility problems, 2) identification of alternatives for overcoming 
such problems, and 3) assessment of impact of alternatives on tool 
complexity, reliability, and performance. 

The objectives o f  this 

2) The acoustic performance of a 0.002" thick Inconel 718 
acoustic window are demonstrated to be comparable to the conventional 
Vespel window (0.1'' thick). Lab tests demonstrated that this level of 
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performance was achievable with metal window segments of both f l a t  and 

c y l i n d r i c a l  (3-3/8" dia.) geometry. In order  t o  incorporate  t h i s  

geotherml window design i n  an a c t u a l  BHTV too l ,  an acceptable  c y l i n d r i c a l  

window manufacturing process must be devised. 

It is therefore  recommended: t h a t  some add i t iona l  work be done 

t o  i d e n t i f y  a manufacturing process f o r  producing a complete, thin-walled, 
c y l i n d r i c a l  s h e l l ,  fnconel 718 acous t ic  window. Window fab r i ca t ion  from 

shee t  s tock may be possible  i n  l i g h t  of the  success a t t a i n e d  with e l ec t ron  

beam'welding techniques i n  t h i s  project .  Al te rna t ive ly ,  i t  may be 

possible  t o  machine a O.OO2" w a l l  tube from oversize tubing stock. 

methods should a l s o  be invest igated.  

a means f o r  s ea l ing  the window t o  the  body of the televiewer tool.  

O-rings and othe gasket type seals appear t o  be promising, but f lange 
design d e t a i l s  remain t o  be establ ished.  

Other 

This work should include ident i fy ing  

Kalrez 

3)  Although the p i ezoe lec t r i c  electro-mechanical t ransduct ion 

process of lead metaniobate is maintained a t  27SoC, c e r t a i n  electrical 

c i r c u i t  equivalent  parameters were demonstrated t o  change dramatical ly  and 

inf luence apparent performance. 

e f f e c t s  of these parameter changes can be counteracted by t a i l o r i n g  the  

design of the  assoc ia ted  t ransmit  and receive e l ec t ron ic s .  

Persuant i nves t iga t ion  revealed t h a t  t h e  

It is therefore  recommended: t h a t  BHTV e l ec t ron ic  c i r c u i t r y  

designers  be made aware of the  apparent need f o r  providing s u i t a b l y  low 

t r ansmi t t e r  output impedance, low receiver input impedance, and f o r  

incorporat ing a simple high-pass network (e.g. , parallel inductor) ac ross  

the  p i ezoe lec t r i c  d i s c  element. 

.u . 
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APPENDIX I - ELECTROACOUSTIC CHARACTERIZATION OF 

BOREHOLE TELEVIEWER 

Over the  period of June 23-27, 1977, measurements were made on 

two borehole televiewer too l s  (3-3/8" and 1-3/4" diameters) t o  determine 

cooperation with the  U. S. Geological Survey (Water Resources Department) 

i n  l abora to r i e s  a t  the  Denver Federal Center. 

Objectives:  Quant i ta t ive ly  determine 

1) 
2) r ece ive r  s e n s i t i v i t y  

3) reso lu t ion ,  and 

4) beam pat  terns .  

output pressure l e v e l  and waveform, 

Apparatus: I 

Two Simplec Manufacturing (Dallas, Texas) BHTV too l s  were 
ava i l ab le  f o r  tes t ing .  

diameter. 
p i ezoe lec t r i c  elements ("crystals") and high temperature Vespel window. 

The l a r g e r  diameter t oo l  i n t i a l l y  had a s i n g l e  l a y e r  of t e f l o n  tape 

spiral-wrapped over the  acous t ic  window. 

One t o o l  was 1-3/4" and the o ther  was 3-3/8" 
Both t o o l s  incorporated l/2" diameter lead metaniobate 

F ix tur ing  was provided f o r  scanning a t ransmit / receive reference 

transducer (or  various t a r g e t s )  around the  BHTV sensor i n  a plane 

perpendicular t o  the  t o o l  axis. Figure 1 shows the  3-3/8" diameter t oo l  

with the  lower c e n t r a l i z e  sec t ion  removed f o r  the  purposes of these  

t e s t s .  

too l ing  s i z e s  and t o  provide f o r  ro t a t ing  (scanning) var ious devices about 

A s i m p l e  f i x t u r e  (see Figure 2) was designed t o  accommodate bofh 

e i t h e r  the  t o o l  o r  the  i n t e r n a l  p i ezoe lec t r i c  element axis.  This was 

accomplished by a length of 2" angle with a perpendicular p l a t e  welded 
' V  near one end. Mult iple  holes i n  the  plate provided the various required 

r o t a t i o n  axes. 
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Figure 2. Scanning Fixture 

A-3 
RM-71919 



i 
i 

A s l o t t e d  ro t a t ing  arm a t t aches  t o  the  p l a t e  by bo l t  and jamb 

nuts. The appropriate  hole i n  the  p l a t e  is se lec ted  according t o  t h e  

r o t a t i o n a l  a x i s  desired. An a l l - th read  post provides ad jus tab le  

posi t ioning of various devices along the too l  a x i s  and r a d i a l  d i s t ance  

from t o o l  is adjus tab le  according t o  post l oca t ion  along the  s l o t .  

f i x t u r e  is f i rmly at tached t o  the too l  using two hose clamps. 

shows the  completed f i x t u r e  and Figure 3 shows it at tached t o  the  3-3/8" 
diameter t o o l  and supporting a c a l i b r a t i o n  sensor. 

The 

Figure 2 

Other mechanical test hardware included 1/8" and 1 /4 "  diameter 

sphe r i ca l  b rass  r e f l e c t o r s  a t tached t o  the  ends of 4-40 al l - thread 

posts. These r e f l e c t o r s  are usefu l  i n  measuring the  resolving capaci ty  of 

the  BHTV. 

The downhole e l ec t ron ic s  package f o r  the  1-3/4" diameter t o o l  

was used i n  conjunction with both too l s  tes ted.  

The c a l i b r a t i o n  transducer ( see  Figure 4 )  used is an Automation 

Indus t r i e s  657A2788, incorporat ing a p i ezoe lec t r i c  l i t h ium sulphate  d i s c  

0.375" diameter with a 10 MHz, low-Q resonance. The response of t h i s  

transducer is uniform and f l a t  below 5 MHz. The rece ive  s e n s i t i v i t y  has 

been measured a t  -124 dB re 1 volt/VBar with a 6' cable  attached. When 

used i n  the t ransmit  mode, t h i s  transducer produces on-axis pressure of 76 

WBar per  vo l t  of dr ive  a t  a d is tance  25.4 cm from the  crystal. RF 

e x c i t a t i o n  was provided t o  the c a l i b r a t i o n  transducer by a tone bu r s t  

t r ansmi t t e r  with phase lock loop c i r c u i t r y  f o r  frequency s t a b i l i t y  and 

with a low output impedance f o r  minimizing load e f f e c t s .  

S igna ls  received by the  RHTV c r y s t a l  were measured e i t h e r  

d i r e c t l y  across  the  c r y s t a l  through a 6' length of coaxia l  cable  o r  as an  

amplif ied vers ion ava i l ab le  on the  f ron t  panel of the BHTV surface 

package. Signal l eve l s  were determined by inspec t ion  of the osc i l loscope  

used as the  read-out. Polaroid p i c tu re s  of the CRT were taken t o  record 

much of the  data.  
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Figure 3. Fixture and Reference Sensor Tnstalled on 
WTV @ USGS. 

Figure 4. Calibration Sensor , 
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Method. 

All measurements were made with the  BHTV sensor sec t ion  immersed 

i n  a 2 f t .  diameter (water-f i l led)  test tank as shown i n  Figure 5 and with 

the  ine rna l  c r y s t a l  s t a t iona ry  (no ro ta t ing) .  

were made by ro t a t ing  the  Automation Indus t r i e s  t ransducer  ( rece iver )  

about the  crystal  axis.  Resolut ioin measurements were made by r o t a t i n g  

sphe r i ca l  r e f l e c t o r s  about the  too l  a x i s  as though they were t a r g e t s  

loca ted  on a concentr ic  borehole w a l l .  Figures 6 and 7 show the 

c a l i b r a t i o n  transducer and a sphe r i ca l  r e f l e c t o r  ( respec t ive ly)  movnted on 

BHTV c r y s t a l  beam pa t te rns  

the  BHTV while immersed i n  the  test tank. 

The o r i g i n a l  test plan included varying the  spacing between two 

small spheres t o  determine a t  what spacing the  two t a r g e t s  merged i n t o  

one. In  order  t o  ge t  the spheres c lose  enough f o r  these measurements, 
they had t o  be small (1/8" dia.) and the  r e f l e c t e d  s i g n a l  e l v e l s  from such 

small t a r g e t s  w a s  found t o  be i n s u f f i c i e n t  f o r  meaningful data.  

Therefore, t h i s  test component was deleted.  This was not considered t o  be 

a major problem s ince  similar information can be obtained from the  

t ransmi t / rece ive  beam pa t t e rn  of the  s i n g l e  l a r g e r  sphere. 

Angular pos i t ion  of the test devices r e l a t i v e l y  t o  the BHTV 

c r y s t a l  a x i s  was measured using a p ro t r ac to r  and referencing the  ava i l ab le  

geometrical  f ea tu re s  of the apparatus. By r e p e t i t i o n  of a few 

measurements, the  tolerance of angular pos i t i on  da ta  appeared t o  be no 

worse than - + 1 / 4 O .  Angle data  were rounded off t o  the neares t  1 / 2 O .  

Test Resul ts  and Discussion 

3-3/5" Diameter Tool: I n i t i a l l y  the  e x t e r i o r  of the Vespel 

window was wrapped with .6 m i l s  of t e f l o n  tape.  This was pa r t  of a p r i o r  

experimental  e f f o r t  t o  provide means f o r  pro tec t ing  the  window. It was 

not known whether the taped window had been down hole but it was 

considered worthwhile t o  measure its e f f e c t  on the  acout ic  transmission 

cha rac t e r i s t i c s .  As such, a beam pa t t e rn  of the  t ransmit  s i g n a l  was made 
. with the  tape i n  place and a f e w  points  checked again a f t e r  the tape was 

removed. 
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Figure 5 .  BHTV in Test Tank 
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Figure 7 .  BHTV and 1/4" Diameter Spherical Target i n  Tank 
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The s o l i d  l i n e  of Figure 8 shows the  measured beam pa t t e rn  of 
w 

the t ransml t t ing  c r y s t a l  with the  t e f l o n  tape. 
loca ted  4-3/4" from the  t o o l  e x t e r i o r  i n  an e f f o r t  t o  measure the  far-  

f i e l d  pat tern.  

from the  BHTV c rys t a l .  

was 430 mV p-p and is shown I n  Figure 9. 

pressure of 2.4 x 10 VBar. 

Calculated beamwidth f o r  an equivalent  p i s ton  source is 
small d i f f e rence  is expected t o  be r e l a t e d ' t o  the  e f f e c t s  of the various 

intermediate  materials and t h e i r  curvature. The da ta  taken a f t e r  

c a r e f u l l y  removing the  tape and adhesive is shown by broken l i n e  i n  

The reference rece iver  was 

The approximate near / fa r  f i e l d  crossover occurs a t  3-1/4" 

The on-axis received s i g n a l  (0 dB reference l eve l )  

This corresponds t o  an rms 
5 The half-power (-3dB) beam width is 5-1/2'. 

.* 

6.9' and the  

Figure 8. 

t he  beam somewhat broader. 

Signal l e v e l s  are s l i g h t l y  higher  with the  tape VS. without and 

The on-axis v a r i a t i o n  (0.6 dB) may be 

a t t r i b u t e d  t o  experimental e r r o r ,  but the  shape v a r i a t i o n  is not. 

these  va r i a t ions  are in t e re s t ing ,  they are small enough t o  be of l i t t l e  

p r a c t i c a l  s ign i f i cance  i n  the realm of t o o l  performance. Therefore, an  

explanat ion was not pursued. 

While 

Figure 10 shows a BHTV t ransmit / receive beam pattern. 
data ,  t he  BHTV is used in the  normal "transceive" mode and a 1/4" sphere 

is used as a ta rge t .  

t h a t  of Figure 8. This is expected s ince  f o r  t h i s  test, the  angular 

resonse shown i n  Figure 8 e f f e c t s  the  beam once when the  pulse  is  
t ransmit ted and again upon receiving the reflected pulse. The beam 

p a t t e r n  of Figure i0 is considered. t o  be the  most re levant  in t h a t  i t  

r e p l i c a t e s  the  process of borehole aging. With a re f lec tor - to- tool  

range of 1.5", t h i s  simulates condi t ions i n  a 6-3/8" diameter borehole. 

Limited signal-to-noise r a t i o  measurement of beam s i d e  lobes. 

For t h i s  

It is evident t h a t  the  beam is narrower (3') than 

Referr ing t o  Figure 9 ,  the  launched waveform cons i s t s  of 8 f i r s t  

a r r i v a l  pulse containing *2-1/2 cycles  of 1.5 MHz, followed by seve ra l  

lower l e v e l  r ep l i cas  which appear t o  p e r s i s t  i n  excess of 10 Yseconde. 

These t r a i l i n g  s igna l s  are , l i k e l y  t o  be due t o  i n t e r n a l  reverbera t ion  

within the  televiewer. Some of t h i s  reverberat ion is expected t o  f ind  i ts  
way i n t o  the  BHTV rece iver  channel via the  c r y s t a l  and degrade the  SNR OP ' 

ad t he  tool.  
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Figure 9.  On-Axis Pressure Pulse; 3-3/8" Tool; With Teflon Tipe. 
(H 3 2 psec/div; V = 0.2 Volts/div.) 
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BHTV rece iver  s e n s i t i v i t y  was measured by t ransmi t t ing  a known, 

gated,  s inuso ida l  pressure wave with the ca lb ra f ion  transducer and not ing 

the  received vol tage across  the  BHTV crystal. The crystal  was loaded by 
5 

6 f e e t  of coaxia l  cable. For t h i s  measurement, the  faces  of t he  

c a l i b r a t i o n  and BHTV c r y s t a l s  were parallel  and separated by about 4-3/4". 

The output of the  c a l i b r a t i o n  transducer was previovsly 

determined t o  be 76.1 P B a r  per  vo l t  of d r ive  a t  a 10" range. 

e x c i t a t i o n  l e v e l  of 30 Volts p-p, the  pressyre a t  10" i s  2.3 x lo3 P B a r  

With an 

(p-p). As the  f a r  f i e l d  pressure is invereely proport ional  t o  range, $he 

a c t u a l  pressure a t  the BHTV window should be 10/4.75 times the pressure a t  

10" range. The a c t u a l  pressu input  t o  the  BHTV s then 4.8 x lo3 VBar 

Figure 11 shows the  waveform across  ceiving c r y s t a l  
i n  response t o  the  above pressure wave. The itucle is 100 mV (p-p). A 
rece iver  s e n s i t i v i  n be ca lcu la ted  by d iv  vol tage by the  

appl ied input  press  

100 mv 
Pressure 4.8 x lo3 P B a r  

The terms of the  more conventional f ree- f ie ld  vol tage 

s e n s i t i v i t y  (FFVS), -94 dB re 1 Volt/PBar. 

1-3/4" Diameter Tool: A similar set of measurements were made 

for  the  1-3/4" diameter tool.  

da t a  was expected to be similar t o  t h a t  of the  3-3/8" diameter t o o l  with 

most d i f fe rences  a t t r i b u t a b l e  t o  increase  curvature  of the  window and more 

compact arrangement of i n t e r n a l s  (i .e. ,  damping block, etc.) .  

As both too l s  use i d e n t i c a l  c r y s t a l s  the  

The f a r - f i e ld  (one-way) beam pa t t e rn  i s  shown i o  Figure 12 and 

e x h i b i t s  a half-power beamwidth of 5-1/Z0. 

reference l e v e l )  was 490 mV peak-to-peak and is shown in Figure 13. This 
corresponds t o  a ca lcu la ted  rms pressure of 2.7 x 10 

The on-axis s i g n a l  (0 dB 

5 PBar.  
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Figure 11. Receiver Sens i t iv i ty  Waveform; 3-3/8" T a d  
(H = 5 Vsec/div.; V = 20 mV/div.) 

A-14 
RM-71924 



Curve 71 5665-A 

w 

1 Range =4.75" + 

0 

- 3  

-5 

-10 

-15 

1314'' Dia. 

(IHW + 

-6 -4 -2 0 2 
Angle 8 (degrees) 

4 

Figure 12. Transmit beam pattern; 1-3/4" tool;  range - 4.75". 

6 

A-15 



Figure 13. On-Axis Pressure Pulse; 1-3/4" Tool 
(H = 1 vsec/div.; V = 0.1 Volt/dtv.) 
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The t ransmi t / rece ive  beam pa t t e rn  was measured again using the  

1/4" diameter sphe r i ca l  t a r g e t  a t  1.5" range and is shown i n  Figure 14. 
This pa t t e rn  shows a main lobe and s i g n i f i c a n t  output i n  two o ther  

d i r ec t ions ,  +17O and -22'. 

c h a r a c t e r i s t i c s  of a c i r c u l a r  p i s ton  source, they would be located a t  

- + 11' (approximately) end should appear a t  similar times s ince  target-to- 

c r y s t a l  d i s tance  remained constant.  

s i g n i f i c a n t l y  later than on-axis a r r i v a l s .  It is therefore  believed t h a t  

these  lobes may be the  r e s u l t  of s i g n i f i c a n t  amounts of acous t ic  energy 

launched i n t o  the  BHTV, r e f l e c t i n g  from i n t e r n a l s ,  and propagating out  

through t h e  window. That similar lobes are not apparent on the  3-3/8" 
t o o l  is expected t o  be r e l a t ed  t o  the geometry d i f fe rences .  

t o o l  provides less room f o r  damping materials and i n t e r n a l  absorbing sound 

pathe are shor t e r  and therefore  less e f f ec t ive .  

If these outputs  were a c t u a l  s i d e  lobes 

Actual a r r i v a l  times were 

The smaller 

This may suggest t h a t  

i n t e r n a l  reverbera t ion  is more of a problem I n  the  smaller diameter 

tool.  
preclude recept ion of s igna l s  i n  the  d i r ec t ione  of the undesired lobes. 

I f  th i s 'were  not so, "phosting" o r  mult iple  images would be evident i n  

BHTV output under a l l  but poorest  SNR conditions.  

In  prac t ice ,  the  s i g n i f i c a n t  time delay allows f o r  range ga t ing  t o  

The t a r g e t  was then moved out t o  4.75" t o , check  f o r  v a r i a t i o n  i n  
beam s ize  as a funct ion of range. The beam pa t t e rn  (see Figure 15) i s  
somwhat narrower a t  the optimum range bf 1.5" (3-1/3O @ 4.75" VS. 2-1/3' @ 
1.5") as predicted by the  r e s u l t s  of a computer s imulat ion by 2emanek.l 

The increased target-to-transducer d is tance  r e su l t ed  i n  reduced 

echo levels and the  off-axis lobe energy was not de tec tab le  above the  

background e l e c t r o n i c  noise. 

The receiver s e n s i t i v i t y  of the  1-3/4" t o o l  was measured In the  

30 v o l t s  (p-p)' e x c i t a t i o n  as appl ied t o  the  same way as the  3-3/8" tool.  

lifemanek, J.: "Beam Behavior Within the Nearfield of B Vibrating Piston," 
J. Acoustic Society of America (1971), 181-191, Vol. 49, 
NO. 1 
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Figure 16. Receiver Sens i t iv i ty  Waveform; 1-7/8" Tool 
(H = 5 psec/div.; V = 10 mV/div.) 
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re ference  transducer located 4.75" from the  BHTV window. 

the  r e s u l t i n g  received voltage across  the BHTV c rys t a l .  The received 

s i g n a l  l e v e l  is  58 mV p p  which is considerably lower than t h a t  of the 

l a r g e r  tool.  

Figure 16 shows 

The reason for t h i s  d i f fe rence  is unknown although it may be 

a t t r i b u t a b l e  t o  the  r e l a t i v e l y  severe curvature  of the  window. The 

ca lcu la ted  rece iver  s e n s i t i v i t y  is 1.21 x v o l t s  p e r  UBar (or  -98.4 dB 

re 1 v o l t  per  UBar .  
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APPENDIX I1 - PRELIMINARY MATERIALS SCREENING TESTS 

In t roduct ion  

A number of materials and components were considered candidates 

f o r  use i n  construct ion of a geothermal w e l l  logging sensor. 

these  items were se lec ted  on the  bas i s  of both previous elevated- 

temperature design experience and a review of cur ren t  product l i t e r a t u r e ,  

t h e i r  endurance i n  the intended serv ice  environment was uncertain.  

Testing was therefore  required t o  screen the  s u r v i v a b i l i t y  of t hese  
materials and components when immersed for a lengthy t i m e  i n  a high- 

temperature high-pressure chemically cor ros ive  geothermal l i q u i d  

environment, while being physical ly  assembled i n  a service-simulative but 

non-operative fashion. 

Although 

This appendix descr ibes  two preliminary materials screening 

tests. The information presented includes materials and components 

t e s t ed ,  test procedures, and pos t - tes t  ana lys i s  of specimens. The 

re levant  Autoclave Test Plan (ST-001) i s  found i n  Appendix 111. 
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SCREENING TEST NO. 1 

I. CANDIDATE MATERIALS AND COMPONENTS 

Four 316 stainless steel test cgpsules were prepared. Each 
capsule was 6-1/4-inches long and comprised a 6-inch length of 1-inch 
Schedule 80 pipe fitted with two 1-5/8-inch diameter tubular en4 caps. 
Three of the capsules had their ends selaed with plastic and elastomeric 
candidate window materials, and developed candidate high temperature oi$s 
along with sundry candidate transducer material and component samples. 
These capsules were designated as A, B and C. The fourth capsule was 
permitted to free flood to the autoclave liquid environment and contained 
candidate plastic plotting and encapsulating paterials. This capgule was 
designated as D. 

A photograph of Capsule A that was taken prior to autocJ,ave 
testing is  shown in Figure 1. The elastomeric candidate acousfic window 
material is clearly seen as a black convex surface at the top of the 
capsule. 

Test capsules (I, B and C each had an identical assortment of 
candidate solid materials and components, and differed on$y in the type of 
high temperature oil enveloped. Capsule A ha4 Mobil Jet O€l 11, Cappule B 
had Dow Corning DC-2lOH silicone oil and Capsule C and Dow Corning DC-550 
high-phenyl silicone oil. A description of the candidgte solid material 
and component assortment is given below, 
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F i g .  1. Pre-test Photograph of Test Capsule A 

A-24 

RM-74495 



.* Candidate Solid Material and Component Assortment for 
Test Capsules A, B and C 

1. Rudimentary Piezoceramic Transducer Assemblies 

Each assembly consisted of a fragment of thin silver-electroded 
lead metaniobate piezoceramic adhesively bonded with high temperature 
electrically conductive epoxy to a 1/2-inch cube of candidate transducer 
backing material. 

The lead metaniobate piezoceramic had a thickness resonant 
frequency of 2.0 MHz and was K81 material as supplied by Keramos, Inc.; 
104 North Church Street; Liz'ton, IN 46149. The high temperature 
electrically conductive epoxy was Epo-Tek H20E as supplied by Epoxy 
Technology, Inc.; 65 Grove Street, Watertown, MA 02172. 

1.1 Tungsten-filled Alumina Cement Transducer Backing Material 

A candidate tungsten-filled high-alumina cement transducer 

backing material was fabricated by Y. Ichikawa of the Westinghouse R&D 
Ceramics and Glasses Group. 
is as follows: 

The nominal batch formula for this material 

(a) Alcoa Calcium Aluminate Cement CA-25. (High alumina cement 
manufactured by the Aluminum Company of America.) Weight: 24.0 

pounds, Volume: 0.124 cubic feet. 

silica- powder manufactured by Glasrock Products Group; Harbison- 
Walker Refractories; Division of Dressen Industries, Inc. ) 
Weight: 18.0 pounde; Volume: 0.131 cubic feet. 

manufactured by Atlantic Equipment Engineers of Bergenf ield, New 
Jersey; Catalog No. WP 355; 100 mesh cryst~dline tungsten metal 
powder.) Weight: 220.0 pounds; Volume: 0.183 cubic feed. 

(b) Harbison-Walker GP-71 Fused Silica Poweder (Fina grained fused 
' 

(c) Fine Grained Tungsten Powder. (Tungsten metal powder as 

(d) Water. Weight: 20.0 pounds; Volume: 0.321' cubic feet. 

'w ' This mixture has a nominal slurry density of 372 pounde per cubic foot and 
contains 83.97 percent of tungsten on a weight bash. 
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Test Capsules A, B and C each contained a specimen comprised of 

a fragment of lead metaniobate piezoceramic adhesively bonded with 

e l e c t r i c a l l y  conductive epoxy t o  a 1/2-inch cube of the  above spec i f i ed  

tungs ten-f i l l e d  high-alumina cement. 

1.2 Tungsten-filled Stycast  2762FT Epoxy 

A candidate tungsten-fi l led Stycast  2762 FT epoxy tranducer 

backing material was fabricated.  The batch formula f o r  t h i s  material is 
as follows. 

(a) Stycast  2762 FT high-temperature epoxy as supplied by Emerson & 

Cuming, Inc.; Canton, MA 02021. Resin: 100.0 grams. Catalyst  

617: 10.0 grams. 
Fine grained tungsten powder (At l an t i c  Equipment Engineers; 

Catalog WP 355). Weight: 333 grams. 
(b) 

The curing cycle  f o r  t h i s  mixture was 2 hours a t  100°C followed by 4 hours 

a t  15OoC. 

Test Capsules A, B and C each contained a specimen comprised of 

a fragment of lead metaniobate piezoceramic adhesively bonded with 

e l e c t r i c a l l y  conductive epoxy t o  a 1/2-inch cube made of the  above 

spec i f i ed  tungsten-fi l led Stycast  2762 FT epoxy. 

1.3 Tungsten-filled Duralco 700 Epoxy 

A candidate tungsten-fi l led Duralco 700 epoxy transducer backing 

material was fabricated.  The batch formula f o r  t h i s  material is as 

follows : 

(a) Duralco 700 high-temperature epoxy as supplied by Cotronics 

Corp.; 3379 Shore Parkway, Brooklyn, NY 11235. Resin: 75.0 

grams. Catalyst:  13.5 grams. 

Fine grained tungsten powder (At l an t i c  Equipment Engineers; 

Catalog WP 355). Weight: 250 grams. 
(b) 
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The curing cycle  f o r  t h i s  mixture was 2 hours a t  100°C followed by 4 hours 

a t  15OoC. 

Test Capsules A, B and C each contained a specimen comprised of 

a fragment of lead metaniobate piezoceramic adhesively bonded with 

e l e c t r i c a l l y  conductive epox t o  a 1/2-inch cube made of the above 

spec i f i ed  tungsten-f i l led Duralco 700 epoxy. 

2. Pot t ing  Materials 

Test Capsules A, B and C each contained a 1/2-inch cubical  

sample of each of the high temperature epoxy pot t ing  materials described 

below. 

2.1 S tycas t  2762 FT 

Stycas t  2762 FT high-temperature epoxy as supplied by Emerson C 

Cuming, Inc. Resin: 100.0 grams. Catalyst #17: 10.0 grams. The curing 

cyc le  is 2 hours at 100°C followed by 4 hours a t  15OoC. 

2.2 Duralco 700 

Duralco 700 high-temperature epoxy as suppl ied by Cotronics 

Corp. Resin: 75.0 grams. Catalyst: 13.5 grams. The curing cycle  is 2 
hour6 a t  100°C followed by 4 hours a t  150°C. 

3. Insu la ted  Wire Specimens 

Test Capsules A, B and C each contained a sample of each of the  

following types of high temperature insu la ted  wire. 

3.1 Mica Glass Insulated Nickel Wire 

Continental/Anaconda Type MG-300-22 No. 22 AWG s o l i d  n icke l  wire 
with mica g l a s s  inst i la t ion (gray colored insu la t ion) .  
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3.2 Si l i con  Dioxide Insulated Nickel Wire 

Gulton Duroflex I No. 22 AWG s o l i d  n i cke l  wire with s i l i c o n  

dioxide f i b e r  i n su la t ion  (white colored insulated) .  

Comment: It should be noted t h a t  when t h i s  wire is cut ,  the 

braided f ibrous in su la t ion  always f l a r e s  out in the region of the  cut.  

3.3 TFE Teflon Insulated Copper Wire 

Type EE TFE Teflon insulated No.'22 AWG 7 x 30 stranded capper 

hookup wire as supplied by Belden Wire Company. 

3.4 S i l i c o n  Dioxide Insulated Nickel Wire with Termini-Constrained 

Insu la t ion  

Gulton Duroflex I No. 22 AWG s o l i d  n i cke l  w i r e  with s i l i c o n  

dioxide f i b e r  i n su la t ion  (white colored in su la t ion ) .  

Comment: The in su la t ion  near t he  termini of each wire sample 

was constrained with a 5- t o  -7 t u rn  wrap of 304 s t a i n l e s s  steel  wire 
p r i o r  t o  c u t t i n g  so as t o  prevent flare-out. 

3.5 FEP Teflon Insulated Copper Wire 

FEP Teflon insulated No. 24 AWG s o l i d  copper hookup wire as 

supplied by Teledyne Thermatics Corp. 

Comment: It should be noted t h a t  t h i s  i n su la t ion  was mistakenly 

though t o  be TFE Teflon a t  the time of test. 

4. Window Materials 

Test Capsules A, B and C were each end-sealed with the following 

p l a s t i c  and elastomeric candidate acous t i c  window materials. 
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4.1 Kalree Elastomer 
U 

Kalrez is an elastomeric analogue of Teflon fluorocarbon 
resin. By virtue of its exceptional resistance to corrosive-fluid and 
high-temperature environments, it extends to the use of elastomers beyond 
traditional application limits. In some cases, it is suitable for long- 
term service at 500- to-500°F and intermittent service to 600°F. 

I .  

Kalrex is supplied by E. I. DuPont De Nemours and Co., Inc.; 
Elastomer Chemicals Department, E353312; Wlmington, DE 19898. 

Each test capsule was sealed at one end with a 1/16-inch thick 
by 1.25-inch diameter Kalrex disk. 

4.2 TFE Teflon Plastic 

Each test capsule was sealed at one end with a 1/16-inch thick 
by li25-inch 'diameter disk made of the TFE Teflon fluorocarbon resin. 

5. Piezoceramic Slivers 

Test Capsules A, B and C each contained three slivers of lead 
metaniobate piezoceramic having fired-on silver electrodes. 
was encased within the individual protective cage made of 304 stainless 
steel screening. 

Each sliver 

Comment: These samples were used for testing the individual 
survivability of the fired-on silver electrodes. 

6 .  Inert Solid Filler Material 

Test Capsules A, B and C each contained a large quantity of 
inert solid filler material in addition to the solid materials and 
components being tested. The purpose of this filler was to minimize the 
volume of contained oil, and thereby minimize the change of window rupture 
due t o  thermal expansion of the oil. 

The filler material used was T-61, 14-28 mesh, Tabular Alumina 
' as supplied by the Aluminum Company of America. 

Lid 
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T e s t  Capsule D, which was permitted t o  f r e e  f lood t o  the 

autoclave l i q u i d  environment, contained the candidate  p l a s t i c  po t t ing  and 

encapsulating materials described below. 

1 .O Pott ing Materials 
Test Capsule D contained a 1/2-inch cubica l  sample of each of 

the  following high temperature epoxy pot t ing  materials: 

2762 FT; and Duralco 700. The recipes and curing cycles  for 

these samples were i d e n t i c a l  t o  those of t h e i r  dupl ica tes  tbat 
went i n t o  capsules A, B and C. 

S tycas t  

2.0 Vespel Coupon Samples 

Vespel is a high-temperature ploymide r e s i n  supplied by E. I. 

Dupont De Nemows and Co. of Wilmington, DE. 

Test Capsule D contained two 1/2-inch by 1/2-inch by 27/32-inch 

Vespel coupon samples. 

3.0 Vespel Block Sample 

Test Capsule D contained a s i n g l e  1/2-inch by 1/2-inch lay 27/32- 

inch Vespel block sample. 

4.0 TFE Teflong Coupon Samples 

Test Capsules D contained two 1/16-inch by 1/16-inch by 27/32- 

inch TFE Teflon Coupon samples. 
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11. AUTOCLAVE TEST DESCRIPTION 

The autoclave test was carried out from 10 January 1978 until, 12 
January 1978 by Pressure Chemical Company; 3419 Smallman Street; 
Pittsburgh, PA 15201. Work was performed in accordance with Technical 
Requirements Description No. ST-001, Revision A, Autoclave Test Plan (see 
end of this Appendix) and the following two specific items: 
discretion of Westinghouse Electric Corporation, any phase of the 
contracted testing may be witnessed by Westinghouse personnel; and (2) 
Westinghouse shall supply 0.040-inch diameter Monel 400 wire in lieu of 
the 0.035-inch 304 stainless' steel wire called gut in Sections 3.4 and 
of ST-001, Revision A. 

(1) at the 

Conformance of both the autoclave test and resultant test data 
to the requirements of ST-001, bvision A, is reviewed below. The format 
followed is to first cite a specif section of ST-001, Revision A, and 
then t o  describe what was done in ordance with the cited section. 

With reference to section 4.1, the four Cest capsules were 
fastened to the outside surface of the autoclave's idernal cooling coiJ 
using 0.040-inch diameter Monel 400 wire. The test capsples were 
positioned t o  be 2-1/2-inches below te autoclave liquid level while 
undergoing test. Photographs o he mounted tevt capsules appear in 
Figures 2-3. 

I 

The following comments pertain to Section 4.2. 

(a) The deionized water was deaerated for 24-hOUr6 wit nitrogen 
prior to use. 
Prior to pressurized leak testing of the autoclave system, the 
specified autoclave-liquid ingrediqnts were charged to the 
autoclave with the exception of the Na2S 7 9 HzO and g small 
amount of water. Th ingredients were charged under an argon 
gaseous blanket and an argon-gas liquid purge. 
charging, the solution was purged with argon for an additional 
30-minutes after which the autoclave head was fstened info 
place while the argon atmosphere was still maintained. 

(b) 

Following 

I / 
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I .  

Fig. 2. Test Capsules Fastened to Autoclave Cooling Coil 
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Fig. 3. Test Capsules Fastened to Autoclave Cooling Coil. 
Foreground: 
Kalrez window. 
Background: Free-flooding Test Capsule D 

Top view of Test Capsule C showing 
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The autoclave system was slowly pressurized to 6000 psig over a 

2-1/2-hour period, held at 6000 psig for 1/2-hour, and then 
depressurized. 
the 1/2-hour hold period, the autoclave seal was pronounced to 
be satisfactory. 
Following the pressure test, the Na2S 9H20 was dissolved in 
the remaining small amount of water, and the solution was 
poured into the depressurized autoclave via a small add-port. 
This solution was also prepared and charged under an argon 
gaseous blanket. 

Since no pressure drops were observed during 

With reference to Section 4.3, the volume of the autoclave 
liquid was 22,902 milliliters and the volme of the autoclave cover gas 
was 10,743 milliliters. 

With reference t o  Section 4.4, the pre-test pH of the autoclave 
liquid was 4.8 at 22OC (71.60'F). 

The following comments pertain to Section 4.5. 

(a) The temperature of the autoclave-liquid system was first slowly 
raised to 250°F during an overnight period of 12-hours, whie 
the pressure was maintained at 100 psig. 
The temperature of the autoclave-liquid system was next raised 
to 523% over a 7-hour period, during which time the autoclave 
liquid was continuously stirred. During this time the 
autoclave pressure had risen of its own accord from 100 to 1200 

(b) 

PQ. 
(c) With the autoclave fluid temperature at 523'F, argon gas was 

used to increase pressure from 1200 to 7000 psig. The total 
elapsed time from the start of initial heating to the 
attainment of 523'F, 7000 psig test conditions was 19-hours. 

The following comments pertain to Section 4.6. 

~ _ _  (a) The first three hours of this phase of testing can best be 
described as a test-condition stabilization period. During 
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. t h i s  time the  pressure .recording showed a mean of 6,801.33 psig 

and a standard devia t ion  of 259.99 psig,  while the  temperature 

recording showed a mean of 512.64'F and a standard devia t ion  of 
6.4 1 OF. 

The last  14-1/2-hours of t h i s  phase of t e s t i n g  can be described 

as being the spec i f i ed  test period i tself .  During th i s  time 
the pressure recording showed 'a mean of 6,989 .OS psig and a 
s tandard deviat ion of 39.95 psig,  while the  temperature 

recording showed a mean of 223.59OF and a s tandard devia t ion  of 

2 . 27'F. 

(b) 

With reference t o  Section 4.7, the t o t a l  time f o r  the test- 

condi t ion removal phase was' 5-1/2-hours0 

With reference t o  Section 4.8, the  post- tes t  pH of the autoclave 

l i q u i d  was 3.9 a t  800F. 

. 
# 

. 

The following comments pe r t a in  t o  Sect ion 5.1. 

(a-1) Prior to the  s tar t  of t e s t ing ,  the  primary instrument 

thermocouple was ca l ib ra t ed  i n  an o i l  bath a t  527'F aga ins t  a 
s tandard thermometer. 

determined t o  be - + 2'F a t  527OF. Since the  autoclave l i q u i d  

was continuously s t i r r e d  during the  test, the  accuracy with 

which temperature ,was measured is therefore  2 2'F (E - 2'F) 

showed a mean of 523.59OF and a s tandard devia t ion  of 2.27'F 

(0  - 2027'F). Since 99.7 percent of a l l  da ta  lies within f 30 
of the  mean, the  s teadiness  with which t y p e r a t u r e  was 
maintained during the  specified test period was I +, 6.81°F (30 - 
6.81°F) 

The prec is ion  with which temperature was both known and 

maintained during the spec i f i ed  test period can be taken at3 
being equal t o  the sum-of-the-squares of both the  temperature= 

measurement accuracy and the  temperature-data s teadiness ,  Le. 

The thermocouple accuracy was 

(a-2) During the spec i f i ed  test period, the temperature recording 

(a-3) 
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(b-1) The autoclave-liquid temperature during the  spec i f i ed  test 
period can therefore  be descirbed as having a mean of 523.59'F 

and of being maintained within a prec is ion  of - + 7.10°F. 
(b-2) Pr io r  t o  the  start of t e s t ing ,  the  autoclave 's  pressure  

t r ansmi t t e r  was ca l ib ra t ed  aga ins t  a Heise BourdQn-tube 

pressure gage having an accuracy of 2 3 0  psig. The accuracy 

with which pressure was measured is therefore  + 30 psig (E = - 
30 psig). 

(b-3) During the  spec i f ied  test period, the  pressure recording 

showed a mean of 6,989.05 ps ig  and a s tandard devia t ion  o f  

39.95 psig (Q = 39.95 psig).  Sipce 99.7 percent of a l l  da ta  

lies within - + 30 of the  mean, the  s teadiness  with which 
pressure was maintained during the  spec i f i ed  test period was 
- + 119.85 psig (30 = 119.85 psig).  

The prec is ion  with which pressure was both known and (b-4) 
maintained during the spec i f ied  t e a t  pgriod can be taken as 

being equal t o  the  sum-of-the-squares of both the  pressure- 

measurement accuracy and the  pressure-data s teadiness ,  i.e., 

+ A = + ( E l 2  + (3Q)2 - -J 

(b-5) The autoclave pressure during the  spec i f i ed  tes period can 

therefore  be described as having a mean of 6,989.05 psig and 

of being maintained within a prec is ion  of - + 123.55 psig.  
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With reference to  Section 5.2, the pre-test pH was 4.8 at 22OC 

(71.6OoF) and the post-test pH was 3.9 a t  8OoF. 

With reference to Section 5.3, the l iquid volume was 22,902 

m i l l i l i t e r s  and the gaseous volume was 10,743 milliliters. 

With reference to Section 5.4, the pre-test room ambient 

temperature was 64OF and the post-test room ambient temperature was a l s o  
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111. Post- tes t  Analysis of Materials and Components 

When the  t e s t  capsules were viewed a t  Pressure Chemical Company 

a t  the  completion of t e s t ing ,  i t  was immediately seen t h a t  a l l  of t he  
Kalrez window d i scs  had fa i led .  Post- tes t  photographs of the mounted test 

capsules appear i n  Figures 4-5, where the  f a i l e d  windows are c l e a r l y  

seen. The TFE Teflon windows a t  the  capsule  bottoms were i n t a c t ,  thereby 

re ta in ing  the  test specimens within t h e i r  respec t ive  test capsules. With 
reference t o  Figures 4-5, t he  white colored speckl ing seen on both the 

test capsules and autoclave cooling c o i l  is due t o  some tabular  alumina 

tbat had washed out  of the opened capsules during tes t ing .  

Following the  taking of post- tes t  i n  s i t u  photographs, the  test 

capsules  were removed from the  autoclave cooling c o i l  and taken back t o  

the  Westinghouse R&D Center where an autopsy was performed. plso taken 

f o r  au tops ic  ana lys i s  were the  Kalrex window fragments t h a t  were found t o  

be f l o a t i n g  a top  the  autoclave l iquid.  

Figures 6-8 are photographs of the  sites where the  Kalrez 

windows had f a i l e d  i n  T e s t  Capsules A, B and C respect ively.  

comparison, a pre- tes t  top view photo of Test Capsule A is shown i n  Figure 

9 .  It should be noted tha t  desp i t e  the  f a c t  t h a t  t h e i r  Kalrez windows had 

f a i l e d ,  a l l  th ree  test capsules appeared a t  t h i s  t i m e  t o  have re ta ined  a 

For 

s i z a b l e  amount of t h e i r  respec t ive  test oils. 

The top port ion of the  Figure 10 photograph shows the  Kalrez 

window fragments that were f i shed  out of the autoclave l i qu id ,  while t he  

bottom por t ion  shows an untested and undamaged Kalrez window f o r  

comparison. It was found t o  be impossible t o  iden t i fy  any of these  

fragments with a s p e c i f i c  test capsule. 

All of the  Kalrez window fragments were severe ly  bloated 

(swel l ing)  a t  the  t i m e  of t h e i r  r e t r i e v a l  from the autoclave l i qu id ,  as 

can be seen from the edge-view photo of a fragment shown i n  Figure 11. 

Although most of the fragments were i n t i a l l y  almost double t h e i r  o r i g i n a l  

thickness,  near ly  a l l  contracted t o  about a 12-percent thickness  increase  

upon subsequent cleaning. Some of the  cleaned fragments had a puffy 

-_ 

LE2 

appearance and were very compliant when prodded. 
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Fig. 4. Post-test Photograph of Test Capsules Fastened 
to Autoclave Cooling Coil 
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Fig. 5. Post-test Photograph of Test Capsules Fastened to 
Autoclave Cooling Coil 

Foreground: 
showing failed Kalrez window. 

Top view of Test Capsule C 

Background: Free-flooding Test Capsule D. 
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Fig. 6. Top view of Test Capsule A showing where 
Kalrez window had failed. 
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Fig. 7. Top view of Test Capsule B showing where Kalrez 
window had failed. 

Note: Flashtube reflection off the oil 
meniscus is shown as a ring-like 
feature in the photograph. 
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Fig. 8 .  Top view of Test Capsule C showing where Kalrez 
window had fa i l ed .  
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Fig. 9. Pre-test photograph of Test Capsule A showing 
intact Kalrez window. 
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Fig. 10. Top: Fragments of the three Kalrez windows 
that had f a i l e d .  

Bottom: Untested and undamaged Kalrez window. 
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F i g .  11. Edge v i e w  of fai led and b l o a t e d  Kalrez window.  
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The mechanism by which the Kalrez windows f a i l e d  could not be 

r ead i ly  determined from the test results. 
described as the  tear ing  of Kalrez material, f t  i s n ' t  clear whether t h i s  

Although f a i l u r e  can be 

tear ing  was caused by test oi l 'expanslon,  Kalrez swelling in the  autoclave 

l i q u i d  test environment o r  a syne rg i s t i c  combination of both mechanisms. 

T e s t  Capsules A, B and C were next emptied of t h e i r  contents.  
At t h i s  point  these  contents  could best  be described as sludge comprised 

of spec i f i ed  test components, t abular  alumina and o i l .  

T e s t  Capsules B and C, the  individual  test components were c l e a r l y  

kdent i f iab le  within the  sludge and they along with the  tabular  alumina 

were uniformly.coated with s i l i c o n e  o i l .  

Capsule D, however,. was not uniformly coated with o i l  and contained 

With reference t o  

The t abu la r  alumina of Test 

r e l a t i v e l y  l a r g e  black lumps t h a t  probably comprised coagulated Mobil Jet 

O i l  11, dissolved epoxy residue and badly decomposed remnants of the  epoxy 
test cDmponents 

The ind iv idua l  test components from Test Capsules A, B and C 

were next cleaned up and examined f o r  damage. Poet-test  photographs of 

components w i l l  now be described with reference t o  the  l i s t i n g  given i n  

Sec t ion  11 of t h i s  repor t ,  with the  exception of the  Kalrez windows which 

were discussednear the beginning of t h i s  section. 

these  components appear in  Figures 12-17. The condi t ion of these _ .  
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Candidate Sol id  Material and ComDonent Assortment f o r  

T e s t  Capsules A, B and C 

1. Rudimentary Piezoceramic Transducer Assemblies 

1.1 Tungsten-fi l led Alumina Cement Transducer Backing Material 

This speciment emerged from the  test i n  f a i r l y  good condition 

f o r  Test Capsules A, B and C. 

the  cube re ta ined  both its shape and dimensions f a i r l y  w e l l .  
piezoceramic element remained f i rmly bonded t o  the  cube, ind ica t ing  t h a t  

t he  Epo-Tek H20E e l e c t r i c a l l y  conductive epoxy is s a t i s f a c t o r y  evpn under 

f a i l e d  window conditions. When prodded with a p a i r  of tweezers, the  

piezoceramic's fired-on outer  s i l v e r  e l ec t rode  remained f i rmly adherent; 

however, the  Epo-Tek H20E had hardened somewhat from its o r i g i n a l  

cons is tency . 

Although coated with a hydrocarbon residue,  

The 

This element is shown a t  the extreme le f t  i n  Figures 12, 14 

and 16. 

1.2 Tungsten-fi l led S tycas t  2762FT 

This element completely d i s in t eg ra t ed  i n  the  Mobil Jet Oil I1 
environment of T e s t  Capsule A. With reference t o  T e s t  Capsules B and C,  

the  r e l a t i v e  ease with which material could be scraped off of the  cube's 

sur face  showed t h a t  the Stycast  2762FT had undergone both embrit t lement 

and p a r t i a l  decomposition. 

This  element appears  second from the  l e f t  i n  Figures 14 and 16. 

1.3 Tungsten-fi l led Duralco 700 Epoxy 

This element completely d i s in t eg ra t ed  i n  T e s t  Capsule A, and 

became both embri t t led and p a r t i a l l y  decomposed i n  T e s t  Capsules B and C. 

This element appears t h i r d  from the  l e f t  i n  Figures 14 and 16. 
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Fig. 12. Post-test Photograph of Test Capsule A Contents with 
Exclusion of Wire Samples 
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Fig. 13. Post-test Photograph of Test Capsule A Wire Samples 
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Fig. 14. Post-test Photograph of Test Capsule B Contents 
with Exclusion of Wire Samples 

I 
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Fig. 15. Post-test Photograph of T e s t  Capsule B Wire Samples 
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Fig. 16. Post-test Photograph of Test Capsule C Contents with 
Exclusion of Wire Samples 
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2. Pot t ing  Mater ia ls  

2.1 S tycas t  2762FT 

This element completely d i s in t eg ra t ed  i n  Test Capsule A, and 

became both embr i t t l ed  and p a r t i a l l y  decomposed i n  Test Capsules B and 

C. 

cracks,  ind ica t ing  tha t  the  Dow Corning DC-210H s i l i c o n e  o i l  of T e s t  

Capsule B may be more reac t ive  and less p ro tec t ive  than the  Dow Corning 

DC-550 high-phenyl s i l i c o n e  o i l  of T e s t  Capsule C. 

The element from Test Capsule B a l s o  had r e l a t i v e l y  l a r g e  sur face  

This element appears fou r th  from the  l e f t  i n  Figures 14 and 16. 

2.2 Duralco 700 

This element completely d i s in t eg ra t ed  in T e s t  Capsule A, and 

became both embr i t t l ed  and p a t i a l l y  decomposed i n  Test Capsules B and C. 

The element from T e s t  Capsule B a l s o  had r e l a t i v e l y  l a r g e  sur face  cracks. 

This element appears f i f t h  from the  l e f t  i n  Figures 14 and 16. 

3. Insu la ted  Wire Specimens 

3.1 Mica Glass Insu la ted  Nickel Wire 
8 

This sample became highly decomposed i n  the  Mobil Jet O i l  11 

environment of Test Capsule A. The in su la t ion  of the  sample from Capsule 

B was coated with hydrocarbon residue, whereas the sample from Tes Capsule 

C survived i n  best  shape. 

This element is shown a t  the  extreme l e f t  i n  Figures 13, 15 

and 17. 

3.2 S i l i c o n  Dioxide Insu la ted  Nickel Wire 

This sample survived f a i r l y  w e l l  in Test Capsules A, B and C. 

However, the sample from Test Capsule B was  coated with a hydrocarbon 

residue. 

This element appears  second from the l e f t  i n  Figures 13, 15 
and 17. LJ 
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F i g .  17. Post-test Photograph of Test Capsule C Wire Samples 
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3.3 TFE Teflon Insu la ted  Wire 

This specimen emerged from the test in very good condition f a r  

Test Capsules A, B and C. No coating of hydrocarbon residue was 
observed. Aside from some unexplained shortening a t  both ends, the 

stranded copper wire showed no s igns  of damage. 

a t t r i b u t e d  t o  the  Teflon having been strevched beyond the w i r e  terminus 

during the wire-snipping oepration. 

The shortening may be 

This element appears t h i r d  from the  l e f t  i n  Figures 13, 15 
and 17. 

3.4 S i l i con  Dioxide Insu la ted  Nickel Wire with Term$ni-Cosntrained 

Tnsulation 

This sample survived f a i r l y  w e l l  i n  Test Capsules A, B and C. 

However, the  sample from T e s t  Capsule B w a s  coated with a hydrocarbon 

res idue . 
This  element appears fou r th  from the  l e f t  i n  Figures 13, 15 

and 17. 

3.5 FEP Teflon Insulated Copper Wire 

This wire specimen emerged from a l l  three  t ee t  capsules i n  very 

poor shape. The FEP Teflon insu la ion  was completely d is in tegra ted .  

This element appears t o  the extreme r i g h t  i n  Figures 13, 15 
and 17. 
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4. Window .Materials 

4.1 Kalrez Elastomer 

The condi t ion of the Kalrez windows was previously discussed a t  
the  beginning of t h i s  section. 

4.2 TFE Teflon Plast ic  

The TFE Teflon window was found t o  be i n  f a i r l y  good condi t ion 

from Test Capsules A, B and C. Although sqmewhat deformed s t r u c t u r a l l y ,  

these d isks  showed no s igns  of e i t h e r  embrittlement o r  of having been 

chemically attacked. With reference t o  the s t r u c t u r a l  deformation, t he  

d i sk ' s  formerly f l a t  sur faces  had dimpled i n t o  a sphe r i ca l  contour. 

was v i s i b l e  evidence of mater ia l  flow i n  the  region of the  seal. 
There 

The element appears t o  the  extreme r i g h t  i n  Figures 12, 14 
and 16. 

5 .  Peizoceramic S l i v e r s  

The piezoceramic s l i v e r s  from a l l  th ree  test capsules were found 

t o  be s t r u c t u r a l l y  in t ac t .  However, the  fired-on s i l v e r  e lec t rodes  showed 

I various s igns  of chemical a t t a c k  t h a t  ranged from mild p i t t i n g  t o  complete 

e lec t rode  separat ion.  This is assumed due t o  window f a i l u r e  and admission 
of autoclave f lu id .  

These elements appear second from the  r i g h t ,  as a grpup of 
th ree ,  i n  Figures 12, 14 and 16. 

F ina l ly ,  the  contents  of free-flooding Test Capsule D were 
With reference t o  the Figure 18 photograph of these content?,  emptied. 

the  TFE Teflon coupons appear as the two upper left-mast objecgs, thq 

Duralco 700 epoxy cube appears as the upper r ight-most  ob jec t ,  the Vespel 
block appears as the  one remaining upper objec t ,  and the  Vespel coupons 

apear as fhe only two lower objects .  The Stycast  2762FT epoxy cube wqs 
t o t a l l y  d i s in t eg ra t ed  and dissolved during the  test. 

W 
+ '  
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Fig. 18. Post-test Photograph of Test Capsule D Contents 
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Abide from being coated with a hydrocarbon residue,  the  TFE 
Teflon coupon samles showed l i t t l e  s ign  of damage. 

t h i s  res idue and inspected, i t  was observed t h a t  t h e i r  mean length had 

increased from 0.8603-inch t o  .0.8660-fnch, t h e i r  mean width had increased 

from 0.5320-inch t o  0.5375-inch, and t h e i r  mean thickness remained 

constant  a t  0.067-inch. 

t o  be embri t t led.  

After being cleaned of 

The coupons were easily f lexed and d idn ' t  appear  

Although st i l l  s t r u c t u r a l l y  i n t a c t ,  the  Duralco 700 epoxy cube 

was embri t t led.  

p a i r  of tweezers. 

It was very easy t o  prod sur face  material loose with a 

and coupon samples of polyimide resin were 

comosed. Embrittlement was such t h a t  only s l i g h t  

pressure was s u f f i c i e n t  t o  f r a c t u r e  the  material. 

Figure 19 shows the  embr i t t l ed  and decomose 

por t ion  shows untested and undamaged sample 

The bottom por t ion  of 

1 samples, while the top 
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Figure 2.3 - Top: Untested (control) block and coupon 
samples of Vespel. 
Bottom: Vespel block and coupon samples 
a.fter autoclave testing. 
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SCREENING TEST NO. 2 

I. Candidate Materials and Components 

Five 316 s t a i n l e s s  steel test capsules were used. Each capsule 

was 6-1/4-inch long and comprised a 6-inch length  of 1-inch Schedule 80 

p ipe  f i t t e d  with two 1-5/8-inch diameter tubular  end caps. Four of the 

capsules had t h e i r  ends sealed with TFE Teflon candidate p l a s t i c  wipdow 

material, and eveloped candidate high temperature o i l s  along with sundry 

candidate  t ransducer  material and component samples. These capsules were 
designated as A, B, C and E. The f i f t h  capsule was permitted t o  f r e e  

f lood t o  the  autoclave l i q u i d  environment and contained a d i f f e r e n t  

assortment of candidate material and componen samples. This capsule was 

designated as D 

A pre- tes t  photograph of T e s t  Capsules A and B is shown as 

Figure 1, with Capsule A on the  l e f t  and Capsule B on the  r igh t .  Like- 

wise, a pre- tes t  photograph of Test Capsules E and C is  shown as Figure ZI 
with Capsule E on the l e f t  and Capsule C on the  r igh t .  Capsules A, B and 

C are blackened because they were used i n  the  f i r s t  autoclave screening 
test, whereas Capsule E is shiny because it was newly f ab r i ca t ed  f o r  t h i g  

second autoclave test. 

Test Capsules A, B, C and E each had an ident ica l .assor tment  of 

candidate s o l i d  materials and components, and d i f f e r e d  only i n  the  type of 

high temperature o i l  enveloped. Capsule A had MQbil Jet O i l  11, Capsule B 

had Dow Corning DC-210H s i l i c o n e  o i l ,  Capsule C had Dow Corning DC-550 

high-phenyl s i l i c o n e  oil. A descr ip t ion  of the  candidate s o l i d  material 
and component assortment is given below. 
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. I. 

.F igure - l .  Pre-test Photograph of Test Capsules A and B .  

Right: Test Capsule B.  

Left: T e s t  Capsule A. 

. .  
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Figure 2.  Pre-test Photograph of Test Capsules E and C. 

Right: T e s t  Capsule C .  

L e f t :  T e s t  Capsule E.  
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. Candidate Solid Material and Component Assortment 
for Test Capsules A, B, C and E 

1. Rudimentary Peizoceramic Transducer Assembly 

The assembly consisted of a fragment of thin silver-electroded 
lead metaniobate piezoceramic adhesively bonded with high temperature 
electrically conductive epoxy to a 3/8-inch cube of tungsten-filled-cement 
candidate transducer backing material. 

The lead metaniobate piezoceramic had a thickness resonant 
frequency of 2.0 M H z  and was K81 material as supplied by Keramos, Inc.; 
104 North Church Street; Lizton, IN 46149. The high temperature 
electrically conductive epoxy was Epo-Tek H20E as supplied by Epoxy 
Technology, Inc.; 65 Grove Street; Watertown, MA 02172. 

The tungsten-filled high-alumin cement candidate transducer 
backing material was fabricated by Y. Ichikawa of the Westinghouse R&D 
Ceramics and Glasses Group. The nominal batch formula for this material 
is as follows: 

(a) Alcoa Calcium Aluminate Cement CA-25. (High Alumina 
cement manufactured by the Aluminum Company of 
America.) Weight: 24.0 grams. 
Harbison-Walker GP-71 Fused Silica Powder. (Fine 
grained fused silica powder manufactured by Glasrock 
Products Group; Harbison-Walker Refractories; 
Division of Dressen Industries, Inc.) Weight: 18.0 

grams. 
Fine Grained Tungsten Powder. 
as manufactured by Atlantic Equipment Engineers of 
Bergenfleld, New Jersey; Catalog No. WP355; 100 mesh 
crystalline tungsten metal powder.) Weight: 220.0 
grams . 
Water. Weight: 20.0 grams. 

(Tungsten metal powder 
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Test Capsules A, B, C and E each contained one rudimentary 

piezoceramic transducer assembly as described above. 

2. Po t t ing  Materials 

Test  Capsules A, B, C and E each contained an 11/32-inch by 

11/32-inch by 1/2-inch rectangular paral le lpiped sample of each of the 

high temperature epoxy po t t ing  materials described below. 

2.1 Stycast  2762FT 

S tycas t  2762FT high-temperature epoxy as supplied by Emerson 61 

Cuming, he.; Canton, MA 02021. Resin: 100.0 grams. Catalyst  1/17: 10.0 
grams. The curing cycle  is 2 hours a t  100°C followed by 4 hours a t  15OoC. 

2.2 Duralco 700 

Duralco 700 high-temperature epoxy as supplied by Cotronics 

Corp.; 3370 Shore Parkway; Brooklyn, NY 11235. Resin: 75.0 grams. 

Catalyst :  

hours i t  15OoC. 
13.5 grams. The curing cycle  is 2 hours a t  100°C followed by 4 

3. Hookup Wire 

Test Capsules A, B, C and E each contained a 5-inch length. of 

Type EE TFE Teflon insulated No. 22 AWG 7x30 stranded copper hookup wire 
as suppl ied,by Belden Wire  company^ 

q .  

I n  preparing these specimens, care’was taken t o  a s su re  t h a t  t he  

TFE Teflon i n s u l a t i o n  was f lu sh  with the  coppe rwi re  termini. 

4. TFE Teflon Windows 

Test Capsules A, B, C and E were each end-sealed with 1/16-inch 

th i ck  by 1.25-inch diameter d i sks  made of TFE Teflon fluorocarbon res in .  

Each capsule required two disks; one f o r  each capsule end. 
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5. Material Coupons 

5.1 TFE Teflon 

Test Capsules A, B , . C  and E each contained a 1/16-incF by 1/2- 

inch by 1-inch rectangular  parallel  piped coupon sample of TFE Teflon 

fluorocarbon resin.  

5.2 Type 304 Sta in l e s s  S t e e l  

T e s t  Capsules A, B, C and E each 'contained a 0.031-inch by 1/2- 

inch by 1-inch rectangular  para l le lep iped  coupon sample of Type 304 

s t a i n l e s s  steel. 

6. I n e r t  Sol id  F i l l e r  Material 

T e s t  Capsules A, B, C and E each contained a l a r g e  quant i ty  of 

i n e r t  s o l i d  f i l l e r  material i n  addi t ion  t o  the  s o l i d  materials and 

components being tes ted.  The purpose of t h i s  f i l l e r  was t o  minimize the  

volume of contained o i l ,  and thereby minimize the  chance of window rupture  

due t o  thermal expansion of the  o i l .  

The f i l l e r  material used was T-61, 14-28 mesh, Tabular Alumina 

as supplied by the Aluminum Company of America. 

The following s p e c i f i c  tasks  were performed during the 

preparat ion and f i l l i n g  of T e s t  Capsules A, B, C and E f o r  t h i s  second 

autoclave test. 

(a) With reference t o  T e s t  Capsules A, B and C which were 

previously used during the  f i r s t  autoclave test, the  sea l ing  

sur faces  a t  t h e i r  tubular-body termini  were remachined so as 

t o  assure  good sea l ing  when compressed aga ins t  the  TFE Teflon 

windows. 

Vacuum was  used as an a i d  when f i l l i n g  each test capsule with 

o i l  so as t o  assure  gas purgation. 

absorbed within each test capsule was monitored and recorded 

as follows: 

(b) 
The volume of o i l  a c t u a l l y  
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Test Capsules A: 40.0 milliliters 

(+Os -2.0 m l ) .  
T e s t  Capsule B: 35.0 mil l i l i ters  

(+Os -2;O m l ) .  

Test Capsule C: 35.0 milliliters 

(+Os -2.0 In l )  

(+Os -2.0 ml) 

Test Capsule D: 35.0 mill i l i ters 

(c) Each TFE Teflon window was a f f ixed  i n  the  following manner: 

(a) the  tubular  cy l inder  was topped up with o i l  so as t o  *form 

a convex meniscus; (b) the  TFE Teflon window was placed a top  

the  o i l  meniscus; (c )  the  TFE Teflon window was loose ly  

a t tached  t o  the tabular  cy l inder  with an end cap t o  the  point  

where the  window began t o  compress s l i g h t l y ;  (d) the end cap 

was f i rmly  t ightened t o  the  tubular  cy l inder  with the  a i d  of a 
wrench. 

about 1/8-turn during the  wrench-tightening operation. 

Vacuum was pulled on a l l  four  assembled test capsules so as t o  

It was observed that a l l  end caps were revolved by 

(d) 
a s su re  the  i n t e g r i t y  of the  Teflon-to-metal end seals. 
observed t h a t  a l l  seals were secure. 

It was 

Test Capsule D, which was permitted t o  f r e e  f lood t o  the  

- I  autoclave l i q u i d  environment, contained the  candidate  material and 
component samples described below. 
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Candidate Material and Component Assortment 
for Free-Flooding Test Capsules D 

1. High-Temperature Elastomeric Materials 

1.1 Kalrez 

Kalrez is an elastomeric analogue of Teflon fluorocarbon 
resin. By virtue of its exceptional resistance to corrosive-fluid and 
high-temprature environments, it extends the use of elastomers beyond 
traditional application limits. It is suitable for long-term service at 
500 to 500°F and intermittent service to 600°F. 

Kalrez is supplied by E. I. DuPont De Nemours and Co.; Inc.; 
Elastomer Chemical Department, E343312; Wilmington, DE 19898. 

Test Capsule D contained two 1/16-inch by 1/2-infh by 1-inch 
coupon samples of Vespel. 

1.2 AFLAS-150 

AFLAS-150 is a fluorinated elastomer, based on 
tetrafluoroethylene-propylene copolymer, that possesses outstanding 
thermal and chemical stability. 
temperatures to 2OO0C (329'F), and intermittently at telsperatures to 3OO0C 
(572'F). 

AFLAS-150 has been used continuously at 

AFLAS-150 is supplied by Asahi Glass CO., Ltdl; 1-2, Marunouchi 
2 Chome; Chiyoda-Ku, Tokyo, Japan. 

Test Capsule D contained two 0.132-inch by 3/4-inch by 3/4-inch 
coupon samples of AFLAS-150. 

1.3 Ethylene Propylene 

Ethylene propylene elastomer possesses good thermal and chemical 
stability. It can be used continuously at temperatures to 35OoC. 
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A' test sample was obtained from Seals Eastern, Inc.; 134 Pearl 
St,reet; Rec Bank, NJ 07724. 

Test capsule D contained two 1/16-inch by 3/8-inch by 2-inch 
coupon samles of ethylene propylene. 

1.4 Phosphonitrilic Fluoroelastomer 

Firestone PNF compound R-210818 phosphonitrilic fluoroelastomer 
, 

is a semi-inorganic rubber having good thermal and chemical stability. 
can be used continuously at temperatures to 300°F. 

It 

A sample of PNF compound R-210818 was obtained for testing from 
the Phosphazene Marketing Group; The Firestone Tire and Rubber Company; 
1200 Firestone Parkway; Akron, OH 44317, 

Test Capsule D contained two 0.050-inch by 3/8=inch by 1-1/40 
inch coupon samples of Firestone PNF compuond R-210818 phosphonitrilic 
fluoroelastomer. 

2. Metal Coupons 

2.1 Type 304 Stainless Steel 

Test Capsule D contained two 0.031-inch by 1/2-inch by 1-inch 
coupon samples of Type 304 stainless steel. 

. >  

2.2 Inconel 718 

Test Capsule D contained two samples of each of the following 
dimensioned coupons of Inconel 718: 
(b) 0.004-inch by 3/8-inch by l-1/2-inch; (c) 0.005-inch by 3/8-inch by 
2-inch. 

(a) 0.003-inch by 3/8-inch by 1-inch; 
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3. High-Temperature Plastic Materials 

3.1 TFE Teflon 

Test Capsule D contained two 1/16-inch by 1/2-inch by 1-1/2-inch 

coupon samples of TFE Teflon. 

3.2 Astrel 360 

Astrel 360 is a high-temperature plastic made by 3M Company; 3M 
Center; St. Paul, MN 55101. A sample of k’trel 360 was supplied for 
testing through the Westinghouse Research Insulation Chemistry Group. 

Test Capsule D contained two 1/8-inch by 5/16-inch by 1-1/8-inch 
coupon samples of Astrel 360. 

3.3 Polybutadiene 

Polybutadiene plastic possesses good thermal and chemical 
It can be used continuously at temperatures to 500°F. stgbility. 

A sample of polybutadiene was made for testing by the 
Westinghouse Research Insulation Chemistry Group. This sample had an 
uneven nominal thickness of 1/8-inch, with the unevenness caused by a 
slight tilt of the mold used to cure the plastic. 

Test Capsule D contained two 3/8-inch by 7/8-inch by 1/8-inch 
coupon samples of polybutadiene. 

3.4 Graphite-Carbon-Glass Fill 

The addition of graphite, carbon and glass filler materials to 
plain TPE Teflon improves its elevated-temperature mechnical strength at 
the expense o f  some degradation in its chemical resistance and gaseous 
impermeability. 
Engineering Company in the construction of some types of high pressure 
mechanical seals. 

Filled TFE Teflon of this type is used by the Bal-Seal 

t 

w 
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A 3/4-inch diameter by 2-inch long s o l i d  r igh t -c i rcu lar  

c y l i n d r i c a l  sample was obtained from the  Bal-Seal Engineering Company; 

17592 Sherbrook Drive; Tustin,  CA 92680. 

Test Capsule D contained two 3/4-inch diameter by l / l0- inch 

t h i c k  disk- l ike coupon samples of graphite-carbon-glass f i l l e d  TFE Teflon. 

3.5 Dorl-Glass-Mica Composite 

. The Westinghouse Research Insu la t ion  Chemistry Group supplied a 
small shee t  of doryl-glass-m,ica composite material. 
possess good thermal and chemical s t a b i l i t y .  

This composite 

Test Capsule D contained two 1/16-inch by 3/4-inch by 7/8-inch 

coupon samples of doryl-glass-mica. 

4. Pot t ing  Materials 

Test Capsule D contained one 11/32-inch by 11/32-inch by 1/20 

inch rectangular  para l le lp iped  sample of each of the following high 

temperature epoxy pot t ing  materials: S tycas t  2762 FT: and Duralco 700. 

The rec ipes  and curing cycles f o r  these sarnpls were i d e n t i c a l  t o  those of 

t h e i r  dupl ica tes  t h a t  went i n t o  Capsules A, B ,  C and E. 

5. TFE Teflon Insulated Single-Conductor Copper Wire 

The permeabili ty of TFE Teflon t o  geothermal-environment l i q u i d s  

and gases is  of i n t e r e s t .  

Teflon in su la t ed  s i n g l e  conductor s i lver -p la ted  copper wire was acquired. 

To study t h i s  phenomenon, a sample of TFE 

Test Capsule D contained two 5-inch long samples of No. 22 AWG 

TFE Teflon in su la t ed  e ingle  conductor s i lver -p la ted  copper wire conforming 

t o  MIL-W-l6878D as manufactured by Alpha Wire Products Company. 

6. Bal Seal  

Bal Sea ls  are spring-loaded TFE Teflon assemblies t ha t  are 
1 intended t o  replace O-rings i n  high-temperature high-pressure chemically 
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corrosive application ecvironments. 
materials are used in their construction along with sundry metallic spring 

Both pure and filled TFE Teflon 

materials. 
17592 Sherbrook Drive, Tust€n,.CA 92680. 

Bal Seals are manufactured by Bal-Seal Engineering Company; 

Test Capsule D contained one sample of each of the following 
Bal-Seal assemblies: 
TFE Teflon with stainless steel spring; and (b) a light-duty reciprocating 
seal made of grahite-filled TFE Teflon with stainless steel spring. 

(a) a light-duty reciprocating seal made of plain 

In addition to the materials and components that were tested 
while contained within Test Capsules A, B, C, D and E, the components 
described below were tested while directly exposed to the autoclave liquid 
environment. 
autoclave cooling coil for testing. 

These components were affixed with Monel 400 wire t o  the 
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. Component Assortment for Direct-Exposure Testing 
Within Autoclave Liquid Environment 

1. Metal Bellows 

The conventional RHTV sensor incorporates a metal bellows to 
serve as a transducer-oil accumulator. The physical survivability of a 
metal bellows in a geothermal liquid environment is therefore of interest. 

A Type 347 stainless steel bellows was acquired for testing from 
Metal Bellows corporation; 1075 Providence Highway; Sharon, MA 02067. 
They can also supply Inconel units. 

2. Swagelok-Rod Assemblies 
I '  

An inexpensive means is needed for reliably affixing the metal 

bellows transducer-oil accumulator to the sensor body. A Swagelok tube 
fitting is a candidate for this application. 

In order to test the quality of Swagelok-fitting seals in a 
geothermal liquid environment, a structural assembly was designed that 
comprised a joined Swagelok pair sealed at both ends with solid stainless 
steel rods so as to form a small capsule filled with air. 
rod end surfaces at the interior of the capsule cavity were polished prior 
to assembly; the intent being that during post-test analysis a leaked seal 
would be identified through observed corrosion and discoloration of these 
surfaces . 

The flattened 

A total of four Swagelok=rod assemblies were prepared for 
testing; two which utilized 1/8-inch diameter rods and two which utilized 
1/4-inch diameter rods. 
stainless steel and the solid rods were fabricated of Type 304 stainless 
steel. 

The Swageloks were fabricated of Type 316 

The Swagelok tube fittings were obtained from Crawford Fitting 

Company; 29500 Solon Rd.; Solon, OH 44139. 
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Stainless Steel Hose Clamps 

With reference to the non-electrically-operative mechanical 
mock-up of a BHTV sensor scheduled for the next autoclave test, geotherml- 
environment compatible Hose clamps may be useful for affixing a tubular 
acoustic window to the sensor body. Ordinary stainless steel hose clamps 
are unacceptable because, although they may employ stainless steel bands, 
their screws are made of cadmium-plated carbon steel. 

Two all-stainless-steel hose clamps were acquired for testing 
from Breeze Corporations, Inc.; 100 Aero-Seal Drive; Saltsburg, PA 

15681. These clamps employ a band made of Type 302 stainless steel. 

A pre-test photograph of the component assortment for direct- 
exposure testing within the autoclave liquid environment is shown as 
Figure 3. Here the metal bellows appears in the upper right-hand corner, 
the hose clamps appear in the upper left-hand corner, the 1/4-inch 
Swagelok-rod assemblies appear in the lower left-hand corner, and the 1/8- 

inch Swagelok-rod assemblies appear in the lower right-hand corner. 

i 
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r .  Figure 3. Pre-test’ Photograph of Component Assortment 
for Direct-Exposure Testing Within Autoclave 
Liquid Environment. 

- _  
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11. AUTOCLAVE TEST DESCRIPTION 

The second autoclave test was carried out from 06 Marc4 1978 
until 08 March 1978 by Pressure Chemical Company, 3419 Smallman Street, 
Pittsburgh, PA 15201. 
Requirements Description No. ST-001, Revision A, Autoclave Test Plan (see 
end of this Appendix), and the following four specific items: 

Work was performed in accordance wit technic1 

At the discretion of Westinghouse Electric Corporation, any 
phase of the contracted testing may be witnessed by 
Westinghouse personnel. 
Westinghouse shall supply 0.040-inch diameter Monel 400 wire 
in lieu of the 0.035-inch diameter 304 qtginless steel wire 
called out in Sections 3.4 and 4.1 of ST-001, Revision A. 
Westinghouse shall supply five ( 5 )  test capsules i n  lieu of 
the four (4) capsules as called out in Sections 3.4 and 4.1 of 
ST-001, Revision A. 
Westinghouse shall also supply the following items to be 
affixed with Monel 400 wire to the autoclave cooling coil: 
Assemblies comprised of 316 stainless steel Swageloks affixed 
to 304 stainless steel rods; four (4) units each. 
Hose-clamps comprised of 302 stainless steel bands and 305 
stainless steel screws; two (2) units each. 
Bellows fabricated of 347 stainless steel; one (1) unit each. 

Conformance of both the autoclave test and resultant test data 
to the requirements of ST-001, Revision A, is  reviewed below. The format 
followed is to first cite a specific section of ST-001, Revision A, an$ 
then to describe what was done in accordance with the cited section. 

With reference to Section 4.1 of ST-001 and the four specific 
items cited, the five test capsules along with the Swagelok-rod 
assemblies, hose clamps and metal bellows were fastened to the outside 
surface of the autoclave's internal cooling coil using 0.0040-inch 
diameter Monel 400 wire. The test capsules were positioned to be 2-1/2- 

. inches below the autoclave liquid level while undergoing tesp. 
Photographs of the mounted items appear in Figure 4 through 9. 
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Fig. 4. Pre-Test Photograph of Test Capsules Fastened t o  
Autoclave Cooling Coil 
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Fig. 5. Pre-Test Photograph of Test Capsules Fastened to 
Autoclave Cooling Coil 

Left: Test Capsule A 
Middle: Hose Clamp #1 
Right: Test Capsule B 
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Fig. 6. Pre-Test Photograph of Test Capsules Fastened 
to Autoclave Cooling Coil 

Left: Test Capsule B 
Middle: Hose Clamp #Z 

Right: Test Capsule C 
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Fig. 7.  Pre-Test Photograph of Test Capsules Fastened 
to Autoclave Cooling Coil 

Left: Test Capsule C 
Middle: 1/8 inch Swagelok-rod Assemblies 
Right: Test Capsule D 
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Fig. 8: Pre-Test Photograph of Test Capsules Fastened 
to Autoclave Cooling Coil 

L e f t :  Test Capsule I) 
Middle: 1/4 inch Swagelok-rod Assemblies 
Right: Test Capsule E 
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Left: T e s t  Capsule E 

Middle: Metal Bellows 

Right: Test Capsule A 

Fig. 9 .  Pre-Test Photograph of Test Capsules Fastened 
t o  Autoclave Cooling Coil 
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(3) 

The following comments pe r t a in  t o  Sect ion 4.2: 

(5)  

The deionized water was deaerated f o r  80 hours w i t  n i t rogen  

p r i o r  t o  use. 

test.) 
P r i o r  t o  pressurized leak t e s t i n g  of the autoclave system, the 

spec i f i ed  autoclave-liquid ingredien ts  were charged t o  the  

autoclave with the exception of the Na2S 9H20 and a small 
amount of water. 
n i t rogen  gaseous blanket. Following charging, the  so lu t ion  

was purged with ni t rogen f o r  30 minutes after which the 

autoclave head was fastened i n t o  place while the  ni t rogen 

blanket was maintained. 

The autoclave system was slowly pressurized with ni t rogen t o  

7500 p i g ,  held a t  between 7500 and 7300 ps ig  f o r  1/2 hour, 

and then depressurized. Since no s i g n i f i c a n t  pressure drop 

was observed during the 1/2 hour hold period, the autoclave 

seal was pronounced t o  be sa t i s f ac to ry .  

Following the  pressure test, the  Na2S 9H20 was dissolved i n  

the  remaining small amount of deaerated deionized water, and 

the  so lu t ion  was poured i n t o  the depressurized autoclave v i a  a 
small add-port. This so lu t ion  was a l s o  prepared and charged 

under a nit rogen gaseous blanket. 
Following the  charging of the Na2S 9H20 and water so lu t ion ,  

n i t rogen  gas was purged from the  autoclave using argon gas. 

The autoclave l i q u i d  was then mixed f o r  5 minutes, a f t e r  which 

a sample was removed f o r  pH t e s t ing .  
purged with argon and then pressurized with argon t o  I00 
p s i @  
07 March 1978. 

(This was done during the  weekend preceding the  

The ingredien ts  were charged under a 

The autoclave was again 

This pressure was maintained overnight from 06 March t o  
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With reference to Section 4.3, the volume of the autoclave 
liquid was 22,902 milliliters and the volume of the autoclave cover gas 
was 10,510.5 milliliters. (The 232.50 milliliter decrease in cover gas 
volume from the 10,743 milliliters recorded for the first autoclave test 
is due to the increase in test-piece volume.) 

With reference to Section 4.4, the pre-test pH of the autoclave 
liquid was 5.5. 

The following comments pertain tg Section 4.5. 

With the autoclave still pressurized at 100 psig as set the 
night before, power was applied to the autoclave's electric 
heaters at 5:15 AM on 07 March 1978. At this time the heafer 
control was set at 250°F. 

recorded as 64OF. 

At 7:03 AM, 1.80 hours later, the autoclave liquid temperature 
reached 258'F, while the autoclave pressure remained at 100 

psig. At this time the heater control was set to 5$0°F and 
argon gas was used to increase autoclave pressure to 1400 

The room ambient temperature was 

Psi& 
At 8:45 AM, 1.70 hours later, the autoclave liquid temperature 
was measured at 550°F. 

of Its own accord to 2000 psig. 
The 5-hour period from 8:45 AM until 1:45 PM can best be 
described as a test-condition attainment phase. During this 
time argon gas was used to gradually increase autoclave 
pressure to 7000 psig, while the temperature control was 
adjusted to bring the autoclave liquid temperature to 527'F. 

Also, during this time the measurement thermocouples were 
temporarily removed from their well and recalibrated against a 
thermometer in a 527'F silicone oil bath. 
time from the start of heating at 5:15 AM until the attainment 
of 527'F, 7000 psig test conditions at 1:45 PM was 8.50 hours. 

The autoclave pressure had also risen 

The total elapsed 

- 

ti 
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The following comment pe r t a ins  t o  Section 4.6. 

(1) The spec i f i ed  test period l a s t e d  17e17 hours from 1:45 PM on 

07 March 1978 u n t i l  6:55 AM on 08 March 1978. During t h i s  

time, the  pressure recording showed a mean of 7,009.34 ps ig  
and a standard deviat ion of 13.02 psig,  while the  temperature 

recording showed a mean of 529.60% and a standard devia t ion  

of 2.43OF. 

With reference t o  Sect ion 4.7, the t o t a l  time f o r  the  test- 
condi t ion removal phase was 5.08 hours. 

With reference t o  Sect ion 4.8, the  post- tes t  pH of the autoclave 

l i q u i d  was 4.9. 

The following comments pe r t a in  t o  Section 5.1. 

The primary instrument thermocouple was ca l ib ra t ed  i n  a 
s i l i c o n e  o i l  bath a t  527'F agains t  a standard thermometer. 

The thermocouple accuracy was determined t o  be 2 2% a t  

527'F. 

during the  test, the accuracy with which temperature was 
measured is therefore  - + 2'F (E = 2'F). 

During the spec i f i ed  test period, the  temperature recording 
showed a mean of 529.60'F and a s tandard devia t ion  of 2.43'F 

( - 2.43'F). 
of the  mean, the  s teadiness  with which temeprature was 

maintained during the spec i f i ed  test per iod was - + 7.29'F (3 

7 . 29'F) 

The prec is ion  with which temperature was both known and 

maintained during the  spec i f i ed  test per iod"can be taken as 
being equal t o  the  square root  of the  sum-of-the-squares of 

both the  temperature-measurement accuracy of the  temperature- 

Since the  autoclave l i q u i d  was continuously s t i r r e d  

Since 99.7 percent of a l l  'data  lies within + 3 

= 

da ta  s teadiness  , i.e. 
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= - + 7.56'F 

(1-d) The autoclave-liquid temperature during the  spec i f i ed  test 

period can the re fo re  be described as having a mean of 529.60°F 

and of being maintained within a precis ion of + 7.56OF. 
c 

(2-a) P r i o r  t o  the  s tar t  of t e s t i n g ,  t he  autoclave 's  pressure 

t r ansmi t t e r  was ca l ib ra t ed  aga ins t  a Heise Bourdon-tube 

pressure gage having an accuracy of - + 30 psig. The accuracy 
with which pressure was measured is t he re fo re  + 30 psig (E - - 
30 psig). 

(2- ) During the  spec i f i ed  test period, t he  pressure recording 
showed a mean of 7,009.34 psig and a standard deviat ion of 

13.02 psig (0 = 13.02 psig). Since 99.7 percent of a l l  data  

l ies within - + 30 of the mean, the  s t ead iness  with whic 

pressure was maintained during the  spec i f i ed  test period was 

- + 39.06 psig (30 39.06 psig). 

(2-c) The precis ion with which pressure was both known and 

maintained during the  spec i f i ed  test period can be taken as 

being equal t o  t h e  square root  of the  sum-of-the-squares of 
both the  pressure-measurement accuracy and the  pressure-data 

s t ead iness ,  i.e. 

+ A = + (E)' + (30)' - J - 
= + 49.25 psig - 

(2-d) The autoclave pressure during the s p e c i f i e d  test period can 

therefore  be described as having a mean of 7,009.34 psig and 

of' being maintained within a precis ion of + 49.25 psig. - 
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With. reference to Section 5.2, the pre-test pH was 5.5 and the 

post-test pH was 4.9. 

With reference to Section 5.3, the l iquid volume was 22,902 

mi l l i l i ters  and the gaseous volume was 10,510.5 mi l l i l i ters .  

With reference to Section 5.4, the pre-test room ambient was 

64OF and the post-test room ambient temperature was a l s o  64OF. 



- 

bd 
111. POST-TEST ANALYSIS OF MATERIALS AND COMPONENTS 

A t  the  completion of autoclave i t e s t i n g  on Q8 March 1978, 

photographs were taken of the.mounted test items so as t o  record t h e i r  

pos t - tes t  i n  s i t u  appearance. These are shown in Figures 10 through 15. 

Following the taking of the  post- tes t  i n  s i t u  photographs, t h e  

test  capsules and directly-exposed component assortment were removed from 

the  autoclave cooling c o i l  and taken t o  the  Westinghouse R&D Center f o r  

post- tes t  analysis .  Once there ,  these parts were immediately cleaned and 

photographed. These photographs are shown i n  Figures 16 through 22. 

Due t o  the  convexity of the TFE Teflon windows of Test Capsules 

A, B, C, and E as seen i n  the  photographs of Figures 16 through 19, it was 
apparent t h a t  the o i l  contained within a l l  four  test capsules had 

t h e m i l y  expanded during the test. 

appeared a t  t h i s  s tage  of the  post- tes t  ana lys i s  t h a t  one of the  TFE 
Teflon windows of Test Capsule had cracked and leaked during t e s t ing .  

With re ference  t o  Figure 17, it a l s o  

With reference t o  Figure 22, s u p e r f i c i a l  examination of the  hose 

clamps, metal bellows, and Swagelok-rod assemblies a t  t h i s  s t age  of the  
pos t - tes t  ana lys i s  showed them t o  be discolored but otherwise s t r u c t u r a l l y  

in t ac t .  

T e s t  Capsules A, B, C,  and E were next opened and emptied of 

t h e i r  contents.  While the  test capsules were being opened, i t  was 

observed t h a t  a l l  of t h e i r  end caps were loosened. The loosening probably 

w a s  caused by the extrusion of the  TFE Teflon windows out  from under the  

end caps, i n  response t o  the  force  of the  thermally expanding capsule o i l  

during test. 

A t  t h i s  point  the contents  of the  capsules could bes t  be 

described as sludge comprised of individual  test components, t abular  

alumina and o i l .  The surviving ind iv idua l  test components were then 

removed f o r  subsequent cleaning and examination. 

t h i s  po in t  t h a t  no epoxy specimens were recovered from T e s t  Capsule A. 
It should be noted a t  
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Fig. 10. Post-Test Photograph of Test Capsuled Fastened 
to Autoclave Cooling Coil 
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Fig. 11. Post-Test Photograph of Test Capsuled Fastened 
to Autoclave Cooling Coil 

Left: Test Capsule A 
Middle: Hose Clamp #1 
Right: Test Capsule B 
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Fig. 12. Post-Test Photograph of Test Capsules Fastened 
to Autoclave Cooling Coil 

Left: Test Capsule B 
Middle: Hose Clamp #2 
Right: Test Capsule C 
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Fig. 13. Post-Test Photograph of Test Capsules Fastened to 
Autoclave Cooling Coil 

Left: Test Capsule C 
Middle: 1/8 inch Swagelok-rod Assemblies 
Right: Test Capsule D 
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.F ig .  14. Post-Test Photograph of Test Capsules Fastened 
t o  Autoclave Cooling Coil  

Left:  T e s t  Capsule D 

Middle: 114 inch Swagelok-rod Assemblies 
Right: Test Capsule E 
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Fig. 15. Post-Test Photograph of T e s t  Capsules Fastened 
to  Autoclave Cooling Coil 

Left: T e s t  Capsule E 

Middle : Metal Bellows 

Right: T e s t  Capsule A 
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Fig. 16. Post-Test Photograph of Test Capsules A and B 

Left: Test Capsule A, End 
Cap A1 Facing Upward 

Right: Test Capsule B ,  End 
Cap B 1  Facing Upward 
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Fig. 1 7 .  Post-Test Photograph of Test Capsules A and B 

Left: T e s t  Capsule A ,  End 
Cap A2 Facing Upward 

Right: Test Capsule B, End 
Cap B2 Facing Upward 

i 
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Fig. 18. Post-Test Photograph of Test Capsules C and E 

Left: Test Capsule C ,  End 
Cap C 1  Facing Upward 

Right: Test Capsule E ,  End 
Cap E l  Facing Upward 
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Fig. 19.  Post-Test Photograph of Test Capsules C and E 

Left: T e s t  Capsule C ,  End 
Cap C2 Facing Upward 

Right: T e s t  Capsule E, End 
Cap E2 Facing Upward 

A-98 

. u 

RM-75081 



u 
j 
I 
I 

I 

Fig. 20. Post-Test Photograph of Free-Flooding Test 
Capsule D,  End Cap D1 Facing Upward 
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Fig. 21. Post-Test Photograph of Free-Flooding Test 
Capsule D ,  End Cap D2 Facing Upward 
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Fig. 22. Post-Test Photograph of Component Assortment 
Subjected to  Direct-Exposure Testing Within 
Auto c l  we Liquid Environment 
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The remaining oil and tabular  alumina sludge from Test Capsules 

, and E was examined next. That from Test Capsule A was very dark 

i n  color  and highly viscous,  t ha t  from Test Capsule B was s l i g h t l y  

darkened and moderately viscous, and t h a t  the  T e s t  Capsules C and E w a s  

white i n  color  and had the same moderate v i scos i ty  as the sludge recovered 

from Test Capsule B. 

T e s t  Capsule A was f i l l e d  with Mobil Jet Oil I1 both i n  t h i s  

test and i n  the  f i r s t  test of 10-12 January 1978. In both tests, no epoxy 

specimens were recovered and the  remaining sludge was dark i n  color  and 

highly viscous. 

decompose a t  e levated temperature, t h a t  i t  may f a i l  t o  pro tec t  the  chosen 

epoxy specimens from elevated temperature des t ruc t ion ,  and t h a t  it may 

possibly a i d  i n  the  elevated temperature des t ruc t ion  of the chosen epoxy 

specimens. 

This evidence suggests t h a t  Mobil Jet Oil 11 may i t s e l f  

T e s t  Capsule B was f i l l e d  with Dow Corning DC-21OH s i l i c o n e  o i l  

both i n  t h i s  test and i n  the  f i r s t  test of 10-12 January 1978. In  both 

test, the  remaining sludge w a s  s l i g h t l y  darkened i n  co lor  but re ta ined  i t s  

pre- tes t  moderate viscosi ty .  This darkening suggests t h a t  Dow Corning DC- 

210H may e i t h e r  decompose s l i g h t l y  a t  e levated temperature o r  may f a i l  t o  

f u l l y  pro tec t  the  chosen epoxy specimens from e leva ted  temeprature 

decomposition. 

Test Capsule C was f i l l e d  with Dow Corning DC-550 high-phenyl 

s i l i c o n e  oil both i n  t h i s  test and i n  the  f i r s t  test of 10-12 January 

1978. I n  both tests the  remaining sludge re ta ined  i ts  pre- tes t  color  and 

moderate v iscos i ty .  This evidence suggests t h a t  Dow Corning DC-550 high- 

phenyl s i l i c o n e  oil may hold up w e l l  i n  an e leva ted  temperature 

environment . 
Test Capsule E w a s  f i l l e d  with Dow Corning DC-710 high-phenyl 

s i l i c o n e  o i l .  

moderate v iscos i ty .  

phenyl s i l i c o n e  oil may hold up w e l l  i n  an elevated temperature 

environment . 

The remaining sludge re ta ined  i ts  pre- tes t  color  and 

This evidence suggests t ha t  Dow Corning DC-710 high- 
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.The individual t e s t  components from Test Capsules A, B ,  C ,  and E 
U 

were next cleaned up and examined for damage. 
these components appear in  Figures 23 through 26.  

Post-test photographs of 

The condition of these 

components will now be described with reference t o  the l i s t i n g  given i n  

Section I1 of th i s  Appendix. 
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Fig. 23. Post-Test Photograph of Test Capsule A Contents 

i 

I : A-104 



! 

Fig. 24.  Post-Test Photograph of Test Capsule B Contents 
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Fig. 25. Post-Test Photograph of Test Capsule C Contents 
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Fig. 26. Post'Test Photograph of Test Capsule E Contents 
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Candidate Sol id  Material and ComDonents Assortment 

f o r  T e s t  Capsules A, B, C, and E 

1. Rudimentary Peizoceramic. Transducer Assembly 

This specimen emerged from the  test i n  f a i r l y  good condi t ion f o r  

Test Capsules A, B, C, and E. Although coated with a hydrocarbon res idpe ,  

the  3/8 inch cube of tungsten-f i l led alumina cement re ta ined  both i ts  
shape and dimensions f i a r l y  w e l l .  The piezoceramic element remained 

f i rmly  bonded t o  the  cube, ind ica t ing  t h a t  the  Epo-Tek H20E e l e c t r i c a r l y  

conductive epoxy is sa t i s fac tory .  When prodded with a p a i r  of tweezers, 

the  peizoceramic's fired-on outer  s i l v e r  e l ec t rode  remained f i rmly 

adherent; however, the Epo-Tek H20E had hardened somewhat from i ts  
o r i g i n a l  consistency. 

This element is shown a t  the  extreme l e f t  i n  Figures 23 

through 26. 

2. Pot t ing  Materials 
2.1 Stycas t  2762FT 

This element completely d i s in t eg ra t ed  i n  T e s t  Capsule A, but 

emerged i n  f a i r l y  good condi t ion from T e s t  Capsules B, C, and E. The 

surviving samples had only s l i g h t  dimensional changes and d isco lora t ion ,  

but showed no marked embrittlement o r  gross  decomposition. 

This element appears t h i r d  from the  l e f t  i n  Figures 23 

through 26. 

2.2 Duralco 700 

This element completely d i s in t eg ra t ed  i n  Test Capsule B, became 

p a r t i a l l y  decomposed and dimensionally changed i n  Test Capsules B, C, and 

E. Its condition was somewhat worse than t h a t  of the  S tycas t  2762FT. 

This element appears second from the l e f t  i n  Figures 23 

through 26. 
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3. Hookup 'Wire 

Super f i c i a l ly ,  the TFE Teflon insu la ted  wire specimen emerged 
from the  test i n  very good condition f o r  Test Gapsules A, B, C, and E. No 
embrittlement, decomposition, or hydrocarbon-residue coating were 
observed. 

When prepared, the  wire specimens were a l l  cu t  t o  5-inch 

s t r a i g h t  lengths  and care was taken t o  assure  t h a t  t he  in su la t ion  was 
f l u s h  w i t h , t h e  copper-wire termini. 

specimens showed that the  copper wire i t s e l f  had a mean length of 5.13 
inches with a 0.005 inch standard deviat ion,  while i ts  Teflon insu la t ion  

had a.mean length  of 5.44 inches with a 0.150 inch standard deviation. 

This information suggests t ha t  the stranded copper wire may have untwisted 

during elevated temperature test and t h a t  its TFE Teflon in su la t ion  may 
have simultaneously expanded due t o  o i l  absorption. 

a l s o  explain the  apparent shortening of copper wire as reported i n  the  

f i r s t  (10-12 January 1978) autoclave test. 

Post- tes t  measurements on a l l  four  

These phenomena may 

This element appears t o  the  f a r  r i g h t  of Figures 23 through 26. 
1 ) .  

, . e  

4. TFE Teflon Windows 

The TFE Teflon windows of Test Capsules A, B, C, and E were 
gross ly  deformed. 

dimpled i n t o  a spher ica l  contour. 

discolored a t  the  sites where they had ruptured under the  presssure of t he  

thermally-expanding test capsule o i l .  Ohterwise, these,windows showed no 

s igns  of e i t h e r  embirttlement o r  of having been chemically attached. 

The formerly f l a t  surface of ech disk-like window had 

Some of the windows were cracked and 

The TFE Teflon windows appear second from the r igh t  i n  Figure8 

23 through 26. 



5. Material Coupons 

5.1 TFE Teflon 

The TFE Teflon coupon samples recovered from Test Capsules A, B, 
C, and E were i n  very good shape. 

showed only s l i g h t  dimensional increases.  

embrittlemen o r  of having been chemically attached. 

They were c lean  i n  appearance and 

They showed no s igns  of e i t h e r  

With reference t o  the  dimensional changes, the  mean values f o r  

the  pre- tes t  l ength  (l), width (w), and thickness  (t) dimensions along 

with the standard deviat ions ( 0 )  are as follows: (1) 1 = 1.065 inch 

(al  = 0.016 inch); (2) w = 0.561 inch (Ow = 0.007 inch);  t = 0.0635 inch 

(U = 0.0000 inch). 

(1) 1 = 1.069 inch (al = 0.014 inch); (2) w = 0.566 inch (~w0.007 iqch);  

(3) t * 0.651 inch (ut = 0.0005 inch). 

The corresponding post- tes t  values are as follows: 

The TFE Teflon coupon samples appear fou r th  from the  r i g h t  i n  

Figures 23 through 26. 

5.2 Type 304 Sta in l e s s  S t e e l  

The Type 304 s t a i n l e s s  steel coupon samples recovered from Test 

Capsules A, B, C, and E were i n  very good shape. Except f o r  some s l i g h t  
ta rn ish ing ,  they were clean i n  appearance. They showed no dimensional 

changes and no s igns  of gross  chemical a t tack .  

The Type 304 s t a i n l e s s  steel coupon sample is shown t h i r d  from 

the  r i g h t  i n i  Figures 23 through 26. 

The individual  test components from Test Capsules D were next 

cleaned up and examined f o r  damage. 

components w i l l  not be described with reference t o  the  l i s t i n g  given i n  
Section I1 of t h i s  Appendix. 

Post-test  photographs of these  
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Candidate Material and ComDonent Assortment 

f o r  Free-Flooding Test Capsules D 

1 1. High-Temperature Elastomeric Materials 

1.1 Kalrez 

The Kalrez coupon samples recovered from free-flooding T e s t  

Capsules D were s l i g h t l y  swollen and had some surface cracking, but were 
s t i l l  very pl iable .  

With reference t o  t h e i r  dimensional changes, the mean values fo r  

the  pre-test  length (l), width (w), and thickness ( t )  dimensions along 

with t h e i r  standard deviat ions (0) are a8 follows: (1) 1 = 1.051 inches 

(a1 = 0.021 inch); (2) w = 0.480 inches (aw = 0.006 inch); (3) t = 0.060 
inch (at  = 0.000 incch). 

follows: 

(aw = 0.006 inch); (3) t = 0.067 inch ( U t  - 0.000 inch). 

The corresponding post- tes t  values are as 

(1) 1 = 1.123 inches (a1 - 0.021 inch); (2) w = 0.517 inches 

The Kalrez coupon samples occupy the extreme-left and second- 

from-left pos i t ions  i n  the bottom row of Figure 27 

1.2 AFLAS-50 

The recovered AFL -150 coupon samples were swollen and had some 

surface cracking. In addi t ion,  t h e i r  surfaces  were covered with a l a r g e  
number of small-sized dimples. 

With reference t o  the dimensional changes, the mean values f o r  

the  pre- tes t  length ( l ) ,  width (w), and thickness ( t )  dimensions along 

with t h e i r  s tandard deviat ions (0) are as follows: (1) 1 - 0.734 inches 

(Q1 = 0.006 inch);  (2) w * 0.708 inches (Uw = 0.002 inch); (3) t = 0.132 
inches (at  = 0.000 inch). 

follows: (1) 1 = 0.769 inches (al  = 0.012 inch); (2) p? = 0.738 inches 
(aw - 0.004 inch); (3) t = 00.173 inches ( U t  = 0.010 inch). 

The corresponding post- tes t  values are as 

The AFLAS-150 coupon samples occupythe third-from-left and 

f o u r t h - f r o w l e f t  pos i t ions  i n  the  bottom row of Figure 27. 

1 
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P i g .  27. Post-Test Photograph of Test Capsule D Contents 
(Group 1 of 2) 
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1 . 3 Ethylene Propylene 
clri 

The recovered ethylene propylene coupon samples somewhat swollen 
and had some surface cracking. In addition, they felt gummy. 

With reference to their dimensional changes, the means and 
standard deviations for their pre-test dimensions are as follows: 
1.987 inches (a1 = 0.000 inches); (2) w = 0.410 inches (aw = 0.018 inches); 
(3) t - 0.082 inches (at = 0.001 inches). 
values are as follows: 
0.486 inches (aw = 0.016 inches); (3) t = 0.173 inches (at = 0.010 
inches) . 

(1) 1 = 

The corresponding post-test 
(1) 1 = 2.200 inches (a1 = 0.004 inch); (2) w = 

The ethylene propylene coupon samples occupy the extreme-right 
and second-from-right positions In the bottom row of Figure 27. 

1.4 Phosphonitrilic Fluoroelastomer 

The recovered phosphonitrllic fluoroelastomer coupon samples 
were embrlttled to the point where they could be easily fractured when 
touched. 

The phosphonitrilic fluoroelastomer coupon samples occupy the 
extreme-left and second-from-left positions in the middle row of Figure 

2, Metal Coupons 
2.1 Type 304 

The recovered Type 304 stainless steel coupon samples were 
blackened but otherwise were in very good shape. They showed no 
measurable dimensional changes, although they were slightly pitted in 
spots. 

The Type 304 stainless steel coupon sampls are shown in the 
extreme-right and second-from-right positions in the top row of Figure 28. 

A-1 13 



Fig.  28. Post-Test Photograph of Test Capsule D Contqnts 
(Group 2 of 2) 
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2.2 Inconel 718 
CIS 

The Inconel 718 coupon samles recovered were i n  very good 

shape. Except f o r  some s l i g h t  tarnishing,  they were clean i n  

appearance. 

chemical a t tack.  

They showed no dimensional changes and no s igns  of gross  

The Inconel 718 coupon samples occupy the  e n t i r e  top row of 

Figure 27. 

3. High-Temperature P l a s t i c  Mater ia ls  

3.1 TFE Teflon 

The recovered TFE Teflon coupon samples were i n  very good 

shape. 

dimensional increases.  

been chemically attacked. 

They were only s l i g h t l y  discolored and showed only s l i g h t  

They showed no s igns  of embrittlement or  of having 

With reference t o  t h e i r  dimensional changes, the means and 

standard deviat ions f o r  t h e i r  pre-test  dimensions are as follows: 

(1) 
(2) 
(3) 

1 - 1.567 inches (al = 0.025 Inchee); 

w = 0.536 inches (ow - 0.002 inches);  

t = 0,0635 inches ( t t  = 0.000 inches). 

The corresponding post- tes t  values are as follows: 

(1) 
(2) 
(3 )  

1 - 1.569 inches (aI  - 0.023 inches); 

w = 0.544 inches (wW = 0.004 Inches);  
t - 0.065 inches (tt = 0.000 inches). 

The TFE Teflon coupon samples are the two white samples a t  t h e  

center  of Figure 27. 

3.2 Astrel 360 

The Astrel 360 coupon samples completely decomposed during the 

test. No remains of these samples. were recovered. 
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3.3 Polvbutadiene 

The recovered polybutadiene coupon samples were i n  f a i r  shape. 

They were no longer t ransparent ,  but had c r y s t a l l i z e d  and were now 

translucent.  Tn addi t ion,  they were warped and exhibi ted some surface 

cracking. Because of the warping and the non-uniformity of the pre-test  

thickness dimension, i t  w a s  impossible t o  make r e l i a b l e  post-test  

dimensional measurements. 

The polybutadiene coupon samples occupy the  far-r ight  and 

second-from-right posi t iops i n  the middle row of Figure 27. 

3.4 Graphite-Carbon-Glass F i l l e d  TFE Teflon 

The disk-shaped coupons of graphite-carbon-glass f i l l e d  TFE 
Teflon were recovered i n  very good shape. 

degradation. 

They showed no apparent 

With reference t o  t h e i r  dimensional changes, the  mean values f a r  

t he  pre-test  diameter (d) and thickness (t) dimensions, along with t h e l r  

standard deviat ions (0) are as follows: 

(1) 

(2) 

d = 0.749 inches (Od = 0.000 inches);  

t = 0.100 inches ( U t  = 0.003 inches). 

The corresponding post-test  values are as follows: 

(1) 

(2) 

d = 0.752 inches (ad = 0.001 inches); 

t = 0.102 inches ( U t  = 0.002 inches).  

These disk-shaped coupons are shown i n  the  lower l e f t  cornqr of 

Figure 28. 

3.5 Doryl-Glass-Mica Composite 

The recovered doryl-glassmica composite samples were found t o  

be s t r ipped  of epoxy. 

sheets. 
its e x t e r i o r  epoxy coating was completely gone. 

One sample's remnants comprised only two clean mica 

Although the other  sample comprised two epoxy-bonded mica shee ts ,  
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The doryl-glass-mica composite samples occupy the  third-from- 

l e f t  and fourth-from-left pos i t ions  In the bot tou row of Figure 28. 

4. Pot t ing  Materials 

The recovered Stycast  2762FT and Duralco 700 epoxy samples were 

badly decomposed and were not ind iv idua l ly  iden t l f i ab ly .  

po t t i ng  materil samples occupy the f a r r i g h t  and second-from-right 

pos i t ions  i n  the  bottom row of Figure 28. 

These epoxy 

5 .  TFE Teflon Insu la ted  Single-Conductor Copper Wire 

Super f i c i a l ly ,  the  TFE Teflon in su la t ed  single-conductor wire 

specimens emerged from the  test i n  very good condition. 

decomposition, o r  hydrocarbon-residue coat ing were observed. 

No embrit t lement,  

When prepared, the wire specimens were a l l  cut  t o  3-inch 
s t r a i g h t  lengths  and care  was taken t o  assure  t h a t  t he  in su la t ion  was 
f l u s h  with the  copper-wire termini. 

specimens showed tha t  the length of the single-conductor copper wire 
i t s e l f  remained at  3.00 inches but t h a t  the  length  of i t s  TFE Teflon 

i n s u l a t i o n  had increased to  a mean value of 3.18 inches with a standard 

devia t ion  of 0.04 inches. This information suggests t h a t  the TFE Teflon 

i n s u l a t i o n  may have expanded due t o  absorpt ion t o  autoclave l i q u i d  a t  
e leva ted  temperature. 

Pos t-test measurements on both 

The copper wire's s i l v e r  coat ing was found t o  be completely 

blackened. This suggests t ha t  corrosive substances,  among which s u l f u r  

may be included, had at tacked the  s i l v e r  a f t e r  f i r s t  d i f fus ing  e i t h e r  

along the  Teflon-to-wire i n t e r f a c e  o r  d l r e c t l y  through the  Teflon 

i t s e l f .  

no o ther  s igns  of chemical a t tack.  

Aside from i t s  blackened s i l v e r  coat ing,  the  copper wire showed 

The recovered TFE Teflon insu la ted  single-conductor wire 
specimens are shown i n  the  upper l e f t  corner of Figure 28. 
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6 .  B a l  Seals  

Superf i i 

condition. The B a l  

l l y ,  t he  B a l  Sea ls  emerged from the test i n  good 

Seals are the r ing-l ike objec ts  shwon i n  the middle of 

the  top row i n  Figure 28. 

The component assortment t h a t  had been a f f ixed  t o  the  autoclave 

cooling c o i l  f o r  t e s t ing  was examined next. 

t h i s  assortment is shown i n  Figure 22. 

w i l l  now be described with reference t o  the. l i s t i n g  given i n  Section I1 of 
t h i s  report .  

A post- tes t  photograph of 

The condi t ion of these components 
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. Component Assortment for Direct-Exposure Testing 
Within Autoclave Liquid Environment 

1. Metal Bellows 

Superficially, the metal bellows emerged from the test in good 
Other than being blackened, no evidence of gross chemical condition. 

attack was seen. 
to be seen. 

When held to a light, no signs of pin-hole cracks were 

. The metal bellowe.is shown in the upperright corner of 
Figure 22. 

. . .  . 
. - .  , c . a  

2. Swagelok-Rod Assemblies 

All of the Swagelok seals had held up during testing. 
corrosion or discoloration at all was observed on the seal-protected rod 
surfaces that formed part of the Swagelok-rod capsule's interior cavity. 

No 

The Swagelok-rod assemblies occupy the bottom row of Figure 22. 
I .  ' I '  

3. Stainless'steel Hose Clamps 

The stainless steel hose clamps emerged from the test in good 
Other than being blackened, no evidence of gross chemical condition. 

attack was seen. 
clamps . 

7 ,  

It was possible to tighten and untighten all hose 
' I .  

< *  

The'stainless steel hose clamps are shown in the upper-left 
corner of Figure 22. 

' A-119 
I 



APPENDIX I11 - AUTOCLAVE TEST PLANS 

ST-001 

1, Introduction 

This fechnical requirements description delineates th steps tha 
must be taken to assure the success of the forthcoming autoclave test of 
Westinghouse supplied capsules at Pressure Chemical Company, 3419 Smallman 
Street, Pittsburgh, PA 15201. 

2. Objective 

The objective is to continuously test Westinghouse supplied 
capsules in the Westinghouse specified autoclave liquid environment at a 

pressure of 7000 psi and a temperature of 275'C (527'F) for a persod of 
time equal to or greater than 12 hours. So as to preclude thermal shock 
to component parts within the Westinghouse supplied capsules, the time 
required to reach the specified 7000 psi, 275'C (527'F) test conditions 
from room abmeitn pressure and temperature shall be no less than 2 

hours. 
temperature from the specified 7000 psi, 275OC (527OF) test conditions 
shall be no less than 2 hours. 

Likewise, the time required to return to room ambient pressure and 

During the test, the Westinghouse supplied capsules must be 
completely immersed within the Westinghouse specified autoclave aiquid 
epvironment. 

3. Test Components 
3 . 1 Autoclave 

Pressure Chemical Company's 10-gallon 316 stainless steel 
I autoclave (ll-1/2-inch I.D. by 19-inch internal length) shall be 

I 
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b;, u t i l i z e d .  The autoclave shall be f i t t e d  with i ts  customary cooling Coil, 

s t i r r i n g  impe l l e r  and thermocouple wells. 

3.2 Autoclave Liquid 

The autoclave l i q u i d  s h a l l  have the  following chemical 

compositions: 

H20 - 990 g /1  (Note: 1 ,2)  
N a C l  = 25.4 g / 1  
NaHC03 = 1.94 g/1 (0.023M) . (Note: 3) 

Na2S '9H20 = 2.15'g/l  (0.00895M) (Note: 4) 
HC1 (1M) = 41.0 ml/l (0.0410M) (Note: 5,6) 

Deionized water is t o  be used exclusively.  

"g/ l"  designates  "grams/li ter." ' 

"M" designates  "molar solut ion;"  Le., a so lu t ion  containing 

one gram-mole of so lu t e  per  l i ter  of solut ion.  

water is t o  be used exclusively f o r  preparing a l l  required 

molar solut ions.  

Westinghouse shall supply the  required Na2S 9H20 c rys t a l s .  

Pressure Chemical Company s h a l l  supply a l l  o ther  required 

chemicals. 

"ml/l" designates  "milliliters/liter. *' 

A 0.041OM so lu t ion  of HC1 s h a l l  be prepared by adding 41.0 ml 
of 1M HC1 so lu t ion  t o  1 l i ter  of deionized water. 

Deionized 

, ,  

3.3 Autoclave-Liquid Cover Gas 

Argon must be used exclusively as a cover gas. 

cover gas volume must be kept t o  a minimum s ince  autoclave-l iquid 

dissolved gases w i l l  p a r t i t i o n  between the  l i q u i d  and vapor phases. 

'In addi t ion ,  any 

The a c t u a l  volumes occupied by both the  autoclave-liquid and t h e  

cover gas a t  room ambient pressure and temperature p r io r  t o  the  start of 

t e s t i n g  must be p rec i se ly  known. 

257OC (527'F) test  conditions. 

This w i l l  permit computation of the  

' dissolved gas liquid-vapor phase p a r i t i t i o n  a t  the  spec i f i ed  7000 p s i ,  

bs 
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3.4 T e s t  Capsules 

Westinghouse shall supply four  ( 4 )  300-series s t a i n l e s s  steel  

test capsules. 

tube f i t t e d  with two 1-5/8-inch diameter end caps, and s h a l l  be 6 - 1 / 4 -  

inches i n  o v e r a l l  length. Each capsule may be conveniently fas tened $0 

t he  outer  perimeter of the autoclave 's  cooling c o i l  by means of s t a i n l e s s  

steel wire f o r  t h i s  purpose. 

Each capsule s h a l l  be comprised of a 1.315-inch diameter 

3.5 Instrumentation 

Pressure Chemical Company s h a l l  supply a l l  needed 

instrumentat ion such as a pressure gage, thermocouple, thermocouple ice- 

point  reference junction, pH meter and s t r i p  char t  recorder. 

4. T e s t  Procedure 
4.1 Fastening of T e s t  Capsules 

Pressure Chemical Company personnel s h a l l  f a s t e n  each of the  

four  (4) Westinghouse-supplied tee t  capsules t o  the  outer  perimeter of t he  

au tc l ave ' s  cooling c o i l  by means of s t a i n l e s s  s teel  w i r e .  Westinghouse 

s h a l l  supply a spool of 0.035-inch diameter 304 s t a i n l e s s  steel  wire f o r  

t h i s  purpose. 

4 . 2  PreDaration. F i l l i n g  and Deaeration of Autoclave Liauid 

The autoclave l i q u i d  s h a l l  have a chemical compositiQn as 

spec i f i ed  i n  Section 3.2 of t h i s  Technical Requirements Description No. 
ST-001, Revision A. However s ince  oxygen is l i k e l y  t o  have a s t rong  

e f f e c t  on the  r e a c t i v i t y  of the chemicals $n so lu t ion ,  it must be purged 

from the  autoclave l i q u i d  t o  the  g r e a t e s t  ex ten t  possible.  

One suggested purging procedure is as follows: (1) f i l l  t he  

autoclave with deionized water; (2) add only the  required N a C l  so lu te ;  ( 3 )  
heat  the  so lu t ion  while bubbling argon through i t ;  ( 4 )  add the  reamining 

required so lu t e s  t o  solution. This purging procedure w i l l  a ssure  t h a t  the  

water i s n ' t  re-aerated while the  N a C l  is dissolved i n t o  so lu t ion  by 

s t i r r i n g .  

U 
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Another acceptable  purging procedure would be t o  d isso lve  a l l  

so lu t e s  together  following the water deaerat ion,  provided t h a t  an argon 

cover gas is maintained so as t o  preclude re-aerat ion during s t i r r i n g .  

4.3 Pre-Test Liquid and Cover Gas Volume Measurements 

The volume of the autoclave l i q u i d  a t  room ambient pressure and 

temperature s h a l l  be measured p r i o r  t o  the  start  of t e s t ing .  

The volume of the autoclave cover gas a t  room ambient pressure 

and temperature a t  the  start of t e s t i n g  s h a l l  be e i t h e r :  

(2) computed by subt rac t ing  the  autoclave-liquid volume from the  known 
(1) measured; o r  

'volume of t he  autoclave cavity.  I 

4.4 Pre-Test pH Measurement 

The pH of the  autoclave l i q u i d  must be measured p r io r  t o  the 

start of tes t ing .  

4.5 Application of Pressure and Temperature Test Conditions 

So as t o  preclude thermal shock t o  component p a r t s  within the  

Westinghouse supplied test capsules,  the  time requi re  t o  reach the  

spec i f i ed  7000 ps i ,  257OC (527'F) t e s t  condi t ions from room ambient 

pressure and temperature s h a l l  be no less than 2 hours. 

4.6 Maintenance of Pressure and Temperature Test Conditions 

The autoclave l i qu id  environment s h a l l  be continuously 

maintained a t  a pressure of 7000 p s i  and a temperature of 275OC (527'F) 
f o r  a period of time equal t o  o r  g r e a t e r  than 12 hours. 

4.7 Removal of Pressure and ,Temperature Test Conditions 

The t i m e  required t o  r e tu rn  t o  room ambient pressure and 

temperature from the spec i f ied  7000 p s i ,  275OC (527'F) test condi t ions 

s h a l l  be no less than 2 hours. 
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4.8 Post-Test pH Measurement 

The pH of the autoclave l i qu id  must  be measured a f t e r  the  f i n i s h  

of tes t ing .  

5 .  Required T e s t  Data 

5.1 Pressure and Temperature 

A continuous-time s t r i p  cha r t  recrord of pressure and temperature 

s h a l l  be provided. 

removal phases as ca l l ed  out  i n  Sect ions 4.5, 4.6 and 4.7 of t h i s  

Technical Requirements Description No. ST=OOl, Revision A, must be c l e a r l y  

de l inea ted  on the  record. 

measured must be c l e a r l y  de l inea ted  on the  record. 

which temperature has been both measured and maintained within the  

autoclave l i q u i d  volume must be c l e a r l y  de l inea ted  gn the  record. 

record must a l s o  contain anecdotal  observations.  

The test-condi t ion appl ica t ion ,  meaintenance and 

The prec is ion  with which pressure has been 

The prec is ion  with 

The 

5.2 pH - 
Both the pre-test and post- tes t  measured pH values must be 

wr i t ten  on the  pressure-temperature s t r i p  char t  record. 

5.3 Pre-Test Liquid and Cover Gas Volume 

The volume of the  autoclave l i q u i d  a t  room ambient pressure and 
temperature a t  the  start of t e s t ing  must be wr i t ten  on the  pressure- 

temperature s t r i p  char t  record. 

The volume of the  autoclave cover gas a t  room ambient pressure 

and temperature a t  the start of t e s t i n g  must be wr i t ten  gn the  pressure- 

temperature s t r i p  char t  record. 
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5.4 Pre-Test Room Ambient Temperature 

The room ambient temperature at the start of the testing must be 
written on the pressure-temperature strip chart record. 

I i y  

I 
1 
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ST-005 

Introduction 

This technical requirements decription delineates the steps that 
must be taken to assure the success of the forthcoming autoclave test of a 
Westinghouse supplied sensor assembly at Pressure Chemical 'Company, 3419 
Smallman Street, Pittsburgh, PA 15201. 

Objective 

The test objectives are 1.) test overall suitability of the 
sensor package concept under simulated geothermal borehole conditiqns, 2.) 
determine electroacoustic performance characteristics of the sensor under 
simulated geothrmal borehole conditions. 

The first objective can be met by compliance with those sections 
relating to the autoclave liquid preparation and test procedures. The 
second objective will bemet by operating the sensor in the pulse-echo mode 
during selected intervals in the test cycle. 
features are provided in the test sensor for bringing electrical leads out 
of the autoclave. In addition, special "target" structures will be 
located within the vessel. 

To accomplish this, specie1 

Test Components 
Autoclave 

Pressure Chemical Company's 10-gallon 316 stainless steel 
autoclave (11-1/2 inch I.D. by 19-inch internal length) shall be 
utilized. The autoclave shall be fitted with its customary cooling coil 
and thermocouple wells. The customary stirring impeller and shaft shall 
be removed t o  provide for a replacement shaft which is an integral part of 
the Westinghouse supplied sensor assembly. 
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Autoclave Liquid 

The autoclave l i q u i d  s h a l l  have the  following chemical 

i 

composition: 

. H20 - 999 g/1 (Note: 1,2) 

NaCl  = 25.4 g/1 
NaHC03 = 1.94 g/1 (0.023M) (Note: 3) 

Na2S'9H20 - 2.15 g /1  (0.00895M) (Note: 4) 

HC1 (1M) 41.0 d/l (0oO41OM) , (Note: 5,6) 

Notes: 

(1) Deionized water is t o  be used exclusively.  

(23 @@g/l@' designates  "grams/ l i ter .  @@ 

(3) 4"M" designates  "molar solut ion;"  Le., a so lu t ion .  containing one 

gram-mole of so lu t e  per l i ter  of solut ion.  

be used exclusively f o r  preparing a l l  required molar solut ions.  
Deionized water is t o  

(4) Westinghouse s h a l l  supply the  requi res  Na2S'9H20 c rys t a l s .  

Pressure Chemical Company s h a l l  supply a l l  o ther  required 

chemicals. 

(5)  " m l / l "  designates  "milliliters/liter. @@ 

(6) A 0.041OM solu t ion  of HC1 s h a l l  be prepared by adding 41.0 m l  of 

1M HC1 so lu t ton  t o  1 l i t e r  of deionized water. 

Autoclave-Liquid Cover Gas 

Argon must be used exclusively as a cover gas. 

cover gas volume must not exceed 25 percent of t o t a l  ves se l  volume. 

I n  addi t ion ,  any 

The a c t u a l  volumes occupied by both the  autoclave-liquid and t h e  

cover gas a t  room ambient pressure and temperature p r i o r  t o  the  s tar t  of 

t e s t i n g  must be p rec i se ly  known. This w i l l  permit computation of the  

dissolved gas liquid-vapor phase p a r t i t i o n  a t  the  spec i f i ed  7000 p s i ,  

257OC (527'F) test conditions.  
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Acoustic Sensor Assembly 

Westinghouse w i l l  supply one acous t i c  sensor assembly cons is t ing  
of g sensor housing, a volumetric expansion bellows, and a modified 

s t i r r i n g  shaf t .  

1154C51. 
l e v e l  of the  top cooling co i l .  

The sensor assembly is de ta i l ed  i n  Westinghouse drawing 

This design w i l l  l oca t e  the  upper f lange a t  approximately t h e  

Acoustic Target Asemblies 

Westinghouse w i l l  supply seve ra l  assemblies which ~ $ 1 1  provide 

simulated borewall t a r g e t s  f o r  evalut ing sensor performance. 

assembly w i l l  cons i s t  of one or more wire rods a t tached  t o  a small metal 

p l a t e  which w i i l  be a t tached t o  adjacent  cooling c o i l  windings using 
corrosion-resis  t a n t  w i r e .  

A t y p i c a l  

Instrumentat ion 

Pressure Chemical Company s h a l l  supply a l l  needed instrumen- 

t a t i o n  such as a pressure gage, thermocouple ice-point reference junct ion,  

pH meter and s t r i p  chart recorder. 

Wesitnghouse w i l l  provide a l l  h s t rumen ta t ion  necessary f o r  

evaluat ing e l ec t roacous t i c  performance of the  sensor.  

TEST PROCEDURE 

Test Sequence 

A s ing le  test cycle  is an t i c ipa t ed ,  cons is t ing  of reaching test 
condi t ions,  maintaining test condi t ions f o r  spec i f i ed  t i m e ,  and re turn ing  

t o  ambient room conditions.  

acous t ic  measurements of sensor performance as deemed necessary throughaut 

the  test cycle. 

Westinghouse personnel w i l l  make e lec t ro-  
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Sensor Assembly Placement 

Correct assembly placement will be automatic as the integra 
Careful replacement stirring shaft is-installed in the packing seal. 

handling throughout and minimal mechanical abuse during shaft seating are 
mandatory. Westinghouse personnel must witness sensor assembly placement. 

Acoustic Target Assembly Placement 

Exact locations of target assemblies will be specified in terms 
of evaluation and aximuth. 
the cooling coil, approximately 3-inches below the top coil. 

Target assemblies will attach to the I.D. of 
Westinghouse 

personnel will be available to assist in this step and must witness and 
approve final placements of target assemblies. 

Preparation, Filling and Deaeration of Autoclave Liquid 

The autoclave liquid'shall have a chemical composition as 
specified in Section 3.2 of this Technical Requirements Description No. 
ST-005. However, since oxygen is likely to have a strong effect on the 
reactivity of the chemicals in solution, it must be purged from the 
autoclave liquid to the greatest extent possible. 

Once suggested purging'procedures is as follows: 
autoclave with deionized water; (2) add only the required NaCl solute; (3) 
heat the solution while bubbling argon through it; (4) add the remaining 

(1) fill the 

required solutes to solution. 
water isn't re-aerated while the NaCl I s  dissolved into solution by 
s t irr ing. 

This purging procedure will assure that the 

Another acceptable purging procedure would be to dissolve all 
solutes together following the water deaeration, provided that an argon 
cover gas is maintained so as to preclude re-aeratfon during stirring. 
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Pre-Test Liquid and Cover Gas Volume Measurements 

The volume of the  autoclave l i q u i d  a t  room ambient pressure and 

temperature s h a l l  be measured p r io r  t o  the  start of t e s t ing .  

The volume of the  autoclave cover gas a t  room ambient pressure 

and temperature a t  the start of t e s t i n g  s h a l l  be e i t h e r :  

(2)  computed by subt rac t ing  the  autoclave-liquid volume from the known 

volume of the autoclave cavity. 

(1) measured; o r  

Pre-Tes t pH Measurement 

The pH of the  autoclave l i q u i d  must be measured p r i o r  t o  the  

start of the  tes t ing .  

Application of Pressure and Temperature Test Conditions 

The t i m e  required t o  reach the  spec i f i ed  7000 p s i ,  275OC (527'F) 

test condi t ions from room ambient, pressure and temperature s h a l l  be 

minimized. See a l s o  Section 7. 

Maintenance of Pressure and Temperature Test Conditions 

The autoclave l i q u i d  environment s h a l l  be continuouFly 

maintained a t  a pressure of 7000 p s i  and a temperature of 275OC (527'F) 

f o r  a period of t i m e  equal t o  or g r e a t e r  than 4 hours. See also 

Sect ion 7. 

Removal of Pressure and TemDerature T e s t  Conditions 

The t i m e  required t o  re turn  t o  room ambient pressure and 

temperature from the  spec i f ied  7000 p s i ,  275OC (527'F) test condi t ions 

s h a l l  be minimized. See a l s o  Section 7, 

Post-Test DH Measurement 

The pH of the autoclave l i q u i d  must be measured a f t e r  the f i n i s ?  

' of tes t ing .  
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REQUIRED TEST DATA 

Pressure  and Temperature 

A continuous-time s t r i p  char t  record of pressure and temperature 

s h a l l  be provided. The tes t -condi t ions appl ica t ion ,  maintenance and 
removal phases as ca l l ed  out  i n  Sections 4.7, 4.8 and 4.9 of t h i s  

Technical Requirements Description No. ST-005 must be c l e a r l y  de l inea ted  

on the  record. The prec is ion  with which pressure has been measured must 

be c l e a r l y  de l inea ted  on the  record. 
has been both measured and maintained wi th in  the  autoclave l i q u i d  volume 

must be c l e a r l y  de l inea ted  on the record. 
anecdotal  comments descr ibing encountered d i f f i c u l t i e s  as w e l l  as 
noteworth observations.  

The prec is ion  with which temperature 

The record must a l s o  conta in  

L '  

pH 
Both the  pre- tes t  and post- tes t  measured pH values must be 

p r i t t e n  on the  pressure-temperature s t r i p  chart record. 
4 -  

1 1 1 .  
I .  

Pre-Test Liquid and Cover Gas Volume . . ._ .. . 

8. The volume of the  autoclave l i q u i d  a t  room ambient pressure and 

temperature a t  the  start of t e s t i n g  must be wr i t ten  on the  pressure- 

temperature s t r i p  char t  record. 

The volume of the  autoclave cover gas a t  room ambient pressure 

and temperature at the  start of t e s t i n g  must be wr i t t en  on the  pressure- 

temperature s t r i p  chart record. 

Pre-Test Room Ambient Temperature 

The room ambient temperature a t  the  start of t e s t i n g  must be 

wr i t ten  on the  pressure-temperature s t r i p  cha r t  record. 
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Acoustic Sensor Performance 

A l l  e l ec t roacous t i c  performance da ta  w i l l  be generated by 

West inghouse personnel. 

TEST WITNESSING 

A t  the  d i sc re t ion  of Westinghouse Electric Corporation, any 

phase of the contracted t e s t ing  may be witnessed by Weatinghouse 

p e r s onne 1 . 
PRESSURE VS. TEMPERATURE PRECAUTION 

Sensor assembly heating without simultaneous appl ica t ion  of 
ex te rna l  pressure w i l l  r e s u l t  i n  excessive i n t e r n a l  gas expansion, 

exceeding deisgn l i m i t s  and r i sk ing  test: success. This precaut ion relates 
t o  Sections 4.7, 4.8, and 4.9 and s t i p u l a t e s  t h a t  whenever the test 

assemblies are i n  the  autoclave and exposed t o  temperature exaeeding 

100°F, s u f f i c i e n t  cover gas pressure be appl ied and maintained t o  con t ro l  

the  gas volume i n t e r n a l  t o  the  test assemblies. The minimum allowable 

pressure a t  any temperature g rea t e r  than 100% is tha t  required t o  insure  

a maximum gas volume of approximately 1/2 of the  ambient room temperature 

gas volume. The maximum allowable pressure is 7000 psi. 
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