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HARD ROCK PENETRATION - SUMMARY 

George P. Tennyson, Jr., Chairperson 
DOE Albuquerque Field Office 

The theme of this review, “Geothermal Energy and the Utility Market - The Opportunities and Challenges for Expanding Geothermal 
Energy in a Competitive Supply Market,” ties in directly with the subject of this session. That is, it follows immediately that the 
establishment, utilization and maintenance of the borehole for extracting energy and data are the first and continuing concerns of 
the geothermal industry in expanding that resource’s role in the utility market. There is probably no portion of the utilization of 
the geothermal energy resource that more determines the cost competitiveness of that resource than the cost of reaching and 
delivering the heat energy. Therefore, there is probably no other area where advances in the state-of-the-art can be more directly 
and profitably applied to the theme of this review. 

The four subjects in this session feature the activities under the program conducted at the Sandia National Laboratories 
(Albuquerque). Specifically, an overview is presented, a discussion of advances in acoustic telemetry, the status of lost circulation 
technology development, and a description of downhole memory-logging tools. 

One of the points of emphasis in the overview concerned slimhole drilling. The cost advantages of a smaller diameter borehole are 
intuitively obvious. The possibility of cutting drilling costs by half opens up the possibility of conducting more detailed mapping 
of the thermal reserves. This is particularly attractive for the Pacific Northwest, where a power shortage looms in the future. There 
is substantial evidence of significant useful thermal reserves in the area. However, the capability of tapping them is, in many cases, 
dependent upon finding drilling locations not only advantageously related to the power grid, but suitably related to natural features 
and environmental considerations. These requirements demand a practical method of getting more accurate maps of the resource. 
Slimhole drilling could well provide the answer. 

As stated in the more comprehensive paper which follows, acoustic telemetry as a method of data retrieval from the bottom of the 
borehole has been a dream of the drilling industry for half a century. The problem up to now has been largely one of data rate. 
The result has been that the main practical use has been to provide directional data in offshore drilling, and limited use with gamma 
tools. These uses employed the drilling mud as the medium. The Sandia work has studied and developed the technique of using 
acoustic waves in the drill pipe, which, despite problems with wave reflections due to joints, etc., allows for substantial increases 
in the data rate. This technology is being transferred to industry. Working with industry, SNL is expecting to work with them to 
develop analysis codes, quantify attenuation, and prototype the critical hardware. 

The early detection and amelioration of lost circulation in the drilling process certainly represents an area where there is a large 
potential for reducing drilling costs and thereby making geothermal energy more competitive in the utility market. Three areas 
related to this problem have shown significant progress in the last year. The first of these is the development and testing of a rolling 
float meter for measuring drilling fluid outflow rates from a wellbore. The differential between the inflow and outflow rates is a 
prime indicator when lost circulation is becoming a problem. The problem has been our ability to obtain sufficiently accurate 
outflow measurements. Sandia has under development a rolling-float measurement device that shows strong promise. 

Having determined that the lost circulation problem exists and where the problem is located, the subsequent problem is to direct 
cement (if that is the selected method of solution) to the problem location with sufficient accuracy and space limitation that 
the problem can be ameliorated to such an extent that the drilling can continue. To accomplish this, the drill bit must be able to 
drill through the device that delivers and directs the cement. This latter device is termed a drillable straddle packer, and substantial 
progress has been made developing such a device at Sandia. 

Of course, a vital part of the determination of the nature of the problem in the lost circulation zone is the data acquisition and 
interpretation techniques that allow fracture thickness to be quantified downhole. The device to obtain these data being developed 
in the present case is a borehole televiewer (BHTV). Field test results have generally confirmed the results found in the laboratory. 

Logging techniques needed to characterize the geothermal reservoirs under consideration for energy production have been difficult 
to develop. Techniques developed for hydrocarbon resource evaluation have not been transferred to geothermal applications because 
of the lack of proven high temperature instrumentation and because the interpretation of logging data taken in a geothermal formation 
is at a very early stage of development. One method around the first part of the problem is to develop memory logging tools. In 
this manner, quality data can be obtained at relatively low cost. Sandia has undertaken development of measurement and analytical 
techniques which show strong promise of providing the required data in a practicable manner. 

Thus, the Sandia Hard Rock Penetration Program strongly supports the goal of increasing geothermal energy’s competitiveness in 
the utility market. 
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OVERVIEW - HARD ROCK PENETRATION 
James C. Dunn 

Sandia National Laboratories 
Albuquerque, New Mexico 

ABSTRACT 

The Hard Rock Penetration program is 
developing technology to reduce the costs 
of drilling and completing geothermal 
wells. Current projects include: lost 
circulation control, rock penetration 
mechanics, instrumentation, and 
industry/DOE cost shared projects of the 
Geothermal Drilling Organization. Last 
year, a number of accomplishments were 
achieved in each of these areas. 

A new flow meter being developed to 
accurately measure drilling fluid outflow 
was tested extensively during Long Valley 
drilling. Results show that this meter is 
rugged, reliable, and can provide useful 
measurements of small differences in fluid 
inflow and outflow rates. By providing 
early indications of fluid gain or l o s s ,  
improved control of blow-out and lost 
circulation problems during geothermal 
drilling can be expected. In the area of 
downhole tools for lost circulation 
control, the concept of a downhole 
injector for injecting a two-component, 
fast-setting cementitious mud was 
developed. DOE filed a patent application 
for this concept during FY 91. 

The design criteria for a high-temperature 
potassium, uranium, thorium logging tool 
featuring a downhole data storage computer 
were established, and a request for 
proposals was submitted to tool 
development companies. The fundamental 
theory of acoustic telemetry in drill 
strings was significantly advanced through 
field experimentation and analysis. A new 
understanding of energy loss mechanisms 
was developed. 

PROGRAM SUMMARY 

Major accomplishments during the past year 
have occurred in the task areas of lost 
circulation control, instrumentation, 
acoustic telemetry, and geothermal 
drilling system studies. Dave Glowka will 
describe the lost circulation task and 
show important results of the effort to 
develop a fluid flow meter to accurately 
measure drilling fluid outflow rates. 
Peter Lysne will describe our current 
instrumentation project based primarily 
upon development of downhole memory tools 

€or application in high-temperature 
geothermal wells. Doug Drumheller will 
review the status of our Acoustic 
Telemetry project, describe newly 
discovered attenuation mechanisms, and 
outline upcoming full-scale tests. I will 
briefly review our geothermal drilling 
system study and recent plans for 
addressing problems associated with 
installing heat exchanger systems for 
geothermal heat pumps. Following this, I 
will describe plans that Jim Combs and I 
have developed in conjunction with many of 
the attendees here today for Slimhole 
Drilling for Geothermal Exploration and 
Reservoir Assessment. 

The geothermal drilling system study was 
carried out over the past year by Ken 
Pierce of Sandia working with Bill Livesay 
and obtaining important information and 
drilling data from many industry groups. 
Results of this study are being finalized 
and will be published in a report this 
year. The bottom line conclusions are not 
surprising. Three high priority areas are 
identified: (1) lost circulation and 
cementing, (2) high-temperature tools and 
instrumentation, and ( 3 )  slimhole 
drilling. Several additional areas are 
also identified as important for reducing 
costs. Included are: development of 
expert systems, materials to reduce 
corrosion and scale build-up, fishing- 
related problems, and the need for 
improved information access and transfer. 

Currently, loop installation cost for 
geothermal heat pumps are on the order of 
$5,000 per residence and this high cost 
limits market penetration. Traditional 
installation methods utilize trenching or 
drilled vertical holes. There is a need 
for more innovative methods to reduce 
costs or environmental impact. Techniques 
such as directional horizontal boring or 
coiled pipe installation are being 
developed by the industry. Other ideas 
based on the use of small mining-type 
drills have been proposed. Sandia 
recently teamed with the National Rural 
Electric Coop Association (NRECA) to 
investigate possible improvements in loop 
installation methods. Phase I of this 
effort will evaluate existing small 
drilling systems that could be used for 
loop installation. A report of this 
evaluation will be published describing 
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existing hardware, modifications needed, 
and estimated installation costs. Phase 
11 will select one or two promising small 
drilling systems, make required 
modifications, test in a known test range, 
and then conduct real installations at 
NRECA sites. 

The industry panel that reviews Sandia's 
Hard Rock Penetration program recommended 
in 1989 that work be initiated in slimhole 
drilling for geothermal exploration and 
reservoir assessment. Several proposals 
were put together since this time to 
define a slimhole project. Now it appears 
there is an excellent opportunity to 
initiate this work in a cooperative 
DOE/industry program that will also 
support development of geothermal energy 
in the Pacific Northwest to meet utility 
needs. 

The goal of the geothermal slimhole 
program is to expand the proven geothermal 
reserves of the U. S. by working in user- 
coupled partnerships with utilities and 
geothermal operators to develop a cost- 
effective exploration and reservoir 
assessment technique. The benefits of 
such a program are based on the fact that 
geothermal energy is an environmentally 
benign, indigenous, alternative energy 
resource with an estimated capacity in the 
U. S. of 7 2 , 0 0 0  to 1 2 7 , 0 0 0  MWe. The 
geothermal resource that can be developed 
in the Pacific Northwest has been 
conservatively estimated as 5,000 MWe. 
Development of this resource, however, is 
limited by high costs of exploration and 
reservoir assessment. Slimhole drilling 
has the potential to reduce these costs by 
50%. 

The significant geothermal potential of 
the Pacific Northwest has been recognized 
for many years. Now there is strong 
utility interest in developing this 
alternative energy resource. Recently, 
the Northwest Power Planning Council 
predicted power shortages in the 1990s  of 
several hundred megawatts. Several 
forecast scenarios were developed to guide 
planning to cover the shortages. In each 
of these plans, geothermal is identified 
as a cost-effective near-term resource 
with an important role in meeting future 
power needs. In fact, utilities such as 
Puget Sound Power and Light Company own 
geothermal rights in the northwest. 
Bonneville Power Administration (BPA) and 
the utilities will implement geothermal 
development with power sales contracts. 

In developing geothermal power sales 
c o n t r a c t s ,  B P A  s e l e c t e d  t h r e e  
demonstration projects at three separate 
locations. The locations and geothermal 

operators selected are: 

Medicine Lake, CA -- Unocal 

Newberry, OR -- California 
Vale, OR -- Trans Pacific 

Geothermal 

Energy Company 

Geothermal 

Projects must be developed in partnership 
between local utilities and geothermal 
developers. Each project will initially 
be 10 to 30 MWe, however, the development 
team must demonstrate a reservoir 
potential of 100 MWe to qualify for the 
lucrative power sales prices. 

The Pacific Northwest is primarily 
situated in the Cascade Province which is 
dominated by fractured, igneous rock 
types. Drilling of conventional rotary- 
type boreholes to explore for geothermal 
reservoirs is very expensive in these 
formations because of severe loss 
circulation problems. Slimhole drilling 
has the potential to reduce drilling costs 
in this environment by at least 50%. 
Slimhole drilling for oil and gas 
exploration has been shown to reduce costs 
ranging from 25% to 75%.  The much smaller 
scale operation is a major factor in 
reducing costs as well as reducing 
environmental impact. 

The technology needs for geothermal 
application of slimhole drilling lie in 
three areas: (1) Proof of concept 
experiments to determine if sufficient 
reservoir data can be obtained from 
slimholes, ( 2 )  development of reservoir 
evaluation techniques to optimize use of 
slimholes, and ( 3 )  slimhole drilling 
technology development to optimize current 
hardware and techniques for the geothermal 
environment. First, to evaluate the 
concept, Japanese slimhole test data will 
be reviewed and documented. Then, 
slimholes will be drilled and tested at 
several locations where reservoir 
parameters are known from large hole flow 
tests. This slimhole drilling and 
reservoir testing phase will be cost 
shared with industry. The potential user- 
coupled industry partners include: 
Bonneville Power Administration, Eugene 
Water and Electric Board, Portland General 
Electric, Pacific Power and Light Company, 
Puget Sound Power and Light Company, Idaho 
Power Company, Unocal Geothermal Division, 
California Energy Company, Trans Pacific 
Geothermal Corporation, Magma Power 
Company, OESI  Power Corporation, and Oxbow 
Geothermal Corporation. The potential 
cost-shared proof of concept projects 
identified at this point are shown in the 
following Table. 
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Location 

coso, 
CA 

Roosevelt, 
UT 

Phi lip pines 

Imperial 
Val ley, 

CA 

Medicine 
Lake, 
CA 

Surprise 
Valley, 

CA 

Vale, 
OR 

Cost-Shared Proof of Concept Projects 

Industry 
Partner 

California 
Energy 

California 
Energy 

Unocal 
Geothermal 

Unocal 
Geothermal 

Unocal 
Geothermal 

Trans Pacific 
Geothermal 

Trans Pacific 
Geothermal 

Cost Sharing 
DOE 

8000 ft Corehole 
Wellbore Measurements 

Reservoir Testing 

8000 ft Corehole 
Wellbore Measurements 

Reservoir Testing 

Corehole Testing 
Downhole Measurements 

5000 ft Corehole 
Downhole Measurements 

Reservoir Testing 

Corehole Testing 
Downhole Measurements 

Corehole Testing 
Downhole Measurements 
Well 81 Interference Tests 

4000 f t  Corehole 
Downhole Measurements 

Reservoir Testing 

Industry 

8000 ft Production Well 
Well 8I Interference Tests 

Proprietary Reservoir Data 

8000 ft Production Well 
Well 81 Interference Tests 

Proprietary Reservoir Data 

6500 ft Corehole 
Well 81 Interference Tests 
Proprietary Reservoir Data 

Drilling Management 
Well 81 Interference Tests 

Proprietary Reservoir Data 

Well & Interference Tests 
Proprietary Well Test Data 

3500 ft Corehole 
Proprietary Exploration Data 
Proprietary Well Test Data 

4000 ft Production Well 
Well 81 Interference Tests 

Proprietary Exploration Data 

Est. Budget ($) 
DOE 

2 M  

- 

2 M  

400 K 

2 M  

200 K 

400 K 

1.2 M 

Industry 

3.5 M 

3.5 M 

2 M  

500 K 

200 K 

800 K 

1.9 M 

GT-034-2 





AN OVERVIEW OF ACOUSTIC TELEMETRY 

D. S. Drumheller 
Sandia National Laboratories 

Albuquerque, New Mexico 

Abstract 
' Acoustic telemetry has been a dream of the drilling in- 

dustry for the past 50 years. It offers the promise of data 
rates which are one-hundred times greater than existing tech- 
nology. Such a system would open the door to true logging-. 
while-drilling technology and bring enormous profits to its 
developers. (The oil and gas industry has led in most of the 
attempts to develop this type of telemetry system; however, 
very substantial efforts have also been made through govern- 
ment sponsored work in the geothermal industry. None of 
these previous attempts have lead to a commercial telemetry 
system.) 

~ Conceptually, the problem looks easy. ,The basic idea is to 
produce an encoded sound wave at the bottom of the well, let 
it propagate up the steel drillpipe, and extract the data from 
the signal at the surface. (Unfortunately, substantial difficul- 
ties arise.' The first difficult problem is to produce the sound 
wave. Since the most promising transmission wavelengths 
are about 20 feet, normal transducer efficiencies are quite 
low. Compounding this problem is the structural complexity 
of the bottomhole assembly and drillstring. For example, the 
acoustic impedance of the drillstring changes every 30 feet 
and produces an unusual scattering pattern in the acoustic 
transmission. This scattering pattern causes distortion of 
the signal and is often confused with signal attenuation. 

' These problems are not intractable.' Recent work has 
demonstrated that broad frequency bands exist which are 
capable of transmitting data at rates up to 100 bits per sec- 
ond. Our work has also identified the mechanism which is 
responsible for the observed anomalies in the patterns of sig- 
nal attenuation. Furthermore in the past few years a body 
of experience has been developed in designing more efficient 
transducers for application to metal Gaveguides. 

The direction of future work is clear. New transducer 
designs which are more efficient and compatible with exist- 
ing downhole power supplies need to be built and tested; 
existing field test data need to  be analyzed for transmission 
bandwidth and attenuation; and the new and less expensive 
methods of collecting data on transmission path quality need 
to be incorporated into this effort. 

1 Background 
The acoustic telemetry project was initiated in 1987 to inves- 
tigate the feasibility of data transmission by acoustic carrier 
waves in steel drill pipe. This early work resulted in several 
patents, and in 1989 a licensing agreement was signed with 
an industrial partner who temporarily assumed control and 
independently funded the project. This arrangement contin- 
ued for approximately two years. Due to a need for further 
research in the physics of acoustic telemetry, the project has 
been reinitiated at  Sandia  Nat ional  Laboratories. It is 
the object of this paper to convey what has been achieved by 
this project; how this work relates to past telemetry efforts; 
and the importance of our present and future investigations. 

To understand the challenges of developing an acous- 
tic telemetry system, the reader must understand the basic 
physical principles of the problem. However, in this paper 
these concepts will not be presented in the rigorous techni- 
cal terms which can be found in the technical publications of 
this project, References [l] -[8]. Rather, these concepts will 
be presented with the assistance of a simple analogy. 

The analogy to be used is that of a piano in a concert hall. 
This analogy has all the elements of the acoustical telemetry 
problem. The data to be transmitted is represented by the 
musical score; the transmitter located near the drill bit is 
represented by the piano and the pianist; the transmission 
medium formed by the drillstring is represented by the con- 
cert hall; and the receiver at the surface rig is represented 
by the concert audience. In the analogy, the musical score, 
pianist, piano, concert hall, and audience are all designed to 
be compatible. Thus, when the pianist plays, the audience 
hears Beethoven. 

This analogy will be used first to discuss the most impor- 
tant mathematical tool in acoustics, the Fourier transform. 
The Fourier transform allows one to examine the acoustics 
problem from two points of view, the time-domain view and 
the frequency-domain view. In the analogy, the ears of the 
audience respond to the pressure waves generated by the pi- 
ano. This is the time-domain view of the music. The pianist 
views the keyboard and sees every note which is played. This 
is the frequency-domain view of the same music. Each key 
of the piano is a frequency component of the music. The 
strength with which the key is struck represents the ampli- 
tude of that frequency component. The Fourier transform is 
simply a mathematical way of changing our viewpoint from 
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what the audience hears to what the pianist sees and does 
on the key board. 

The frequency domain view is extremely useful as an aid 
to characteristizing and designing components of an acous- 
tic system. This becomes clearer by examining the analogy 
further. First, the piano is a transducer. It converts the 
mechanical energy of the pianist into the acoustic energy of 
the music. Ignoring the high-frequency harmonics which give 
the piano its familiar sound, it produces fundamental tones 
ranging from about 20 Hz to 4,000 Hz, and within this range 
some keys will produce louder sounds than others. The data 
or music to  be transmitted by this transducer must have com- 
patible frequency content. Obviously, it makes little sense for 
the composer to place musical notes into the score which are 
not available on the keyboard. 

The concert hall also has its own frequency response and 
each person in the audience hears a different version of the 
music. The sounds from some keys travel through the hall 
without much attenuation and may even create an echo. 
Others are absorbed quickly. In bad concert halls this fre- 
quency distortion severely affects the ability of the audience 
to appreciate the music, and in extreme cases even the ability 
to recognize the melody. A good pianist usually recognizes 
the frequency response of each hall he plays in and adjusts 
his playing to match the hall. 

Finally, the human ear is also a transducer. Its frequency 
range is from about 20 Hz to 15,000 Hz. The best response is 
at 2,500 Hz. It also has an unusually large dynamic pressure 
range of about 120 dB and an exceptional signal processing 
system. However, diseases of the ear often reduce this fre- 
quency range to the point that the high-frequency keys of 
the piano cannot be heard. The dynamic range can also be 
reduced to a virtually useless level, so that sounds which are 
loud enough to be heard are also painful to the ear. 

Designers of pianos and concert halls must consider the 
frequency response characteristics of every component in this 
system. The human ear is the only fixed part of the system, 
and within certain bounds, the music, piano, and concert hall 
can be changed to improve compatibility. It is often difficult 
to predict the effect of these changes; that is, knowing what 
the piano sounds like in a concert hall may not help much in 
understanding how it will sound in a barn. 

In the acoustic telemetry problem the listening environ- 
ment is neither a concert hall nor a barn. It is a steel drill- 
string, and it cannot be changed. Unlike the analogy, all 
components of the system are solids, and partially because 
of this, their responses are even more tightly coupled to- 
gether. Consequently, the response of the transmitting and 
receiving transducers can only be understood by attaching 
them to a drillstring. This has important implications for 
the organization of a comprehensive telemetry project. 

The analogy differs from the acoustic telemetry problem 
in another important aspect. In the analogy, air is the trans- 
mission medium. Sound is transmitted by simple compres- 
sional waves, and only these types of sound waves will travel 
through the concert hall. In the drillstring, three types of 
sound waves can exist: 

0 Extensional waves cause axial motion of the drillstring. 
Bouncing of the drillstring in the well is natural source 
of these waves. Extensional waves are thought to be 
the best candidates for use in acoustic data transmis- 
sion. 

0 Torsional waves cause a twisting motion of the drillpipe. 
The rotary stick-slip motion of a drillstring is a natural 
source of this type of wave. Some people have proposed 
telemetry systems using this type of wave, see Refer- 
ence [9]. 

0 Bending waves cause lateral motion of the drillstring. 
A waving string or rope exhibits these types of waves. 
Unlike extensional and torsional waves, the speed of 
propagation of bending waves depends upon their fre- 
quency. 

It is normally assumed that extensional, torsional, and 
bending waves can exist independently in the drillstring. 
That is, extensional waves will travel through the drillstring 
and will not produce or react with either bending or tor- 
sional waves. This assumption is not valid. As discussed 
later, the interactions between these different types of sound 
is an important part of the telemetry problem. 

Since the design of the drillstring is fixed and since it is 
the transmission medium, the fundamental problem of the 
acoustic telemetry system is to analyze the frequency re- 
sponse of the drillstring. However, until recently this prob- 
lem has gone virtually unsolved. Why? 

One answer is the apparent simplicity of the problem. 
Drillers know that bit vibrations easily travel the length of 
the drillstring, and therefore it has been assumed that one 
simply needs to place a mechanical striker at the bottom of 
the string and hammer out a coded signal. (This is the just- 
do-it approach.) As described by Cox and Chaney [lo], this 
was exactly the method used in the first recorded attempt by 
Sun Oil Company to develop an acoustic telemetry system 
in the 1940’s. The attempt was not successful. 

It was also the method used about 15 years ago by Elf 
Aquitaine and Teleco Oilfield Services to develop the 
first commercially successful mud pulse telemetry system. 
Why did it work for mud pulse telemetry and not acoustic 
telemetry? For the answer to this question, we again return 
to the analogy and examine the musical score corresponding 
to this type of system. 

Mud pulses are created by intermittently constricting the 
mud flow with a downhole valve. The sequence is similar to 
a series of dots and dashes in a Morse Code transmission. In 
the concert-hall analogy this would correspond to the pianist 
repeatedly striking all 88 keys on the piano simultaneously. 
This requires the pianist to spread a finite amount of energy 
across the entire keyboard. This will work if the pianist has a 
lot of energy available. The advantage of creating a pressure 
spike in the mud is that a tremendous amount energy is 
available in the mud flow. The energy levels of the resulting 
pressure pulses are so high that the transmission method 
works even though only a few notes complete the trip up 
the column of mud in the well. This is a relatively crude, 
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Figure 1: Time-Domain View of Hammer Blow. 

shotgun approach to the telemetry problem, but it works as 
long as low data rates are acceptable. 

The low data rates are the result of two physical char- 
acteristics of mud. Only frequencies below about 50 Hz will 
propagate through a long column of mud, and the speed of 
sound changes with frequency. Thus highly distorted data 
pulses are received at the surface. To increase the data rate, 
these pulses must be placed closer together. Unfortunately, 
when this is done, neighboring pulses begin to run together, 
and the data sequence is lost. 

In contrast to mud pulses, acoustic pulses in the drill- 
string are generated with far less energy. Also the frequency 
content of acoustic pulses are generally skewed towards the 
higher frequencies. Both of these factors contribute to weak- 
ening the acoustic pulse to  a point that it cannot be detected 
after traveling only a few thousand feet in the drillstring. 
Phrased in terms of the analogy, this means the musical 
score is incompatible with the rest of the system. To un- 
derstand why this happens, the response of the drillstring to 
a hammer blow will be examined more carefully. 

Figure 1 illustrates the time-domain view of a typical 
hammer blow. The vertical scale is a pressure level in the 
steel drillstring. The pulse lasts for a fraction of a millisec- 
ond. The frequency-domain view of the same pulse is shown 
in Figure 2. This figure shows that most of the energy is 
contained in frequencies above 1,000 Hz. 

If the drillstring is viewed as a simple conduit for this 
sound, the drillstring might be conveniently pictured as a 
unform steel rod. The pulse from a hammer blow will prop- 
agate though such a rod with a constant speed and with a 
constant shape. These time-domain and frequency-domain 
illustrations then represent the characteristics of the wave 
at  any point in the rod. In addition, if a small amount 
of viscous attenuation is present, the amplitude of the ham- 
mer blow will simply diminish as it propagates, but the wave 
shape and relative amounts of the frequency components will 
remain approximately constant. This picture is the most 
commonly accepted view of the acoustic telemetry problem. 
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Figure 2: Frequency-Domain View of Hammer Blow. 

Unfortunately, this over-simplified picture is extremely 
misleading. As the early results of this project illustrate, 
real hammer blows in real drillstrings do not result in this 
kind of response at all. The first complication which arises 
is that unless the hammer blow occurs exactly at the top or 
bottom end of the drillstring, two pulses are generated. One 
pulse travels up the drillstring while the other travels down. 
If the hammer is placed near the bottom of the drillstring, 
the downward traveling pulse will quickly reflect off the drill 
bit and follow directly behind or possibly overlap the leading 
upward-traveling pulse. This results in an unwanted echo of 
the original pulse. In a similar fashion, if the receiver is near 
the top of the drillstring, the two pulses will pass the receiver, 
reflect off the top of the drillstring, and pass the receiver 
again. This process will continue creating more echos until 
attenuation weakens the echos to an undetectable level. 

This is a universal problem in acoustics. For example, 
manufacturers of audio loud speakers deal with this prob- 
lem all of the time. Backscatter off the speaker cone as 
well as room acoustics can create echos which severely de- 
grade the performance of the system. The usual solution to 
this problem is to place the loud speaker in a cabinet which 
traps and absorbs the sound waves coming off the backside of 
the speaker. Then the speaker cabinet is placed in a highly 
absorptive listening room. In our analogy, this problem is 
handled through proper design of the concert stage and the 
audience arena. 

In the time-domain view, echos create false pulses which 
are indistinguishable from and confused with the true data 
pulse. In the frequency-domain view, the echos also create 
a very characteristic pattern. Figure 3 shows the resulting 
pattern when the pulse illustrated in Figure 1 rings back and 
forth in a rod which is 1000 feet long. The two initial pulses 
are generated 45 feet from one end of the rod, and the signal 
is measured 18 feet from the other end of the rod. 

For reasons which will become evident later, the fre- 
quency scale in Figure 3 is restricted to 1,500 Hz. However, 
it is still easy to see the dramatic differences which exist 
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Figure 3: Frequency-Domain View of Echos. 

between the results with echos, Figure 3, and the results 
without echos, Figure 2. The echos increase the amplitudes 
of some of the frequencies by nearly a factor of 10. Other 
amplitudes are nearly zero. This forms a pattern of tightly 
spaced spikes in the frequency spectrum. The spacing be- 
tween the spikes are quantitatively related to the total length 
of the rod-longer rods exhibit more closely spaced spikes. 
Broader cyclic patterns, about 100-Hz and 200-Hz wide, are 
also present in this figure. These patterns are related to the 
positions of the transmitting and receiving transducers on 
the rod. The significant points to remember are that these 
patterns result from echos alone; that the patterns are af- 
fected only by the length of the rod and the positions of the 
transducers; and that the patterns do not result from any 
peculiar characteristic of the material or internal structure 
of the rod. 

These patterns have been observed in field tests on drill- 
strings, References 111 and [ll]; however, their significance 
has not always been appreciated. This is best illustrated by 
the patent of Sharp and Smither [ll]. This patent mistakenly 
identifies the echo pattern as a "fine-structuren characteris- 
tic of the drillstring. It attributes the pattern to small-scale 
effects of pipe threads, etc. The result of this mistake is a 
complex modulation circuit designed to generate an acoustic 
signal to bridge the spikes. 

As illustrated above, a uniform rod with little attenuation 
can produce a complex frequency-domain pattern resulting 
from echos. However, the actual drillstring is not a uniform 
rod. The drillstring has periodically spaced threaded cou- 
plings called tool joints. These tool joints also cause echos 
which correspond to additional unique patterns in the both 
the time-domain and frequency-domain views. To illustrate 
these patterns, the last calculation is repeated using a drill- 
string with a periodically changing cross-sectional area in- 
stead of the uniform rod. 

The time-domain response is shown in Figure 4. The 
original pulse has evolved into a long train of waves. Many 
of these waves are echos, but some are the various scattered 
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Figure 4: Time-Domain View of Drillstring Response. 
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Figure 5: Frequency-Domain View of Drillstring Response. 

frequency components of the original pulse. A more careful 
analysis shows that one effect of the tool joints is to produce 
a sound speed which is highly dependent upon frequency. 

The frequency-domain view of this same calculation is 
shown in Figure 5. Whole bands of frequencies are blocked 
by the tool joints, but other bands are allowed to pass through 
the drillstring. In terms of the analogy, the effect of plac- 
ing the tool joints in the drillstring is like placing a screen 
between the piano and the audience which blocks the notes 
from the even-numbered octaves on the keyboard but allows 
the notes from the odd-numbered octaves to pass through. 

The combination of all of these effects results in a com- 
plex transmission problem. Fortunately, this telemetry prob- 
lem has one advantage which is also its most unusual feature. 
That advantage is the exceptionally good correlation be- 
tween theoretical predictions of the drillstring response and 
actual field-test measurements. Figure 6 obtained from [l] is 
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2 Current Development 
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Figure 6: Frequency-Domain View of Field-Test Response. 

just one of many examples. These are data from a 900 foot 
drillstring in a mud-filled well. The vertical dotted lines are 
the calculated boundaries of the passbands. Both the pass- 
band pattern produced by the tool joints and the spike pat- 
tern produced by the echos are clearly evident. Energy in 
the second, third, and fourth passbands is present. Some 
energy can also be seen in the fifth passband. 

Other examples, illustrate that the measured effects of 
attenuation can be predicted. When conditions in the field 
test are changed to  increase attenuation, the spike pattern 
diminishes. 

It is now clear why the original attempts to develop an 
acoustic telemetry system failed. A pulse mode of transmis- 
sion was used which spread a limited amount of energy over 
a broad band of frequencies. Next echos dispersed the waves, 
and diluted the energy to even lower densities. Finally, the 
drillstring blocked large bands of the acoustic energy. 

An obvious answer to  this problem is to concentrate the 
energy of the data transmission into one of the passbands of 
the drillstring. Some of the passbands in Figure 5 appear to 
be better transmission paths than others, but this is just an 
artifact of the calculation. A comparison to  Figure 3 shows 
that the fourth passband at 950 Hz and the fifth passband at 
1,200 Hz are both located at frequencies with low acoustic 
energy levels. By shifting the positions of the transducers 
several feet, the measured energy in these passbands would 
increase to the same levels as the lower passbands. Of course 
imperfections in the drillstring effect the quality of transmis- 
sion. As short lengths of pipe are added to the drillstring, 
the highest passbands in these examples diminish in width 
and holes sometimes develop in the interior of the passband. 
However, given some moderate control over pipe-length tol- 
erance, any one of the first five passbands appears to be a 
candidate for acoustic telemetry at data rates in excess of 
50 bi tslsecond. 

Project resources are presently focused on the development 
of a surface simulation facility. Several different sizes of oil- 
field drillpipe and diamond-coring drill rod will be assembled 
at this site. Up to 600 feet of drillstring will be horizontally 
supported. Data will be acquired and digitized on site. Real- 
time signal processing with data-feedback capabilities will be 
developed. 

Several types of transducers are available for this work. 
Semiconductor strain gages and accelerometers are commer- 
cially available. Specialized ferroelectric transducers have 
also being designed and fabricated, see Reference [6]. Digitiz- 
ing rates will normally be under 10,000 Hz, and a commercial 
computer workstation will be used for the data-acquisition 
and signal-processing platform. 

This facility will be used to investigate the two impor- 
tant drillstring physics issues which are at the center of the 
commercial feasibility question-what is the ambient acous- 
tic noise level in the drillstring, and what is the attenua- 
tion level in the drillstring? Ultimately the answers to these 
questions will be found in measurements from the drilling 
environment, so what role will a surface simulation facility 
play? 

Noise measurements on operating drillrigs have been made 
by several companys. Most results are proprietary. High 
noise levels are confined to frequencies below 50 Hz, and as 
one might expect, they decrease rapidly with increasing fre- 
quency. Noise levels in the torsional-wave mode are signifi- 
cantly higher than noise levels in the extensional-wave mode. 
Also, much of the data are restricted to measurements in the 
first passband, and all of the data are surface measurements 
taken in the region of the drive kelly. 

Sub-surface noise measurements are complicated, requir- 
ing specially designed and calibrated transducers. Downhole 
recording capability is also necessary. The surface simula- 
tion facility will be use to test and acoustically calibrate 
transducer designs and memory-tool housings for this field 
system. 

The surface facility will play an even larger roll in the 
investigation of signal attenuation. Past attempts to model 
the attenuation mechanism have lead to unsatisfactory corre- 
lations to observations. For example, Reference [9] predicts 
attenuation levels for extensional waves which are more than 
ten-times greater than measured values. This work also pre- 
dicts that attenuation will disappear if the drillstring is re- 
moved from the mud in the well. However, tests indicate that 
measured attenuation levels for drillstrings in wells are simi- 
lar to  measured attenuation levels in drillstrings horizontally 
supported in air. This suggests that the attenuation mech- 
anism is intrinsic to the structure of the drillpipe, and that 
it can be characterized through experiment on the drillpipe 
alone. 

Recent analysis suggests a likely candidate for the mech- 
anism which dominates the signal attenuation process [4]. 
It is hypothesized that attenuation results from the inter- 
action between the three types of waves which can exist in 
the drillstring. In perfectly straight pipe these waves do not 
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interact. The interaction is also negligibly small in drill- 
strings which are slowly curved by the path of the well. How- 
ever, curvatures which change quickly over a distance of 5 
to  10 feet, cause extensional waves to couple to both tor- 
sional and bending waves with sufficient strength to cause 
the observed loss in acoustic energy. 

This type of curvature is fabricated into the drillstring by 
the hot-rolling process used to manufacture the hollow tube 
forming the body of each section of drillpipe. The result is 
a tube with an inner surface that follows a helical path and 
a wall thickness that varies by about 12 percent along both 
the circumference and the length. The proposed attenuation 
model suggests that as an extensional wave travels through 
this slightly crooked pipe, it sets up small bending and tor- 
sional vibrations which draw energy from the extensional 
wave. This weakens the extensional wave which carries the 
data signal and converts its energy into incoherent bending 
and torsional vibrations. 

The surface facility will be used to study this attenu- 
ation phenomena in different sizes of drillpipe. Diamond- 
coring drill rod will also be studied. It is manufactured by 
a different process which results in a tighter control on the 
wall thickness. Measurements of all three types of waves will 
be made. These results will be compared to the theoretical 
predictions. 

This comparison is of more than just academic interest. 
The theory suggests that frequency bands with low atten- 
uation exist. Correlation of the location of these frequency 
bands to the size and type of the pipe and possibly even the 
manufacturer is of extreme practical importance. 

In addition to addressing these physics questions, the 
simulation facility will be used to test several important com- 
ponents of telemetry hardware. To explain this effort, a short 
digression is necessary to review a few concepts relating to 
data modulation. 

When data is transmitted by a sequence of pulses, the 
data is said to be pulse modulated. As the previous section 
illustrates, pulse modulation is a broadband method which 
is not a particularly good method to use for acoustic teleme- 
try. Unless extremely low frequencies and data rates are 
employed, the drillstring will block much of the telemetry 
signal. 

Other modulation methods are more appropriate. Two- 
tone frequency modulation is an example. In the concert-hall 
analogy, two keys on the piano are used to transmit data. 
One key represents a dot and the other key represents a dash. 
Two adjacent frequencies can be selected from one of the 
passbands. This allows a concentration of the energy supply 
to a narrow band at the center of one of the passbands, and 
by selecting two frequencies with approximately the same 
propagation speed, signal distortion is reduced. 

This seems simple enough; however, difficulties arise be- 
cause of the potential for echos in the system. As Figure 2 
illustrates, a single tone can easily fall at a frequency which 
is partially or even totally nulled by echos. One way to 
greatly reduce this problem is to reduce the number of echos 
in the system. As a start, the backscatter off the downhole 
transmitter can be eliminated by employing a transmitter 

which only generates upward traveling wavesFSimilar ad- 
vantages accrue if the receiver measures waves which travel 
up the drillstring and ignores waves which travel down the 
drillstring. Patents [5] ,  [7], and [8] disclose several methods 
for designing transducers which project signals in only one 
direction and receive signals from only one direction. Models 
of these devices have been built which are 100 to 1000 times 
more sensitive to waves traveling up the drillstring as op- 
posed to waves traveling down the drillstring. Combinations 
of these devices have also been used to sense echos based 
upon a direction-of-propagation criterion and then generate 
a cancellation signal. 

The surface simulation facility will serve as a full-scale im- 
plementation of these devices. The full-scale devices will op- 
erate at much lower frequencies than the scale models. This 
will allow a more careful development of signal-processing 
algorithms to optimize their performance. This work also 
leads directly into a simulation of a repeater assembly. 

To be effective the transducers, power supply, and elec- 
tronics of a repeater must be housed in an assembly which 
is relatively transparent to the transmission of sound. If 
not, placing a repeater in the drillstring will be like placing 
a brick wall between the stage and audience in our concert 
hall. Therefore, sound must travel from the drillstring and 
into the repeater to be measured. Then the repeater must 
generate an upward traveling signal which will leave the as- 
sembly and reenter the drillstring. Building this tool requires 
sophisticated analysis and careful prototype testing in a full- 
scale drillstring. 

Finally, the entire telemetry process hinges upon the effi- 
cient use of available electrical energy. Reliable downhole 
generators are currently limited to about 100-W output. 
Also, if repeaters are required, they must be compatible with 
drilling procedures, few in number, and battery operated. 
Thus the efficient conversion of electrical power to acoustic 
power is necessary. 

Ferroelectric ceramics are simple efficient transducers. 
They are the material of choice for the transmitter. Roughly 
half of the electrical energy absorbed by this type of ma- 
terial is converted into acoustic energy. Unfortunately, the 
ceramic only absorbs a small portion of the electrical energy 
flowing through it. The electrical response of the ceramic is 
capacitive, and an inductor is often placed in parallel with 
the power supply to form an oscillator. If an iron-core in- 
ductor is used, the inductor will absorb far more energy than 
the ceramic. The effective efficiency of the system can easily 
drop to one percent. 

There is an important need to investigate the efficiency 
characteristics of a variety of transducer and power supply 
designs. Acoustic output is a sensitive measurement which 
can only be performed when the transducer is mounted in a 
drillstring. 

3 Summary 
The last half century has seen numerous efforts to develop 
a commercially successful acoustic telemetry system. Un- 
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til recently, few advances have been made. Many of the 
past projects have been short term empirical studies using 
pulse modulation methods. At best, these efforts will lead 
to a telemetry system with the same data-rate limitations 
as commercial measurement while drilling using mud-pulse 
telemetry. It is clear that significant advances can be made 
only through a detailed understanding of the physics of the 
telemetry process. 

The acoustic telemetry project described in this work 
is a continuing effort which has allowed a more systematic 
long-term approach to this problem. This project has pro- 
vided significant advances in both the understanding of the 
physical processes associated with acoustic telemetry in drill- 
strings and the design of prototype system hardware. These 
advances include: 

0 Characterization of sound speeds and signal distortion 
within the drillstring passbands. 

0 Identification of the different frequency-domain pat- 
terns associated with echos and tool joints. 

0 Identification of the underlying signal attenuation mech- 
anism. 

0 Development of a high-speed computational algorithm 
and system analysis code. 

0 Application of the system analysis code to accurately 
predict field-test results and analyze prototype hard- 
ware designs. 

0 Development and patenting of directional transmitter 
and receiver hardware to mitigate echo anomalies. 

0 Scale-model testing of both directional transducers and 
active cancellation of echos. 

Future activities will center about the surface simulation 
facility. This facility will be used to gather data on: 

0 Quantification of the attenuation mechanism. 

0 Development and calibration of equipment to measure 
sub-surface drillstring noise levels. 

0 Characterization and evaluation of more efficient trans- 
ducer and power supply designs. 

0 Evaluation of directional transmitters and receivers. 

0 Evaluation of echo and signal cancellation arrays. 

0 Development of a prototype repeater. 

In conjunction with these efforts and as time, funding, and 
opportunity allows, the hardware developed at the surface 
facility will be used in the field to gather data on ambient 
noise and attenuation in the drilling environment. 

The end product of these efforts will be: 

0 A complete characterization of the physics of acoustic 
waves in drillstrings. 

0 A system analysis code which models the drillstring 
physics and the hardware associated with signal trans- 
mission and reception. 

0 Quantification of the attenuation and noise levels of 
the drilling environment. 

0 Prototype development of the critical hardware ele- 
ments of the telemetry system. 

This information will be transferred to the commercial sec- 
tor through publication of technical results and proprietary 
disclosure via the current licensing agreement. 
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ABSTRACT 

Lost circulation is the loss of drilling fluid from the 
wellbore to fractures or pores in the rock formation. In 
geothermal drilling, lost circulation is often a serious problem that 
contributes greatly to the cost of the average geothermal well. 
The Lost Circulation Technology Development Program is 
sponsored at Sandia National Laboratories by the U. S. 
Department of Energy. The goal of the program is to reduce lost 
circulation costs by 30-5096 through the development of 
mitigation and characterization technology. This paper describes 
the technical progress made in this program during the period 
April, 1991 - March, 1992. 

BACKGROUND 

The most costly problem routinely encountered in 
geothermal drilling is lost circulation. Lost circulation problems 
tend to be more severe in geothermal drilling than in oil and gas 
drilling because of the highly frslctured and underpressd  nature 
of many geothermal formations. Bridging materials used as 
drilling mud additives for lost circulation control in oil and gas 
drilling are ineffective in plugging large fracture apertures, 
particularly under high-temperature conditions. As a result, the 
standard lost circulation treatment in geothermal drilling is to fill 
the loss zone s m u n d i n g  the wellbore with cement. This is an 
expensive operation in terms of both material costs and rig time 
spent during the cementing operation, waiting for the cement to 
harden, and drilling through the cemented zone to reach new mck 
formations. Consequently, the costs of lost circulation in a 
typical geothermal well may range from several thousand to 
several hundred thousand dollars, depending on the severity and 
number of loss zones encounteml. 

Lost circulation costs represent an average of 10% of the 
total well costs in mature geothermal areas (Carson & Lin, 1982), 
and they often account for over 20% of the costs in exploratory 
wells and developing fields. Well costs, in turn, represent 35- 
50% of the total capital costs of a typical geothermal project 
(DOE, 1989). It can thus be concluded that lost circulation 
accounts for roughly 5-1096 of the total costs of a typical 
geothermal project. Accordingly, reducing lost circulation costs 
would help reduce overall project costs and help expand the role 
of geothermal energy in the electric utility sectar. 

DOE sponsors the Lost Circulation Technology 
Development Program at Sandia National Laboratories for this 
purpose. The five-year goal of this program is to develop and 
transfer to industry new technology to reduce lost circulation 
costs by 30-5096. The Level Ill programmatic objective adopted 
by DOE is to reduce the costs associated with lost circulation by 
30%. This objective combines with others to produce a Level 11 
objective of reducing the life-cycle cost of hydrothermal 
electricity by 10-13% through improvements in fluid production 
technology. Expectations for technology improvements in 
several areas combine to produce a Level I objective of reducing 
the life-cycle cost of hydrothermal-produced electricity to 3-7 
cents/kWh. This compares with a cost of 4-15 cents/kWh in 
1986. 

LOST CIRCULATION PROJECTS 

There are currently 11 projects in the Lost Circulation 
Technology Development Program at various stages of 
development and with various levels of priority. Table I lists 
these projects, which are grouped into three categories: 
technology to plug porous and minor-fracture loss zones; 
technology to plug major-fracture loss zones; and technology to 
characterize loss zones. These projects are described in Glowka 
(1990) and Glowka er ul. (1991). Priority is currently being 
given to technology development for characterizing and plugging 
major-fracture loss zones. Significant progress was made in 
Projects 7,8,10, and 11 during the reporting period (April, 1991 
- March, 1992). This progress is described in the following 
sections. 

TABLE I 

LOST CIRCULATION TECHNOLOGY DEVELOPMENT 
PROJECTS 

Porous and Minor-Fracm Fluid Loss Control: 
1. Bridging Model Development 
2. High-Temperam Lost Circulation Material (LCM) 

Development 

Major-Fracm Fluid Loss Control: 
3. Development of Cementitious Mud Formulations 
4. Development 9f Cementitious Mud Flow Models 
5. Downhole Injector Development 
6. P m u s  Packer Development 
7. Drillable Straddle Packer Development 
8. Packer Emplacement Feasibility Study 

Loss Zone Characterization: 
9. Wellbore Hydraulics Model Development 
10. Development of Wellbore Hydraulics Data 

11. Borehole Televiewer Fracm Characterization 
Acquisition System 

Study 

ROLLING FLOAT METER DEVELOPMENT 
AND TESTING 

Field Prototype Design 

The goal of Project 10 is to develop a hardware and 
software system for acquiring and analyzing wellbore hydraulics 
data that would advise the driller of lost circulation as it occurs, 
as well as the magnitude of the loss, its location, and possible 
treatments. An important part of such a system would be the 
flowmeter for measuring the outflow rate of drilling fluid from 
the well. Such a flowmeter must be accurate, reliable, 
economical, and simple to operate and maintain. There is 
currently no commercially-available flowmeter that meets all these 
requirements for use in lost circulation detection in 
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geothermal wells. The current industry standard is the 
paddlemeter, which meets most of the requhements but has poor 
=uracy. 

To meet the need for an accurate flowmeter to detect lost 
Circulation, 
Float Meter shown schematically in Figure 1 (Glowka et d., 
1991). The meter (originally called the Velocity-Level Meter) 
operates by producing an output voltage Propomonal to the angle 
of the pivot arm to which the float is attached. The buoyant, 
counter-balanced float rides the surface of the fluid in the return 
line; thus, the output voltage is related to the float height, which 
is a function of the fluid level and, therefm, the flow rate in the 
pipe. Because of the hydrodynamics of the 9-inch circular float 
as it spins, the float is held to the surface of the fluid by a vacuum 
force that prevents it from bouncing free of the fluid surface 
when it encounters surface waves moving down the return line. 
This causes the rolling float to produce a relatively stable reading 
without significantly disturbing the flow. Several design 
variables were optimized to achieve a configuration that exhibited 
a high d e p  of Rpeatability and, hence, accuracy in measuring 
flow rates in the laboratory. During the past year, further 
laboratory testing was completed, the design confguration was 
hardened for field use, and the Rolling Float Meter was tested in 
the field. 

Field-Prototype Laboratory Testing 

prior to field testing, further tests were conducted with the field 
prototype in our Wellbore Hydraulics Flow Facility (WHFF), a 
laboratory test facility that provides full-scale simulation of the 
return flow line from a well (Glowka et al., 1991). Tests were 
conducted with barite weighting material added to the drilling 
mud to determine the effects of mud density and viscosity. The 
results, shown in Figure 2, indicate that large changes in fluid 
properties should have little effect on the accuracy of the meter in 
the field. Tests were also conducted using varying 
concentrations of drill cuttings collected from a drill site in order 
to determine the effects of rock chip concentration. As seen in 
Figure 3, the inclusion of up to 6% rock chips by weight to the 
drilling fluid has little effect upon the response of the flow meter. 

Field Testing 

The encouraging laboratory test results indicated that field 
testing of the Rolling Float Meter was warranted. In addition, it 
was determined that simultaneous testing of various standard and 
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non-standard inflow and outflow measurement techniques would 
permit a thorough evaluation of the relative accuracy and 
reliability of the various measurement techniques currently 
available to the geothermal drilling industry. This field testing 
was conducted during phase-2 drilling of the Long Valley 
Exploratory Well, a joint U. S. Dept. of Energy - State of 
California exploratory well being drilled by Sandia National 
Laboratories near Mammoth Lakes, California (Finger, 1992). 
Mud flow measurements were made and recorded every one to 
five minutes during the l-lD-month drilling period for this phase 
of the well in August and September, 1991. 

The inflow meters tested at Long Valley included a 
conventional mud pump stroke counter, a mud pump rotary 
speed transducer, a magnetic flowmeter, and a Doppler ulnasonic 
flowmeter. Outflow meters tested included a conventional 
paddlemeter, a commercial acoustic level meter, and the Rolling 
Float Meter. 

The three outflow meters provided measures of the fluid 
height and thus had to be calibrated in the field to provide signals 
proportional to the flow rate. Calibration was accomplished by 
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recording the transducer signals as the flow rate was 
incrementally increased from zero to 950 gpm, plotting these 
data, and fitting third-order polynomial equations to the data. 
The magnetic flow meters were used as the standard measure of 
flow rate, and calibrations were performed only when pit level 
indicators indicated no loss or gain in wellbore fluids. 

The paddlemeter reading was found to be quite erratic at a 
given flow rate due to the tendency of the paddle to bounce off 
the fluid and oscillate back and forth. The apparent scatter in the 
calibration data was up to 35% of the average reading at a given 
flow rate. Furthermore, it was found that the paddlemeter 
reading was relatively insensitive to flow rate above 700 gpm. 
As a result, it was not possible to obtain an accurate calibration 
correlation for the paddlemeter, particularly at high flow rates. 
Accuracy at high flow rates is particularly important because the 
fluid loss rates that must be detected can be a small percentage of 
the normal outflow rate during drilling. The calibration data for 
the acoustic level meter and the Rolling Float Meter, on the other 
hand, exhibited very little scatter and significant sensitivity at 
higher flow rates. Thus, accurate calibration correlations were 
achieved with these outflow meters in the field. 

Typical results obtained from the outflow meters under 
normal drilling conditions are shown in Figure 4. The accuracy 
of the Rolling Float Meter was typically within 1/2-196, 
compared with 2-8% for the acoustic level meter and 515% for 
the paddlemeter. The Rolling Float Meter often read within 5 
gpm of the magnetic flow meter reading at total flow rates over 
900 gpm. The primary reason for the acoustic level meter's poor 
performance was that the sonic velocity of the air between the 
flowing mud surface and the acoustic transducer changes with 
temperature and gas composition. For this reason, it is necessary 
to monitor these states if accuracy with the acoustic level meter is 
expected. The poor performance of the paddlemeter was due to 
its insensitivity at the higher flow rates that were typical in 
drilling this well. 

The Rolling Float Meter was found able to detect very small 
gains and losses in outflow rates relative to inflow rates. Typical 
results from a lost circulation event on August 30-31, 1991, are 
shown in Figure 5. Both the Rolling Float Meter and the acoustic 
level meter measured a drop in outflow rate. According to these 
meters, the loss began at approximately 630 pm on August 30 
and ended just after 4:00 am on August 31. Loss rates as high as 
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Fig. 4 - Typical outflow meter meaSurements during nonnal drilling 
conditions at the Long Valley Exploratory Well. 

56 gpm, or 6% of the inflow, were detected. The drilling crew 
noted a drop in mud pit levels at approximately 9:OO pm, 2.5 
hours after the outflow meters first detected a loss. The drilling 
report for this period notes a total loss of about 200 bbl of drilling 
fluid. The paddlemeter measured a lower flow rate than the 
magnetic flowmeter throughout this entire time period. The 
actual loss and subsequent recovery of circulation was not 
detected by the paddlemeter, which is the current industry 
standard for measuring return line flow rates during drilling. 

Wellbore fluid production during drilling was detected on 
September 6 and 7, when the mud logger's pit level report 
indicated an increase of 200 bbl. The flow meter responses are 
shown in Figure 6. The Rolling Float Meter measurements 
indicated about 5-62 greater outflow than inflow starting at 
approximately 2:00 pm and ending near midnight on September 
6. Since the acoustic level meter read as much as 7% high 
throughout the day, the wellbore production of fluid was not 
distinctly detected with this meter. The same is true for the 
paddlemeter, which read approximately 5-7% low throughout the 
entire time period. 
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Fig. 5 - Outflow meter measurements during minor lost circulation 
conditions at the Long Valley Exploratory Well. 
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Fig. 6 - Outflow meter measurements during wellbore fluid production 
while drilling at the Long Valley Exploratory Well. 
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Problems with the prototype Rolling Float Meter were 
encountered during the field test. When the return mud 
temperature reached approximately 145'F, the sidewalls of the 
polyethylene float softened sufficiently to warp and become 
disengaged from the hubs and bearings. This problem was 
temporarily fixed in the field by filling the hollow float with 
polyurethane foam to provide structural rigidity at higher 
temperatures. One of the float's bearings also experienced 
periodic sticking toward the end of the test period, causing 
erroneous readings. Since the problem lasted for only brief 
periods of time, it was not deemed serious enough in the short 
remaining test time to warrant repair. These problems were 
addressed after the field test. 

Further Development and Technology Transfer 

To solve the float durability problem, the original 
polyethylene float was used to make a silicone rubber cast for 
fabricating solid polyurethane foam floats of the same size and 
shape as the original. A two-part foam was used that produces a 
strong, rigid s tmctm with a density of approximately 6 lb/ft3. A 
steel tube, cast as an integral part of the foam float, serves to hold 
the bearings in the float. The tester shown in Figure 7 was used 
to test the foam floats for durability. The float is partially 
submerged in heated drilling mud and rotated at a rate of 
approximately 130 rpm, which simulates a much greater slip 
velocity than that actually experienced in the Rolling Float Meter 
operation. These tests proved valuable in identifying a potential 
foam cracking problem at high temperatures. This problem was 
eliminated by curing the foam at 250'F for 16 hours after 
injection into the mold. This process produces a foam float that 
has withstood over 28 days of testing at temperatures of 180- 
195'F with no significant cracking, abrasion, or water 
absorption. 

A simple, light-weight mud splash guard has been attached 
to the float and axle to prevent mud from splashing into the 
bearing regions and causing a potential problem. By preventing 
mud from accumulating on the bearings, the bearings should last 
indefinitely since they are subjected to very little load. Further 
laboratory and field testing is necessary to determine the validity 
of this assumption, and testing in the float durability tester is 
currently underway. 

Near-term plans for the Rolling Float Meter are to conclude 
the float durability testing and transfer several Rolling Float Meter 
units to industry for field testing. We have been in contact with 

Fig. 7 - Float durability tester used for long-term testing of foam floats in 
hot drilling mud. 

several service companies interested in evaluating the flowmeter 
in their operations. Drawings will also be released with the 
expectation that users will be able to build their own meters. An 
attempt will be made to locate a plastic fabricator that would be 
willing to supply polyurethane foam floats to potential users. All 
other components are either commercial items or can be easily 
fabricated by a local machine shop. 

More complete descriptions of the Rolling Float Meter 
development process and laboratory and field test results are 
contained in Schafer et al. (1992) and Loeppke et ul. (1992). 

DRILLABLE STRADDLE PACKER DEVELOPMENT 

Fabric Bag Design 

The Drillable Straddle Packer under development in Project 7 is a 
packer assembly for isolating and directing the flow of cement 
into a selected loss-zone interval. The purpose is to maximize the 
volume of cement delivered to the loss zone and to minimize the 
volume of cement remaining in the wellbore. The goal of the 
project is to develop a low-cost packer assembly that is drillable 
and is left in the bottom of the wellbore at the completion of the 
drilling operation. To accomplish this, a new type of packer is 

' 

being developed based on the use of high-strength, flexible fabric 
bags. A simplified schematic of the straddle packer is shown in 
Figure 8. The packer uses two impermeable fabric bags, one 
above and one below the loss zone. Inflation of the bags is 
accomplished simply, without valving. by the pressure 
differential created by the flow of cement through the packer 
ejection ports located in the vicinity of the loss zone. 

When cement is pumped from an open drill pipe into a 
wellbore, particularly a large wellbore, the heavier cement tends , 

to channel through the lighter drilling mud to the bottom of the , 

wellbore. In many cases, relatively little cement will flow into 
the loss zone until the wellbore is filled to the loss zone interval 
with cement. As a result, more cement is required to actually 
plug the loss zone, and more time is required to drill through the 
cement that fills the wellbore. Furthermore, cement fines 
generated while drilling through the solidified cement have an 
adverse effect on mud properties and require additional mud 
conditioning to compensate. 

Fig. 8 - Simplified schematic of Drillable Straddle Packer, showing cement 
flowing out of the packer and into the wellbore and loss-zone 
fractures. 
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Because of the underpressured nature of the loss zone, a 
very small manipulation of the downhole pressure field would be 
sufficient to cause most of the cement to enter the loss zone. For 
instance, if the wellbore in the vicinity of the loss zone could be 
filled with cement and slightly pressurized relative to the 
hydrostatic pressure of the surrounding wellbore, most of the 
cement would be readily accepted by the loss zone. Flexible 
fabric bags located above and below the loss zone with even a 
small pressure capability may accomplish this objective. 
Furthermore, such bags should be capable of stopping or 
retarding the flow of other wellbore fluids into the loss zone 
during cement injection, thereby preventing or reducing cement 
dilution and improving the probability of a successful plug. 
Accordingly, a goal has been set to develop a flexible fabric bag 
capable of withstanding a 40 psi internal pressure differential. 

To attain this goal, woven fiberglass-reinforced silicone 
rubber fabric is being used in conjunction with a unique bag 
design that minimizes stresses in the fabric bag. The fabrics 
under evaluation are only 0.015 to 0.045 inch thick but have 
exceptional strengths, ranging from 190 to 400 lb per lineal inch 
as stated by the manufacturer. Although highly flexible, the 
fabrics currently under consideration do not undergo significant 
smtch under a load. 

The bag design is shown in Figure 9, which is a 
photograph of an inflated prototype bag assembly. The fabric is 
sewn into a tube, then the ends are pleated and clamped between 
two PVC plastic flange plates on each end of the bag assembly. 
An O-ring is placed between the two mating flange plates with an 
optimal amount of interference for maximum clamping force on 
the fabric. By making the fabric tube of the correct length, all 
hoop (circumferential) stresses in the fabric between the flanges 
and the h h o l e  wall can theoretically be eliminated. By making 
the fabric tube slightly larger in diameter than the wellbore, the 
wellbore can be relied upon to provide circumferential support to 
the fabric, thereby eliminating all hoop stresses in the remainder 
of the bag. Since the fabric tube is sewn with only a longitudinal 
seam (which is weaker in tension that the fabric itself), 
elimination of the hoop stresses would theoretically allow the 
tube to survive internal pressures significantly exceeding the 40- 
psi goal. 

Laboratory Prototype Testing 

Packer Test Facility. The facility employs a 14-ft-high length of 
Prototype packer assemblies are undergoing testing in our 

Fig. 9 - Inflated prototype flexible-fabric packer bag. 

16-inch casing to simulate a wellbore, including fluid inlets and 
outlets that simulate production and loss zones, respectively 
(Glowka et al., 1991). Tests have been conducted during this 
reporting period with a single fabric bag situated midway 
between an upper production zone and a lower loss zone. During 
a test, a flow of 10- 15 gpm is initiated from the upper production 
zone into the wellbore and out the loss zone. A flow of 
increasing rate is then established through the packer assembly 
and into the loss zone to inflate the bag. 

Typical results are shown in Figure 10, where the flow rate 
and pressure drop across the bag are shown as a function of time. 
These results were obtained by gradually increasing the flow rate 
(Q) through the packer, resulting in a corresponding increase in 
the pressure drop (AP) across the packer ejection ports and, 
consequently, the fabric bag. As this bag inflation pressure 
increased, the bag inflated more tightly against the simulated 
wellbore wall and sealed off the wellbore production flow (Qw). 
The bag failed when the packer inflation pressure reached 24 psi 
at a flow rate of 170 gpm. Failure in this case was due to the 
fabric pulling loose from the lower flange. Work is currently 
underway designing and testing alternative fabric clamping 
methods in order to achieve the 40 psi goal. 

Field Prototype Design 

Significant progress was made in the design of the field 
prototype packer assembly. The sequences seen in Figure 11 
illustrate the operation of the new design. During insertion into 
the wellbore, it is necessary for fluid to be able to fill the drill 
pipe; consequently a fluid passage through the packer is 
provided, This passage also allows drilling mud to be circulated 
through the assembly at periodic intervals for hole maintenance 
purposes during drillstring insertion. When the packer assembly 
reaches the loss zone, a 1.5-inch plastic ball is dropped into the 
drill pipe and pumped to bottom, where it lodges in the 
circulating port that extends through the extension piston. As 
fluid flow continues, the extension piston is driven downward, 
shearing the anchor pins in the lower shear guide and pushing 
ahead of it the extension tube, extension tube bulkhead, and 
shroud tube. An offset between the extension piston and the top 
of the shroud tube allows the shroud tube to clear each bag before 
the piston reaches the bag inflation ports and causes the bag to 
inflate. By the time the extension piston reaches the bottom of 
the packer assembly, both bags are unshrouded and inflated, and 
cement flows out the ejection ports between the two bags, into 
the wellbore and loss zone. 
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Fig. 10 - Laboratory results obtained with a prototype flexible-fabric packer 
bag. 
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The pressure differential across the packer ejection ports is 
a function of the number of ports, their diameters, and the density 
and flow rate of the cement; The pressure differential across the 
ejection ports is therefore readily controlled from the surface by 
controlling the flow rate. If the loss zone is significantly 
underpressured such that it readily accepts all of the cement flow, 
the pressure differential across the bags will be such that 9. c 
pW. In this case, any leakage across the bag, a, will be from 
the wellbore into the loss zone region. The bypass valve plug 
remains in place, and no fluid flows through the bypass valve 
tube. 

If, however, the loss zone cannot accept the full flow of 
cement, the pressure in the wellbore region between the two bags 
will increase such that 9. > pW. Since adequate leakage past the 
bag cannot be guaranteed in this case to prevent the bag from 
bursting, it is necessary for the bypass valve to open to prevent 
Pp from increasing to the burst point. The valve opens due to the 
reverse pressure differential causing the bypass valve plug to pop 

Circulation Packer Opening Decoupling Tripping 
During Inflation Bypass from the 
Insertion and Cement Valve Drillstring Drillstring 

Inject ion 

off, allowing excess cement to flow through the bypass tube. In 
practice, there would be at least one bypass tube in both the top 
and bottom bag. By sizing these tubes to accept the full flow of 
cement at a prescribed pressure differential, it is theoretically 
possible to prevent the bags from bursting under any type of 
loss-zone conditions. 

Once the full volume of the cement pill has been pumped, a 2- 
inch-diameter ball is dropped into the drill pipe and pumped 
downhole, where it lodges in the circulating port that extends 
through the grapple piston. As the pressure above the ball 
builds, the shear pins in the drillstring coupler break and allow 
the grapples to open, releasing the pintle at the top of the packer 
assembly. The drillstring is then withdrawn from the hole, 
leaving the packer assembly behind. Movement of the grapple 
piston also uncovers circulating ports that allow any remaining 
cement to be circulated out of the drill pipe. The packer 
assembly, made of drillable materials, is drilled through when the 
drillstring is returned to bottom of the wellbore for the 
resumption of drilling after the cement sets. 

Drillstring Coupler Testing 

The drillstring coupler described above was successfully 
tested during this reporting period. The coupler was placed in the 
Packer Test Facility and operated in a manner similar to that 
expected in the field. Pressure behind the 2-inch ball rose to 102 
psi before the shear pins broke and released the packer assembly 
from the coupler. This release pressure can be tailored to any 
level in the 100 to 500 psi range by changing the diameter of the 
shear pins used in the coupler. 

Near-term plans for the drillable straddle packer include 
further improvement in the pressure capability of the fabric bag 
end closures, then testing of a laboratory prototype packer 
assembly designed to evaluate the packer shroud and flow- 
through mechanism. Also planned within the next year is a full- 
scale demonstration of a packer assembly using cement in a 
surface or near-surface wellbore with a simulated loss zone. If 
successful, this development effort will then concentrate on field 
testing a packer assembly under actual field conditions. 

PACKER EMPLACEMENT FEASIBILITY STUDY 

A conceptual design study of an alternative packer 
emplacement method was completed under Project 8 during the 
reporting period. This study was contracted to Science and 
Engineering Associates (SEA), Inc., of Santa Fe, NM. SEA has 
a patent pending on an inversion technique for emplacing 
membranes downhole for fluid sampling in monitoring bornholes 
drilled around hazardous waste sites. The concept employs a 
thin-fabric membrane that is inverted by internal pressure and 
forced against the borehole wall. The similarity of the membrane 
to a packer assembly suggests that this inversion technique might 
be used to emplace downhole packer assemblies for lost 
circulation control (Glowka et al., 1991). 

Consequently, SEA was contracted to develop conceptual, 
advanced conceptual, and detailed designs of at least one system 
for emplacing a packer downhole at a depth of 4,000 ft. Several 
concepts were considered and carried to various stages of study. 
The system that was finally judged to be the most feasible in the 
short-term is a concept for inverting a transparent membrane 
filled with water and containing a downhole camera. Such a 
system would allow optical logging of the wellbore wall under 
otherwise opaque conditions. An optical log may provide 
superior fracture characterization to that obtained with a borehole 
televiewer. 

Fig. 11 - Operation of the Drillable Straddle Packer. 
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Near-term work on this project includes design, fabrication, 
and testing of a prototype system in a shallow, near-horizontal 
borehole. The primary purpose will be to determine the 
feasibility of clearly viewing the borehole wall and associated 
fractures through the water envelope and transparent membrane. 

BOREHOLE TELEVIEWER- 
FORMATION FRACTURE STUDY 

The purpose of Project 11 is to develop techniques for 
using an acoustic borehole televiewer (BHTV) to accurately 
measure the thicknesses of fractures associated with lost 
circulation zones. Although the BHTV has been in use for many 
years to locate fractures and determine their spacing, dip, and 
strike, quantitative fracture measurement is not readily 
accomplished because of the effects of signal amplifier settings 
on the apparent size of features as seen with the televiewer. We 
previously developed a technique for determining the optimal 
amplifier settings for filtering out unwanted signal perturbations 
and displaying only significant fractures that may be associated 
with a loss zone (Glowka et al, 1990). This work, based upon 
laboratory experiments in fractured rock samples, resulted in a 
technique that appears to enable fracture thicknesses to be 
measured within 15% accuracy, if the fractures are at least 0.15 
inches in thickness. Fractures as thin as 0.03 inches can be 
detected but not accurately measured. 

During the past year, we had the opportunity to field test the 
technique at the Long Valley Exploratory Well. The bottom 720 
ft of the well was wireline-cored and subsequently logged with 

the BHTV. A 150-ft section of the corehole was logged twice, 
once with a conventional amplifier setting that resulted in 
significant gray-scale sensitivity, and once with an optimal 
amplifier setting determined according to the previously 
developed technique. The return amplitude log obtained with 
each setting is shown in Figure 12. Also shown in this figure is 
a photograph of the actual core section corresponding to the logs. 

Note that there is an excellent correlation between the 
sinusoidal fracture signatures appearing on the televiewer logs 
and the actual fractures in the core. Comparing the two 
televiewer logs, it is seen that the conventional amplifier setting 
results in a log that identifies many more features than that of the 
log obtained with the optimal gain setting. Many of the additional 
features on the f is t  log are actually due to variations in borehole 
wall reflectivity rather than open fractures. (For instance, 
compare the logs with the core photo between fractures "A" and 
"B".) From a fracture identification standpoint, a log obtained 
at an optimal gain setting is more useful than one obtained with 
greater gray-scale sensitivity. By eliminating extraneous, non- 
fracture features, development of automated fracture identification 
and measurement software will be more easily accomplished. 

It should also be noted that a given feature is generally 
much larger in the log obtained with conventional signal 
amplification than it is in the log obtained at optimal 
amplification. The effect is illustrated in Figure 13, which shows 
the effects of signal amplification on the measured span of a 
given fracture. These data were obtained by digitally amplifying 
the return amplitude signals obtained with the conventional 
amplifier settings near a fracture. A digital gain of one 

Conventional gain setting Optimal gain setting 

Core photograph 
Fig. 12 - BHTV logs obtained at two different amplifier gain settings compared with photographs of the core 

from the Long Valley Exploratory Well. 
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fig. 13 - EtTectp of B W  signal amplification on the measured feature span. 

corresponds to the original signals. As the signals from 
individual acoustic pulses near the fracture are amplified, an 
b e g  number of signals are driven to the amplifier satmation 
level, thereby effectively reducing the number of signal 
perturbations associated with the fracture. As a result, the 
apparent fracture span decreases with increasing amplifier gain. 
This illustrates the n e d  to identify the cOrrect signal amplifier 
settings for accurate measuxement of fracture a p e m s .  

Near-term plans for the BHTV study include laboratory 
tests with fractured rock samples to determine the effects of rock 
type, borehole fluid Propemes. and televiewer eccentricity on the 
optimal gain selection technique. A hardware and software 
capability has been built to acquh BHTV data and display it on a 
continuous gray-scale plotter in real-time. This capability will be 
used in the laboratory tests and in field tests planned for later this 
year at Long Valley. 

SUMMARY 

As described above, several lost circulation projects have 
significantly advanced during the period April, lWl-March, 
1992. The primary accomplishments for the year are: 
development and field testing of the Rolling Float Mew, design 
and laboratay testing of prototype fabric bags for the Drillable 
Straddle Pack, completion of a conceptual design study of an 
altemative packer emplacement technique; and field testing and 
confirnation of the optimal gain selection technique for 
measuring fractlat thicknesses with a borehole televiewer. Work 
was also performed on several other lost circulation projects but 
does not merit reporting at this time. 

. As discussed in Glowka (1990). the technologies being 
developed undea the various lost circulation projects are estimated 
to reduce lost circulation costs by an average of 2748%. These 
estimates are based on detailed cost and time estimates for using 
the various technologies in lieu of the standard cement treatment 
currently in common use in geothermal drilling. 
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DOWNHOLE MEMORY-LOGGING TOOLS 
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Abstract 

Logging technologies developed for hydrocarbon re- 
source evaluation have not migrated into geothermal 
applications even though data so obtained would strengthen 
reservoir characterization efforts. Two causative issues have 
impeded progress: (i) there is a general lack of vetted, high- 
temperature instrumentation, and (ii) the interpretation of log 
data generated in a geothermal formation is in its infancy. 
Memory-logging tools provide a path around the first obstacle 
by providing quality data at a low cost. These tools feature on-' 
board computers that process and store data, and newer sys- 
tems may be programmed to make "decisions". Since memory 
tools are completely self-contained, they are readily deployed 
using the slick line found on most drilling locations. They 
have proven to be rugged, and a minimum training program is 
required for operator personnel. Present tools measure proper- 
ties such as temperature and pressure, and the development of 
noise, deviation, and fluid conductivity logs based on existing 
hardware is relatively easy. A more complex geochemical tool 
aimed at a quantitative analysis of potassium, uranium and tho- 
rium will be available in about one year, and it is expandable 
into all nuclear measurements common in the hydrocarbon 
industry. A second tool dqigned to sample fluids at conditions 
exceeding 4000C ((752°F)iis in the proposal stage. Partner- 
ships are being formed between the geothermal industry, sci- 
entific drilling programs, and the national laboratories to define 
and develop inversion algorithms relating raw tool data to 
more pertinent information. 

In trod uction 

Downhole logging and surface geophysical measure- 
ments have become a backbone for hydrocarbon reservoir 
analysis. Since the first recorded borehole measurements in 
1927, advances in hardware and interpretative methods have 
produced an impressive series of successes. In his 1990 
keynote address to the Society of Professional Well Log 
Analysts, Paul Worthington noted these successes and envi- 
sioned that within five years there will be an industry-wide 
consensus regarding a multidisciplinary approach to reservoir 
definition (Worthington, 1991). This approach will r aFe  from 
the petrophysics of individual pores at a scale of 10- meters 
(0.004 inches) to surfa? geophysical investigations with 
investigative lengths of 10 meters (328 feet). Cooperation in 
this effort is necessary due to the magnitude of the task and its 
importance in an era of declining resources and increasing 
costs. 

An effort of this magnitude is not a feature of the 
geothermal thrust in the United States. While some surface 
geophysical studies are used, these studies are limited (e.g., 
Goldstein and Stein, 1988, and ref. therein). Furthermore, 
there is a general lack of downhole measurements even though 
they are required to interpret surface studies, to extrapolate 
core data away from a hole, and to correct production 
difficulties. 

An often-cited obstacle to downhole measurements is 
the fact that tools used in low-temperature formations are not 
compatible with the geothermal environment, and the cost of 
developing and maintaining a suitable tool suite exceeds the 
anticipated revenues from logging services. But a market can 
only be supported if measurements produce a meaningful 
output. Since interpretative techniques developed for hydro- 
carbon reservoirs are not proven in geothermal formations, a 
second obstacle is the general inability to relate log data to 
meaningful information. In some respects, the development of 
a viable geothermal logging industry is impeded by the 
chicken-egg syndrome. 

Recently a program was instituted at Sanida to address 
the obstacles noted above. As envisioned, it involves a coop- 
erative effort between industry, scientific drilling programs, 
and national laboratories. One purpose of this paper is to 
solicit comments on this effort. 

In the following we first give a status report on the 
development of downhole memory tools. Then the discussion 
turns to the complex topic of interpretation. The paper con- 
cludes with a discussion of shared resources. 

Memory-Logging-Tool Concept 

ing service 
industry are capable of operation to 26OoC (500&), and thus 
are applicable to some, but not all, geothermal applications. 
Furthermore, size constraints are imposed by the diamond 
coring techniques used in some geothermal operations. Taken 
together, the temperature and the tool diameter provide initial 
criteria for the design of logging equipment. Given present 
needs and realistic technologies, a modern tool will be operable 
at 400OC (752OF) and will be about 50 mm (2 inches) in 
diameter (Lysne, Worthington and Pyle, 1990). 

Conceptually, two classes of tools are able to meet 
these criteria. The first class utilizes an electrical wireline to 
transmit power and data between the tool and the surface, and 
it is exemplified by tools common to the logging industry. The 
second class is completely self-contained in that power is 
obtained from batteries, and data are stored in a memory sys- 
tem. Even though memory tools have been around for 
decades, they have not found common usage due to past limi- 
tations. This situation is changing rapidly due to improve- 
ments in digital technology. 

Both classes of tools were used to make high-resolution 
tem rature measurements in the VC-2B scientific corehole to 

quality, the tool using an electric wireline failed about one-half 
of the time due to wireline or cable-head difficulties. Signifi- 
cantly, the memory tool has never experienced a data loss. 
This record includes the faithful recording of fishing exercises 
made when the tool was twice dropped through 2.5 km (8,200 
feet) of internal upset drill pipe. 

Cost considerations weigh heavily in the establishment 
of logging services, and memory tools are effective due to a 
number of issues. These tools are programmed at the surface 

Hostile environment tools found in the lo 

295 g. C (563OF) (Lysne, 1992). While data were of equivalent 

89 



by linking the tool to a personal computer running a simple, 
menu-driven program. This fact, coupled with the point that 
the tools are rugged and mechanically simple, minimizes oper- 
ator training. It has been found that personnel will become 
operators after a day or so of hands-on experience. Secondly, 
the slick line deployment system is almost always available on 
site so exercises may be undertaken on the spur of the moment 
and without the mobilization and maintenance of a special 
truck. Finally, while the development cost of prototype tools is 
understandably high, it is envisioned that simple tools will 
become inexpensive almost to the point of being expendable 
(est. 0.1% of hole cost). Memory tools then will be suitable for 
high-risk duty. 

While memory tools are inexpensive, logging engineers 
raise the point that the memory concept is flawed by the lack of 
communication between the tool and the operator. The 
greatest concern is that a tool will fail, yet the logging run con- 
tinue due to lack of information. Perhaps future tools will 
possess some means of communicating a failed condition to the 
surface. In any event, memory tools must possess reliability to 
be creditable. 

In the same vein, logging strategies are often evolved 
on the basis of real-time data. Memory tools preclude this 
approach. This point is not as valid now as it was in the past 
since newer computer systems support languages that are 
"intelligent". Thus, a logging strategy that contains 
contingencies may be programmed into the tool. Finally, the 
power available in a battery operated tool is limited. This 
means that power-intensive measurements are constrained to 
short durations. 

Sandia Tool Suite 

Three memory tools will form the backbone of the ini- 
tial Sandia tool suite. These tools meet the temperature and 
size criteria noted above. The background and status of these 
tools is discussed in this section. 

In 1988, Sandia contracted with the Geophysical 
Research Corporation (GRC), Tulsa, for the development of a 
temperature-measuring tool (Duda, 1988). The cost of this 
prototype tool was $58,000. The tool was funded jointly by 
DOE/Office of Basic Energy Sciences and DOE/Geothermal 
Development. 

The GRC/Sandia temperature tool has seen about thirty 
deployments in VC-2B and other holes including hot holes 
drilled by the Ocean Drilling Program on the Juan de Fuca 
Ridge. The status of this tool is best described by the statement 
of independent ocean scientists given to panels of peers: "The 
tool of choice." (Becker, 1990), and: "..a superb temperature 
tool that worked flawlessly even with rough handling." 
(Langseth, 1990). A precision (0.005%) pressure measurement 
will be incorporated into this tool in the near future. 

Currently Sandia is negotiating for the development of 
a modular memory tool, and it is envisioned that this tool will 
be available for calibration and field tests in about one year. 
The cost of the prototype tool is estimated to be less than 
$200,000. This effort is funded by the DOE/Geothermal 
Division. 

The modularity concept means that different sensor 
units can be joined to a universal Dewar-computer system. 
The prototype tool will feature a sodium iodide sensor for the 
spectral recording of gamma rays emitted by potassium, ura- 
nium and thorium decay-series elements. These "KUT" 
measurements will provide an elementary mineralogical 
analysis, and they will be a discriminate for scale buildup. 
Future applications may involve the addition of radioactive 
gamma and neutron sources. Such sources would permit a 
neutron activation analysis of aluminum for clay assays, the 
determination of densities through the Compton scattering of 

gamma rays, and the determination of water content through 
the slowing of high-energy neutrons. Pulsed neutron genera- 
tors could be incorporated into the tool for more sophisticated 
activation analyses, but limitations exist due to their power 
requirements. 

During the course of the VC-2B Program, it was noted 
that present fluid sampling tools leak (Lysne, 1991). 
Consequently a peer-reviewable proposal has been submitted 
to the DOE/Office of Basic Energy Sciences for the develop- 
ment of an improved sampler, and this proposal has received 
very favorable reviews. The proposed tool will be smart in that 
a pre-programming of the memory system will allow sampling 
based on, say, the nearest approach of the hole to the critical 
point of water or the precipitation state of a critical mineral. 

An essential feature of the sampler proposal is that total 
system development is to be co-sponsored by Basic Energy 
Sciences and the Ocean Drilling Program, with the latter 
agency supporting the development of an uphole analysis 
system. This division results in approximately equal develop- 
ment costs, and it provides each agency with an identifiable 
program element. A panel of geochemists, the Borehole 
Sampler Support Group (Edmond, 1991), has been convened 
by the Ocean Drilling Program to help in the coordination and 
implementation of this effort. 

Interpretation of Borehole Data 

Physical properties fall into two categories: those prop- 
erties that can be readily determined with logging tools, and 
those properties that are of importance, but are difficult to 
measure directly. Properties of the first type include tempera- 
ture, pressure, gamma ray spectra, sonic velocity, resistivity, 
and fluid composition. Often these properties are important in 
their own right, some are necessary to the interpretation of sur- 
face geophysical studies, and they may be used in hole-to-hole 
correlations. Properties in the second category include fluid 
content, density, permeability, lithology, and oxidation state. 
A difficulty of log interpretation lies in the fact that algorithms 
relating the second category to the first are often site specific. 

It is not envisioned that Sandia cover the myriad 
contingencies involving log interpretation. A better approach 
is for Sandia to make its tool suite available to scientific and 
industrial users for the development of inversion techniques. 
Interactions between Sandia and users would insure that the 
program was evolutionary. This path is a microcosm of that 
taken by the hydrocarbon logging industry over the past 65 
years (Worthington, 1991). 

It should be noted that the scientific drilling programs 
and the geothermal industry possess common interests involv- 
ing data interpretation, albeit with a different perspective. For 
example, a geochemist may ponder why oxidation states 
change (or minerals precipitate), whereas an engineer may 
wonder why casings corrode (or scales form). Thus, it is envi- 
sioned that useful partnerships can be formed between the 
scientific drilling community and producers of geothermal 
energy. But, in view of the diverse nature of these groups, two 
issues are essential to making such a partnership work: 

Pertinence 

Shared projects must provide pertinent information to 
all participants. The DOE/Office of Basic Energy Sciences 
and the Ocean Drilling Program have placed this criterion on 
the sampler program, and issues of common interest are being 
outlined by the Borehole Sampler Support Group. Further- 
more, the Department of Energy requires that its programs 
support solutions to energy-related problems. Given this envi- 
ronment, partnerships should not be difficult to initiate. The 
formation of an industrial group paralleling the actions of the 
Sampler Support Group may be in order. 
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Quality 

Quality insures that one user group can confidently use 
a system that has been developed by another. Specifically, it 
requires that the accuracy of a measurement or an interpreta- 
tive technique be verified by independent means. Simple 
measurements such as pressure may require only that the tool 
calibration be traceable to a recognized standard. More com- 
plex measurements involving borehole effects and inversion 
algorithms utilize complicated mathematical programs and 
ancillary measurements, and each system element requires 
independent verification. 

Resource Sharing 

Some indication of the costs associated with prototype 
tool development are given in a previous section. While these 
figures are not exorbitant, they are significant. More impor- 
tantly, they are incomplete. When the cost of human resources 
is included, total system costs become large. This observation 
provides a strong argument for cooperation. 

One concept for sharing is found in the fluid sampler 
proposal. Recall that this document proposes cooperation 
between two agencies with each having its identifiable area of 
responsibility, but funds are not commingled. This latter fea- 
ture may be essential in the complex environment in which we 
work. 

At this point it is useful to reflect on where we are. The 
temperature-pressure tool is in hand, and the Geothermal 
Division is supporting the KUT tool. Let us assume that the 
sampler proposal is accepted by Basic Energy Sciences and the 
Ocean Drilling Program. Then the prototype tool development 
program is underway, interpretative techniques are being ad- 
dressed for sampler issues by the Borehole Sampler Support 
Group, and the interpretation of some KUT measurements also 
will be addressed by this group due to their geochemical inter- 
ests. All that is needed to complete the package is for the 
geothermal industry to join the partnership. This action will 
require support for industrial investigators working on inver- 
sion issues as well as hard money or money-in-kind such as 
that provided by allowing open access to industry field sites. 
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