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DISCLAIMER:

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

ABSTRACT:

This project aimed to extend the insulated drill pipe (IDP) technology already demonstrated for
geothermal drilling to HTHP drilling in deep gas reservoirs where temperatures are high enough
to pose a threat to downhole equipment such as motors and electronics. The major components
of the project were: a preliminary design; a market survey to assess industry needs and
performance criteria; mechanical testing to verify strength and durability of IDP; and
development of an inspection plan that would quantify the ability of various inspection
techniques to detect flaws in assembled IDP. This report is a detailed description of those
activities.
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1. EXECUTIVE SUMMARY

Hydrocarbon reservoirs that produce high drilling temperatures — both on the surface and in
particular downhole — have historically driven the cost of reaching these reservoirs to a level that
precludes any economic benefits. Reservoirs where either or both high temperatures and high
pressures produce significant problems in drilling have become known generically as HTHP
(high-temperature, high-pressure), and are increasingly common, especially in deep gas drilling.
Unacceptable failure rates—caused by premature failure of both surface equipment and
downhole equipment—are typical of wells in these reservoirs and the more costly of these
failures include downhole motors, logging-while-drilling (LWD) and measurement-while-
drilling (MWD) tools, drill bits, and other tools that incorporate hydraulic seals and electronic
components. Drilling fluid properties can also deteriorate at high temperatures, resulting in an
inability to carry the cuttings and promoting higher wear rates on drill bits due to the higher
temperatures at the bit face. This latter effect is particularly acute with bits having pressure
seals. Additionally, corrosion rates can increase exponentially at elevated temperatures, resulting
in premature failure of even conventional drilling components such as drill pipe and drill collars.
Finally, steel alloys used for drill pipe can lose 8-10% of their yield strength at temperatures
above 450°F.

Each of the problems mentioned above can be addressed by individual technology developments,
but this R&D process can be very costly in both time and resources. An alternative approach is
simply to control the temperature of the downhole environment so that existing drilling
technology can more easily survive in this harsh environment. Insulated drill pipe (IDP) enables
management of the drilling fluid temperature at the bottom hole assembly (BHA) and provides a
more favorable environment.

In conventional rotary drilling, fluid circulates down the steel drill pipe, passes through the bit to
clean the hole-bottom, and returns, carrying
the cuttings, up the annulus between the

pipe and borehole. Because the drill pipe is \ A Temperatures
an effective counter-flow heat exchanger, - R — Driling flid with COP
drilling fluid temperatures inside and 2000 — \( === Priliing fluid with [P

outside the pipe are very similar to each
other at any given depth (see Figure 1 — the
left-hand side of each curve is temperature
inside the drill pipe and the right-hand side
is temperature in the annulus between the
drill pipe and wellbore). Fluid temperatures 12000
also tend to follow the formation
temperature. In a given formation,
downhole temperatures are affected by 16000 L
many drilling parameters — fluid flow rate, 0 00 ety 0 80
rate of penetration, fluid properties, bit-jet
sizes, and the like — but sensitivity studies
have shown that these factors are minor in
comparison to the thermal conductivity of the drill pipe. Figure 1 also shows the calculated
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Figure 1 — drilling fluid temperatures with IDP and CDP




temperature reduction with IDP compared to conventional drill pipe (CDP) in a 15,000 foot gas
well, with 4.75” bottom-hole diameter, assuming that the well is drilled with water-based mud
over a period of 50 days. Thermal properties for IDP are taken from those of existing 3.5” IDP.
Drilling parameters and formation temperatures used in these calculations are based on those in
an actual South Texas gas well. This performance is discussed in more detail later, but the
crucial factor is that IDP provides a significantly lower bottomhole temperature than
conventional drill pipe.

To meet this project’s objective of extending IDP use into deep gas drilling, a two-phase project
was originally proposed: Phase 1 would be preparatory, including a preliminary design for IDP,
mechanical testing of that design, development of an inspection plan for the design, and a market
survey to assess industry’s needs and concerns; while Phase 2 would build on this work to
fabricate 12-15 joints of prototype IDP (based on any design changes suggested by the
mechanical testing and market survey), use the prototype pipe for drilling in an actual HTHP
well, and confirm the thermal performance with a field test in a hot well (either geothermal or
hydrocarbon). The market survey was inconclusive, however, with respect to industry needs and
concerns (described in detail in the body of the report), so the project was ended at the
conclusion of Phase 1.

The Phase 1 work described in detail in this report comprises these four major activities:

« Produce a preliminary design: Drill Cool Systems (DCS) submitted a preliminary design,
based on existing drill pipe, to DOE for approval of the basic approach to construction of
IDP.

« Perform mechanical testing that verifies IDP’s strength and ruggedness: It is clearly
necessary to assure a potential customer that the extra steps involved in building IDP
have not compromised its strength and durability relative to conventional drill pipe. An
extensive mechanical testing program demonstrated IDP’s undiminished performance.

« Design an inspection program that will quantify the ability to detect flaws in assembled
IDP: If there is a mechanical flaw in the drill pipe body before insertion of the insulation
liner, it cannot be seen by conventional visual inspection. An inspection program was
designed to evaluate the ability of various techniques to detect such flaws.

« Run a market survey to identify industry concerns about IDP and to choose the optimum
size pipe for industry needs: The industry is generally unfamiliar with the concept of
IDP, and is often resistant to new technology. A market survey attempted to identify
their concerns and also to predict where the principal markets might be, so that the
prototype IDP would be built in an appropriate size.

In the organization of this report, each of these topics is discussed with individual sub-heads of
“Methods”, “Results and Discussion”, and “Conclusions”, and there is a “Conclusions” section
for the complete report.



2. INTRODUCTION AND BACKGROUND

The Master Announcement for this funding opportunity presents an excellent statement of the
problem, “Extremely high temperatures (>400°F), exceptionally high pressures (>15,000 psi),
exceedingly hard rock, and highly corrosive gases all combine to create a very hostile
environment for well drilling and completion. These conditions lead to material and electronic
failures, increased wear on equipment, and increased technical and safety risk due to an inability
to monitor downhole conditions. ”

Hydrocarbon reservoirs that produce high drilling temperatures — both in surface equipment and
in particular downhole — have historically driven the cost of reaching these reservoirs to a level
that precludes any economic benefits. Unacceptable failure rates—caused by premature
degradation of both surface equipment and downhole equipment—are typical of wells in these
reservoirs and the more costly of these failures include downhole motors, logging-while-drilling
(LWD) and measurement-while-drilling (MWD) tools, drill bits, and other tools that incorporate
hydraulic seals and electronic components. Drilling fluid properties can also deteriorate at high
temperatures, resulting in an inability to carry the cuttings and promoting higher wear rates on
drill bits due to the higher temperatures at the bit face. This latter effect is particularly acute with
bits having pressure seals. Additionally, corrosion rates can increase exponentially at elevated
temperatures, resulting in premature failure of even conventional drilling components such as
drill pipe and drill collars. Finally, steel alloys used for drill pipe can lose 8-10% of their yield
strength at temperatures above 450°F.

Each of the problems mentioned above can be addressed by individual technology developments,
but this process can be very costly in both time and resources. An alternative approach is simply
to control the temperature of the downhole environment so that existing drilling technology can
more easily survive in this harsh environment. Insulated drill pipe provides a means to deliver
much cooler drilling fluid to the bottom hole assembly (BHA) allowing these components to
successfully function in a more favorable environment.

Insulated drill pipe has a long history. Sandia National Laboratories worked on this concept in
the early 1980s for application to the Magma Energy Program®. Thermal and mechanical
analyses were done at Sandia in the 1980s. Contracts for feasibility studies and preliminary
designs of double-wall IDP were placed with two companies experienced in manufacturing
insulated tubing for steam injection, but a grant from the California Energy Commission was
rescinded at about the same time as the DOE ended the Magma Energy Program. The project lay
dormant until the mid-1990s, when Drill Cool Systems (DCS) of Bakersfield, CA, became
interested in pursuing IDP as a business line for the geothermal drilling industry. They built
three joints of prototype IDP, did preliminary tests to evaluate the effective thermal conductivity
of the pipe, and ran these joints in field operations — drilling one geothermal well and working-
over another. This effort led to further analysis, fabrication, and testing of IDP, including the
construction of a complete string of large-diameter IDP used in a field test in an Imperial Valley
geothermal well in 1999.

1 J. T. Finger, “Drilling Fluid Temperatures in a Magma-Penetrating Wellbore,” Geothermal Resources Council,
TRANSACTIONS, Vol. 10, September 1986



This field test demonstrated not only that IDP delivered the thermal advantages predicted by
analysis, but also that we could reliably model its performance?. The 5” IDP developed for the
geothermal industry, however, was much too large and heavy (>50% increase over 5” CDP) for a
typical deep HTHP gas well below 15,000 feet.

The design concept used for insulated drill pipe in this project is shown in Figure 2.
Construction is based on conventional drill pipe, with the tool joints modified to accept a liner
tube (described in detail in Section 3), and with the annulus between the pipe body and liner
filled with insulation. This assembly is simple and rugged, with virtually no effect on the
strength of the parent drill pipe. The insulating material is a proprietary, but commercially
available, compound.
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‘Figure 2 - Schematic of IDP ‘

To discuss the performance of IDP built to this design, we will return to Figure 1, shown in the
Executive Summary. These curves are calculations, not field data but, as stated earlier, the
thermal properties of the IDP are

measured quantities; the drilling, 0 —

. \
wellbore, and formation parameters are \ \ Temperatures

- \ t
taken from an actual well in South . W Drilling fluid with CDP
Texas; and the calculation method is \ \|— — — Drilling fluid with IDP

one that has proven realistic in field
experiments in a geothermal well. i

Several important aspects of IDP
performance are shown in the figure.
e Bottom-hole circulating
temperature is reduced from 12000 —
3879F with CDP to 2520F with
IDP. This is the temperature that
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survive. A temperature Figure 1 — drilling fluid temperatures with IDP and CDP

2J. T. Finger, R. D. Jacobson, A. T. Champness, “Development and Testing of Insulated Drillpipe”, SPE 59144,
presented at the 2000 IADC/SPE Drilling Conference, New Orleans, LA, February 2000



reduction in this temperature range is especially valuable because many tools have a
performance limit at about 310-325°F. It is important to note that the bottom-hole cannot
be effectively cooled by simply lowering the mud inflow temperature. In the situation
illustrated by Figure 1, for example, using coolers to lower the inflow temperature by
400F while using CDP lowers the bottom-hole temperature by less than 20F.

e Maximum fluid temperatures, which are not at the bottom of the hole, are 388°F for CDP
and 270°F for IDP. For drilling fluid additives that degrade at high temperature, this
difference can be critical.

e Fluid return temperatures are 130°F for CDP and 148°F for IDP (with inflow
temperatures of 130°F.) This indicates that more heat is being removed from the
wellbore, and therefore formation temperatures will be lower after drilling with IDP.

e The equivalent circulating density (ECD) is very important in calculating pressure drops
in deep wells, and ECD is highly temperature-dependent. Because the curve of annulus
temperature is more nearly vertical with IDP, this means the ECD will be more constant,
and therefore more predictable, with IDP.

e The wellbore temperature profile can be controlled at some level between the curves
defined by the “full IDP” and “full CDP” cases by tailoring the drillstring with a mixture
of the two kinds of pipe.

e A little bit of insulation makes a profound difference. It is shown in detail elsewhere®
that the un-insulated tool joints and a variation in insulation conductivity by a factor of
five have relatively small effects on the thermal performance.

With this basic understanding, then, the balance of the report is devoted to activities pursued
under this Award.

% J. Finger, R. Jacobson, G. Whitlow, T. Champness; “Insulated Drill Pipe for High-Temperature Drilling”, Sandia
Report SAND2000-1679, Sandia National Laboratories, July 2000



3. PRELIMINARY DESIGN

3.1 Method/Approach

The preliminary design presented to DOE/NETL was based on an existing string of 3.5” drill
pipe built by Drill Cool Systems. The design follows the general concept shown in Figure 2 (p.
4) but is augmented by details of materials and construction methods. Given that concept, there
are several decisions to be made: what kind of insulation should be used; how should it be
applied/attached to the drill pipe; how much protection does it need; and what should be the
overall configuration of the assembled pipe? Many of these decisions, however, are greatly
simplified by the fundamental principle that a relatively small amount of insulation has a major
impact on drilling temperatures. With that in mind, we can examine several design features in
more detail.

Insulation quality: In the equation for heat transfer through a unit length of the insulated portion
of the pipe, five quantities make up the thermal resistance through the pipe wall: convective heat
transfer coefficients at the outside and inside surfaces, and conductivities of the drill pipe, the
liner tube, and the insulation. For conditions typical of drilling, four of the five quantities are
numerically of similar magnitude. Only the quantity that represents the low-conductivity
insulation is much smaller than the others. For conventional steel pipe (CDP), then, the
convective and conductive terms are relatively equal in importance, while the insulation
dominates the total heat transfer for insulated pipe. This means that even a small amount of
insulation has a significant effect on heat transfer; in other words, the insulation doesn’t have to
be extremely efficient.

Another limit on minimum heat transfer is set by the un-insulated tool joints at each end of each
piece of pipe, which would conduct heat even if insulation in the pipe body were perfect. In
considering possible insulation materials, there are many kinds of plastic, glass, or rock that have
conductivity, or k, values from 0.1 to 0.5 B/hr-ft-F, compared to steel at 26 or good insulators
such as cork at 0.025 or glass wool at 0.022 B/hr-ft-F, so a key question is to determine what
range of k value is necessary. In evaluating insulation requirements, however, calculated drilling
fluid temperatures (including the effect of the tool joints) show that there is little difference in
performance among IDP designs with an insulating layer having conductivity values of 0.05, 0.3,
and 1.0 B/hr-ft-F.

Tool joints: Using the same rationale as above, there is little advantage to insulating the tool joint
area, since this only represents about 10% of the total length of the drill string (and the tool
joints” wall thicknesses are already much greater than the pipe body, which reduces heat transfer
through them.) Insulating the tool joints is also a difficult technical challenge, which would
adversely affect cost, complexity, and reliability.

Insulation protection: Given that the insulating layer is contained between inner and outer metal
tubes, there is a question as to how much protection it needs. Early in the IDP evolution, the
inner tube was designed to be strong enough to withstand internal pressure on its own, but with
the use of an insulating material having enough compressive strength to support the liner tube
against internal pressure in the pipe, the liner tube can be of much less robust construction.




Pipe strength: Because of the design approach discussed above, strength of the IDP is taken to
be the strength of the parent drill pipe. This pipe is first modified by attaching the liner tube and
by drilling a hole in the flank of the tool joint to fill the annular cavity with the insulation
material. The liner tube and the insulating material are thus assumed to neither detract from nor
add to the strength of the original pipe insofar as pressure capability is concerned. Because the
IDP is somewhat heavier than equivalent CDP (16.4 Ib/ft versus 14.2 Ib/ft for the preliminary
3.5” design) there may be an issue with tensile strength for very long drill strings.

3.2 Results
The design principles above led to the preliminary design shown in diagram below (Figure 3).

Fill/\Vacuum Port Plug

Liner Termination Sleeve

Parent Drill Pipe
Liner

Insulation

Fiaure 3 — IDP comnonents

Table 1 gives relevant dimensions for the IDP components.

Conventional Drill Pipe Description|  3-1/2"  13.3# NC38
Conventional Drill Pipe Tool Joint ID (in) 2.125
Conventional Drill Pipe Nominal ID (in) 2.764
Insulation Thickness (in) 0.195
Liner ID - IDP Adjusted ID (in) 2.245
IDP Adjusted Weight per Foot (Ibs/ft) 16.426

In general, the parent drill pipe is modified to accept the liner in the following way:
1. The inside diameter of the box end tool joint is bored slightly larger than the outside
diameter of the liner.



2. The pin end tool joint is bored to form a register, or “stop” for the end of the liner, which
is inserted from the box end. (Figure 4)

3. Both tool joints receive a threaded hole, used for filling the annulus with insulation.

4. The liner is inserted into the drill pipe, marked for the correct length, then withdrawn and
cut to length.

5. Liner is re-inserted into the drill pipe and the brass Liner Termination Sleeve is fixed in
place in the box end tool joint to retain the liner.

6. The insulation and its curing agent are mixed and de-aerated, then injected into the
annulus between the liner and drill pipe. Insulation is injected into one fill hole while
vacuum is drawn on the other.

7. After the insulation is cured, the fill plugs are screwed into the fill holes and secured with
thread-lock compound.

Note: The composition of the insulation material, and details of the installation procedure for the
Liner Termination Sleeve, are proprietary to Drill Cool Systems, but the complete process has
been described in a separate Topical Report submitted to DOE/NETL.

«— Insulation fill hole

— N

Figure 4 — Pin end detail \_

3.3 Conclusions

Insulated pipe can be used in any HTHP environment serviced by conventional drill pipe. None
of IDP’s components are susceptible to high temperature and its performance does not change
with temperature. The parent drill pipe can be any grade, in case there is a need for corrosion
resistance or other unique properties.

Liner reaister

A possible limitation on IDP use is its inside diameter, which is smaller than equivalent
conventional pipe because of the liner tube. This means that, for a given flow rate, there will be
greater pressure drop through a string of IDP than through an equivalent string of conventional
pipe. This factor turned out to be one of industry’s principal concerns.



4. MECHANICAL TESTING

4.1 Method/Approach

The general approach to mechanical testing was to identify the operating environment that the
pipe sees in HTHP use and to analyze the stresses that result from that situation. The test plan,
which attempted to reproduce those stresses and to evaluate their effect, was developed with
Stress Engineering Services (SES) in Houston, and the Scope of Work for the SES contract is
given in Appendix A. An outline of the test plan, with a brief rationale for each test, is given
below.

1. Tensile: The principal concern in tension is that the pipe body is made from stronger
steel than the liner. This means that when the assembled pipe is stretched, the liner may
yield while the pipe body is still in the elastic range. When the tensile load is relaxed
then, the liner will be in compression and might experience slight buckling. In the tensile
test, the pipe will be loaded to 90% of the pipe body yield, with simultaneous internal
pressure, and will be cycled through this loading several times. The complete inside
diameter surface of the pipe will be inspected before and after the test with a “borescope”
that can optically identify any distortion. As the final step in the testing, the pipe will be
pulled until the pipe body yields.

2. Internal pressure: Internal pressure capacity of the IDP should actually be greater than
for the parent drill pipe, but the contribution of the liner and insulation will be ignored.
The concern is that somehow a flow path might be established through the fill plugs used
to inject the insulation into the annulus between the drill pipe body and the liner. The
IDP will be pressurized to 7500 psi and the fill plugs will be monitored for leaks while
this pressure is held. Fill plugs will also be monitored during the tensile test, when the
pipe will be internally pressurized.

3. Fatigue: Most drill pipe failures are related in some way to fatigue loading, and most of
these failures occur near the point where the drillpipe and tool joint are joined. This is
particularly relevant for IDP because of the tool joint modifications required to seat the
insulation liner. Although the drill pipe manufacturer has done finite-element analysis of
this modification and found it to be inconsequential, we felt that it is important to confirm
this with fatigue testing.

Stress levels for the fatigue test will reproduce stresses developed in drilling a deviated
well with a build rate of 15°/100 feet. Pipe configuration for the test, to focus on the tool
joint area, will be an assembly in which a joint of IDP will be cut in two at the middle
and the two ends screwed together. A rotating eccentric weight applied to the end of the
pipe will then load the pipe in a fatigue mode until it fails. Pipe condition will be
monitored by internal water pressure, with a wet-detector near the tool joint to signal
when there is a leak. The pipe will be tested to failure in this fatigue mode, and the
results will be compared with other proprietary fatigue data at Stress Engineering. This
will enable us to make sure that the IDP fatigue performance lies roughly on the same
fatigue curves as conventional drill pipe.



4. Torsion: Torsion load on the drill pipe will be 20,000 ft-1b, which represents 60% of the
torsional yield strength of the pipe. It is also well above the recommended make-up
torque (11,000 ft-Ib) for the connection. The pipe will be cycled through this loading
five times and will be monitored for leakage.

5. Compression: This test will address any concern that the liner would deform under
compressive loads on the drill string. Normally, the bottom-hole assembly is designed so
that drill collar weight will keep the drill string in tension, but as deviated wells become
common, there is some occasion for drill pipe in compression. The test will load the pipe
to 50% of compressive yield.

4.2 Results

Testing was done at SES facilities in Houston. Most of the testing was done during July, 2007.
A brief recap of each test procedure and its results is given below, and the complete SES test
report is in Appendix B.

Internal pressure test: Applied 2500 psi internal pressure to pipe. No leakage into insulated
annulus.

Tensile to proof load: Applied axial tensile load of 343,650 Ibs (90% of premium class
strength). Leakage from pipe ID into annulus between internal tube and drill pipe body was
measured by removing the insulation fill plug and testing for leaks. Leakage occurred at 800 psi,
but it should be emphasized that this is only an indication of a leak at the point where the liner
tube is seated into the tool joint. This is a minimal effect because it would only introduce a small
amount of drilling fluid into the insulation volume, which would have a negligible effect on the
insulating properties of the IDP. Because the fill plug is very sturdy, it is extremely unlikely that
the fluid path could pass through it and lead to a washout.

Tensile to yield: Applied axial tensile load of 492 kips. No apparent yielding of pipe body. No
visual buckling or damage to internal tube.

Compression to yield: Applied compressive load of 235 kips. Pipe buckled.
Fatigue Test: Induced cyclic outer fiber strain of 600 microstrain (18,000 psi) in pipe adjacent to

external upset. Pipe ran for 1,362,900 cycles. No leakage at 200 psi into insulated annulus after
test. Fatigue test set-up is shown in Figure 5.

-10 -
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Figure 5 — Schematic of fatigue test set-up

These fatigue test results showed that the IDP fell along a line for steel pipe in general (Figure
6), which is a desired outcome because it indicates that the mechanical modifications to the pipe
required by the addition of insulation do not degrade the fatigue strength of the parent pipe body.

S-N Curve Steel Pipe
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70,000 ¢ e
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30,000 . "y m EIB51/25135
20,000 ] —&- Drill Cool
10,000 \
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1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07
Cycles to Failure
Figure 6 — Fatigue life for IDP sample

Torsion to yield: Pipe loaded in torsion to more than 33,000 ft-lbs (above yield strength), which
produced a twist angle of 77°. No leakage from pipe bore into insulation annulus after test.

-11 -



4.3 Conclusions

The test program, which we consider to be successful, is summarized in Table 1 below. The
mechanical test program did not reveal any fundamental flaws in the preliminary design.

Table 2 — Mechanical Testing

Test Activity Rationale Results
Internal pressure Monitor fill-plug IDP pressurized to 2500 psi. No leakage into insulated
performance annulus.
Tensile, proof load Evaluate liner Pipe loaded to 344 k-1bs (90% premium strength).
movement Small leakage into insulated annulus, but this is not

critical to either strength or insulation properties.

Tensile to yield

Pipe failure or liner
buckling

Pipe loaded to 492 k-1bs. No parting of pipe body, no
visible buckling of liner.

Compression to
yield

Evaluate effect on
liner

Pipe loaded to 235 k-1bs (above 50% yield), with anti-
buckling supports. No noticeable effect on liner. Drilling
plans always strive to keep drill pipe in tension, but
occasionally deviated wells will apply compression.

Fatigue

Effect of liner
installation

Induced cyclic strain of 600 pin/in (18,000 psi stress).
Pipe ran for 1,362,900 cycles with no leakage at 200 psi
into insulation annulus. This result fell along the curve
for steel pipe in general, which indicates that the liner
modifications did not degrade the fatigue strength of the
IDP.

Torsion to yield

Effect of torsion on
liner

Pipe loaded in torsion to more than 33,000 ft-Ibs (above
yield strength), which produced a twist angle of 77°.
No leakage from pipe bore into insulation annulus after
test.

Perhaps the most important part of the mechanical testing dealt with fatigue, because there had
been some industry feedback that machining the tool joints to accept the ends of the insulation
liner tube might create a stress riser. Although analysis had indicated that this effect is
negligible, it was important to be able to show this in physical testing.

-12 -




S. INSPECTION PLAN

5.1 Method/Approach

Much of conventional drill pipe inspection relies on visual access to the pipe surface, or on NDT
techniques (ultrasonic, etc.) that can look “through” the pipe from the outside to detect flaws on
the inside surface. Once conventional drill pipe is converted into IDP by installation of the liner
and insulation, then visual access is no longer possible, and the inside diameter is no longer a
free surface. It is important to verify that NDT techniques can still detect flaws inside the drill
pipe body (i.e., in the annular space beneath the insulation and liner). To provide quality
assurance for the assembled IDP, Drill Cool Systems contracted with TH Hill Associates in
Houston to develop an inspection plan for the assembly. (See Appendix C for Scope of Work for
the TH Hill contract and Appendix D for details of the inspection procedure.)

5.2 Results

The essence of the inspection plan was to compare four conventional NDT methods and their
abilities to detect flaws on the inner surface of the parent drill pipe after assembly of the IDP
components. The planned mechanism for this comparison was to deliberately machine flaws
into a virgin pipe body, inspect this pipe with various methods to evaluate their accuracy, install
the liner and insulation, and re-inspect the assembled IDP to verify that the chosen method(s)
could still identify the flaws.

The essential nature of this activity is to machine “standard” flaws into premium drill pipe before
the insulation is installed, and then develop an inspection protocol using the standardized method
that best captures the nature of the flaws with insulation in place. (See Appendix C for details)
This plan is a modification of the industry-standard DS-1 inspection, so it should be widely
acceptable even to people who are not familiar with the IDP concept. The inspection methods
considered in development of the plan are the following:

* Full Length Ultrasonic Testing (FLUT)

» Ultrasonic Wall Thickness Inspection

» Ultrasonic Slip/Upset Inspection

* Electromagnetic Inspection (EMI)

Three pipe sizes were chosen for use in this development: 3-1/2”, 5”, and 6-5/8”, and in each
case, the heaviest available wall thickness was acquired to evaluate how deeply into the material
the relevant NDT method could penetrate. Pipe sizes reflected our best estimates of what the
potential markets for IDP might be: 3-1/2” is typical for South Texas and other onshore drilling;
6-5/8” is commonly used offshore; and 5” is a generic, and common, pipe size for other
applications. The pipes’ specific weights, tool joint sizes, conditions, and diameters were the
following (the variation in condition-new to used-would also help evaluate the effect of wear on
the inspection procedure):

o 3-%* 13.30 Ib/ft, NC38 connection (used)
e 57,19.50 Ib/ft, NC50 connection (new)
e 6-5/87, 27.70 Ib/ft, 6-5/8FH connection (premium)

A secondary objective of the inspection development was to determine whether the inspection
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procedure can measure the concentricity of the pipe and liner (how well the liner is centered in
the pipe) and evaluate the insulation fill (whether there are voids in the insulation). This function
is less important structurally than flaw detection, but would be a useful addition to the IDP
quality control.

There were four basic steps for completion of the inspection plan:

1. Three sizes of drill pipe to be bored out and machined to accept liners so they could be
converted into IDP.

2. The modified DP to go to an inspection facility where the artificial flaws would be
machined into the pipe, and the pipe then be inspected by four NDT methods to assure
that these methods can detect the flaws.

3. The modified pipe, with flaws, to be shipped to Bakersfield where Drill Cool would
install liners and insulation, and then be returned to Houston.

4. The assembled IDP with flaws would be inspected by the same four methods as before
and the methods will be evaluated to choose the most effective one(s).

This component of the project was plagued by several factors related to the extremely high level
of activity in the drilling industry. First, acquisition of the required drill pipe was very difficult:
manufacturers were not interested in small orders for new pipe, and available inventories were
committed to other buyers. Second, machine shops with the equipment and qualifications to
work on oil-field equipment were booked up months in advance. Finally, even the inspection
facility was overloaded with work, although it was not as severe a delay as in the other steps.
The total delay caused by these considerations, relative to what could have been accomplished
with prompt access to materials and services, was roughly one year.

After these delays, this activity reached a point at which the pipe was in hand, the artificial flaws
were machined into it, and baseline inspection with the various techniques was performed.

5.3 Conclusions

During the long hiatus described above, however, a new consensus began to emerge about the
optimum design for insulated drill pipe. Driven in large measure by the market surveys and
industry interaction, Drill Cool moved toward an IDP concept based on application of an
insulating coating to the outside diameter of the parent drill pipe, with no separate liner or other
metal jacket to protect the insulation. This idea is discussed in more detail in Sections 6 and 7,
but the basic notion was that, if IDP with double-wall construction was not marketable, then
further work on development of an inspection plan was not worthwhile.
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6. MARKET SURVEYS

6.1 Method/Approach

The projected Phase 2 of this project included tasks of building 12-15 pieces of prototype IDP
and then running these in an actual HTHP well. The market surveys, then, had two major
objectives—determine what size pipe would most likely be acceptable to an operator with a
potential drilling opportunity, and identify any concerns that operators, drilling contractors, or
service companies might have that would bias them against using IDP. To gather this
information, Drill Cool contracted with Spears and Associates, a market research firm in Tulsa,
OK, that has extensive experience in the oil and gas industry (Scope of Work for Spears and
Associates is given in Appendix E). Drill Cool representatives also attended the World Oil
HTHP trade show in Houston, both in 2007 and 2008, where other attendees filled out
questionnaires related to possible IDP use, and returned them to Drill Cool.

6.2 Results

Spears and Associates contacted more than 100 operators and service companies in an attempt to
answer some of the basic questions given previously (What is the market for IDP? What are the
barriers to industry acceptance? And, perhaps most critical, what is the optimum IDP size to
meet most industry needs?) Unfortunately, because of the extreme press of business in the oil
industry, they received a limited response. Operators were about evenly divided on whether they
considered IDP to be worth further investigation, but the responses made clear the fact that many
of them didn’t really understand the concept. Unfortunately, the interviewers themselves were
not knowledgeable enough about IDP to provide answers to some of the operators’ concerns
(e.g., several interviewees were concerned about getting fishing/logging tools through the
reduced inside diameter, but the interviewers were not familiar enough with IDP to point out that
the drill pipe ID is no smaller than the ID of the tool joints). Service companies (directional
drilling) were much more enthusiastic about the IDP concept, with six out of seven interviewees
expressing definite and favorable interest in the technology.

Drill Pipe Sizes
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Figure 7 — Desired pipe sizes from market survey

On the subject of pipe size, the relatively small sample size did not lend confidence to a choice
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of optimum diameter for a string of IDP to meet industry needs. For example, responses to the
market survey are shown in Figure 7.

Drill Pipe Size
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Figure 8 — Desired pipe sizes from trade show survey

In comparison, Drill Cool passed out questionnaires at the HTHP trade show in April 2007, and
the results of those surveys is shown in Figure 8.

Although some trends are apparent, the small sample size does not give sufficient confidence to
identify the optimum pipe size. As a generality, almost all interviewees were strongly in favor of
the largest possible inside diameter, to address both hydraulics and fishing tool issues.

In an attempt to improve this result, Drill Cool requested additional survey activity from Spears
and Associates, and once again had representatives passing out questionnaires at the 2008 HTHP
Trade Show and Conference in Houston. Although some additional data were acquired, and we
can make the general statement that off-shore operators favor larger pipe (~ 6-5/8) and on-shore
operators prefer smaller (~ 4”) sizes, there was no clear answer to the question of optimum pipe
size. Because Drill Cool could not afford to make more than one size prototype pipe, it was
critical to choose a size that had some assurance of use in the market.

6.3 Conclusions

In the course of these conversations about pipe size, however, another issue arose that turned out
to be more important to the project’s progress, and that was the matter of pipe hydraulics. The
quandary was this: although the market survey did not provide enough information to specify an
optimum size, both on- and off-shore potential users remained concerned about pipe

hydraulics. With the inherent configuration of the existing IDP design, there will always be a
conflict because a pipe OD chosen for maximum strength in a given hole will always have a
smaller ID with insulated drill pipe, thus increasing the circulating pressure drop compared to
conventional pipe. This conflict appeared to be intractable with the operators interviewed,
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although it's very possible that they rejected the proposed sizes without sufficient knowledge or
consideration.

For example, in considering pressure drop, it is well known that pressure losses are very
sensitive to pipe diameter, but it may not be clear that having a relatively constant inside
diameter with IDP offsets some of the effect of diameter change at the tool joints in conventional
pipe. In afield test in 1999, pressures during circulation were measured at top and bottom of
strings (~ 4000’ each) of 5” IDP and 4-1/2” CDP with inside pipe body diameters of 3.068” and
3.826”, respectively. In the conventional pipe, tool joint diameters were 2.812”, and this
represented about 10% of the pipe length. At 500 gpm circulation rate, pressure drops in the IDP
and CDP were 0.204 psi/ft and 0.156 psi/ft, respectively. If we consider just the inside diameters
of the pipes, however, and use the mathematical relation that pressure drop varies inversely as
the fifth power of the diameter, the calculated result is that the IDP would be expected to have
more than twice the pressure drop of the CDP, but the data show that the IDP pressure drop is
actually only about 30% higher. The tool-joint diameter reduction apparently has a substantial
effect on pressure drop in the 4-1/2 drill pipe.

This is just one example of possible misperception or lack of information, but whatever the case,

we seem to face, late in the game, a scenario in which the current IDP concept appears to be
unmarketable. This situation is discussed in more detail in Section 7.
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7. CONCLUSIONS

Bringing new technology to market requires at least two major accomplishments—the new
hardware or technique must satisfy the technical requirements it is designed to meet, and the
target industry must recognize or be persuaded that this technology is an appropriate answer to
their needs. The authors of this report will argue that we succeeded in the first part, but failed in
the second.

The insulated drill pipe design described in Section 3 is proven, in that it has been used in the
field, mechanical testing showed no flaws, and very similar pipe has demonstrated the desired
and expected thermal performance in a carefully controlled field test. At the very minimum, we
can claim that there is no evidence showing the existing IDP doesn’t perform as desired. All this
is virtually irrelevant, of course, if the industry does not accept IDP as a legitimate answer to the
needs of HTHP drilling.

New technology will face resistance in almost anywhere, and the oil and gas industry has two
particular challenges: innate conservatism in drilling practices, and the “boom/bust” business
cycle that seems prevalent for much of recent history. Given the very expensive nature of new
drilling projects, it is quite reasonable that drilling engineers or contractors would be reluctant to
use any new piece of equipment that might pose a risk to the well, without having some firm
basis for believing either that the risk is negligible or that the performance benefits justify some
small amount of risk. Either of these reassurances, however, will almost certainly require some
kind of field test or drilling exercise, which is why it’s so important for DOE or other Federal
agency to take the lead in providing this sort of demonstration.

Even with performance verification, the question of timing remains. If drilling is in “boom”
times, activity is high, and riskier (often, higher temperature) wells are being drilled. Contractors
and service companies are stretched to the limit just to keep up with ordinary demand, and they
have little time or incentive to investigate a new technology. This is more or less confirmed by
the fact that, in the market survey, service companies were far more enthusiastic than operators
about IDP—directional drilling service companies see a direct benefit in mitigating the high-
temperature risk to their delicate and expensive equipment, while operators view this situation as
the risk being borne by someone else. In the market survey, in fact, there were several direct
quotes from operators to the effect that, “We don’t have any high-temperature problems,”
whereas the service companies had a much different view. It is worth noting that the president of
Drill Cool has recently talked with three different Gulf Coast operators who have severe
problems with bottom-hole circulating temperatures above 300°F—in one case, the operator has
suffered loss above $1M from high-temperature tool failure.

With drilling in a “bust” cycle, by contrast, wells are not as challenging (usually, lower
temperatures) and the drilling industry is under financial pressure that precludes investment of
time and/or money in new technology if the existing equipment can do the job in any fashion.

In summary, then, the marketing problems fell into two general areas: some operators and

drilling contractors didn’t feel that they needed the capability of managing downhole
temperature; and, among those who did, there was concern over the reduction in inside diameter.
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As a result, we found ourselves, very late in the game, facing a basic paradigm shift in which the
IDP design would become drill pipe with either a coating on the ID to reduce friction with the
existing double-wall design, or a single-wall design with an insulating coating on the OD of the
pipe body between the tool joints. There was not enough time or budget to investigate these
approaches in the present project, so we ended this project having done the work described in
this report. Drill Cool will most likely pursue the revised design concepts independent of NETL
funding, but it is uncertain when this might happen.
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LIST OF ACRONYMS AND ABBREVIATIONS

BHA — bottom-hole assembly; essentially the components between the lower end of the drill pipe
and the bit

CDP - conventional drill pipe

DCS - Dirill Cool Systems, Inc.

ECD - equivalent circulating density (the effective density of the drilling fluid, after adjusting
for temperature, fluid friction, and viscosity effects)

HTHP - high-temperature, high-pressure; definition of these conditions is not uniform, but for
this report it will mean temperatures above 400°F and pressures above 15,000 psi

IDP — insulated drill pipe

LWD - logging while drilling (usually implies gathering formation data)

MWD - measurement while drilling (usually related to drilling parameters)

NDT - non-destructive testing

SES - Stress Engineering Services, a Houston company that helped design and then perform
mechanical testing
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APPENDIX A - MECHANICAL TESTING PROCEDURE

Test Procedure: 3-1/2” Double wall insulated drill pipe.
Client: Drill Cool Systems, Inc.
Objective: To conduct tension, compression, internal pressure, torsion and elevated temperature
tests on 3-1/2” pipe with NC38 (3-1/2 IF) tool joints.
Pass/fail criteria: Does annular space hold pressure?
Record data at 1 scan/sec
1. Set-up frame. Pipe is approximately 32 ft long. Adaptor subs are at Stress Engineering.
2. Put 1-3/4” filler bar in pipe.
3. Buck on adaptor subs — 10,000 ft-1bs. Use o-rings on subs. Use copper base thread compound.
4. Pipe has a port on each tool joint that will be used to detect leaking through inner pipe seals.
Inner pipe seals against tool joint ID on each end.
5. Apply tensile load of 343,650 Ibs (90% of premium class strength). Hold 15 minutes. Release
load. Record applied load and axial stretch between drill pipe external upsets.
6. Apply pressure of 2500 psi gas to pipe ID. Hold 15 minutes. Record pressure. Watch ports in
tool joints for leakage. Release pressure. ID volume with filler bar — 600 in"3.
7. Apply torsional load of 25,850 ft-1bs.
a. Use chain tongs and load cell.
b. Hold 15 minutes
c. Release torque
8. Repeat step 5.
9. Heat each end of pipe to 300 F.
a. Use induction heat
b. Hold 15 minutes after temperature stabilizes
c. Remove heat source.
10. Repeat step 5 before pipe cools off.
11. Repeat step 5 after pipe cools off.
12. Weld anti-buckling rings to frame.
13. Apply compressive load of 343,650 Ibs. Hold 15 minutes. Record load and axial compression
between drill pipe upsets. Release load.
14. Repeat step 5
15. Apply 7500 psi water pressure to pipe ID. Hold 15 minutes. Record pressure.
16. Release pressure
17. Apply axial tensile load to yield — Approximately 380,000 Ibs. Release
18. Repeat step 5. Record applied load and axial stretch between drill pipe external upsets.
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APPENDIX B - MECHANICAL TESTING RESULTS
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Certificate of Test

Stress Engineering Services, Inc.
13800 Westfair East Drive
Houston, Texas 77041

Date: September 28,2007 PN115443

Client: Drill Cool

Test Pieces: 3-1/2" 13.30 ppf S-135 Previously Used Insulated Drill Pipe Assemblies.
The drill pipe had NC38 tool joints and was 31-1/2 ft long from make-up
shoulder to make-up shoulder.

1. Determine if leakage occurred at interface of inner tube on each end of

Test Requirements: : S . : . .
pipe after subjecting pipe to tension, torsion and compression.

2. Determine fatigue characteristics of drill pipe assemblies.

Tension Test

Prior to conducting the tension test, 2528 psi internal pressure only was applied to verify that there
was no leakage at the ends of the inner tube.

A tensile load of 347,268 Ibs (90% of the tensile strength of premium class pipe) was applied to the
pipe and held for 15 minutes. Pass/fail criteria was leaking from pipe ID into annulus between
internal tube and drill pipe body

Internal pressure only was applied and leakage occurred at 800 psi at the interface of the inner tube
and tool joint on the box end.

Compression Test

A compressive load of 234,519 Ibs was applied to a second piece of pipe at which time buckling
occurred. The calculated compressive strength of the pipe with no buckling is 488,825 Ibs. The
pipe was laterally supported at 7.33 foot intervals to increase the buckling load. The calculated
buckling load of each end of the pipe was 377,221 Ibs. The calculated buckling strength of the two
center sections was 737,634 Ibs. Calculations are in Appendix H.

Tony Worthen chose not to conduct the internal pressure test on this test.

Fatigue Test

A single joint of pipe was cut in two at approximately mid length and the pin and box were bucked-
up to each other. End caps were welded to each end of the test piece so that the pipe ID could be
pressurized — a drop in pressure during the test would indicate a through wall crack. The pipe ran

for 1,362,900 cycles before a crack formed in the pipe body two feet from the make-up shoulder on
the pin end. The pipe had a cyclic outer fiber stress of 18,000 psi adjacent to the external upset.




The end caps had a pressure rating of 200 psi. There was no leakage at 200 psi into the insulated
annulus after test..

Torsion test

Pipe was subjected to torsional deflection of greater than 77 deg. Seventy seven degrees is the
angle of twist at a torque of 33,413 ft-Ibs which is the torsional yield of this pipe. An internal
pressure of 2500 psi was applied to the pipe after the test. The pressure held for 15 minutes.
There is no computer record of the pressure test.
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Appendix A

Photographs




Drill pipe in
test frame

Drill pipe in test frame. Axial load is applied to drill pipe with 4 hydraulic cylinders not visible in
photograph.

Displacement transducer (yoyo) used to measure axial deflection or change in length of the pipe
as load is applied.




Anti buckling members were welded to the test frame to decrease the unsupported length from
29 ft to about 7.33 ft. With the anti buckling members, the buckling strength was about 234,500
Ibs. Calculated buckling strength for unsupported pipe is 11,775 Ibs.

Buckled pipe in frame during compression test. A maximum axial compressive load of 234,519
Ibs was applied to the pipe.




Pipe being made ready for torsion test. Truck mounted tongs applied torque to one end of pipe.
Other end held to prevent rotation.

End of pipe in chain vise to prevent rotation during torsion test.




o
CRy

End of pipe before being gripped by tongs in torsion test. 77 degree mark, when vertical,
indicates degrees rotation for torque of 33,413 ft-Ibs, yield torque of pipe.

Final position of pipe during torsion test. Pipe had an angle of twist greater than 77 degrees
which means it went beyond its torsional yield strength of 33,413 ft-lbs. No leakage at 200 psi
occurred from the tool joint bore to the insulated annulus.




Fatigue crack in pipe. Pipe developed fatigue crack after oscillating 1,362,900 cycles with an
outer fiber stress of 18,000 psi adjacent to the external upset.

. ‘

Location of fatigue crack on pipe. Crack is 24 inches from pin make-up shoulder.




Appendix B
Pressure Test 1, Pipe #1
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Plot of pressure test before tensile test of pipe #1. Pressure of 2528 psi was applied to bore of
drill pipe assembly and held for 15 minutes. A decrease in pressure would have indicated a
leak where the inner tube was mated with the tool joint.




Appendix C
Tensile Test Pipe #1
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Plot of load and displacement from tensile test of pipe #1. Load was increased from O to
347,268 Ibs and held for more than 15 minutes. Axial stretch in pipe was measured as tensile
load was applied. Pipe stretched 1.037 inches.




Appendix D
Pressure Test 2, Pipe #1
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Plot of pressure test after tensile test of pipe #1. Pressure of 802 psi was applied to bore of drill
pipe assembly before leakage occurred on box end.




Appendix E
Compression Test Pipe #2
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Plot of load and displacement from compression test of pipe #2. Compressive load was
increased from 0 to a maximum of 234,519 Ibs. The onset of buckling prevented the load from
going above this value. The pipe was supported at approximately 7 ft intervals. The axial
deformation of the pipe, which includes the effect of buckling, was 1.234 inches.




Appendix F

Torque Test Data
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Appendix G

Handloq — Tensile Test
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Appendix H

Calculation Sheets
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Wall Thickness t := 0.065in G3:=— G3 = 36.538

A = 2.8762 + 1.0679x 10 O-Ys + 2.1301-10” ‘L.vs? - 5.313.10 v
A =2.991

B := 0.026233 + .50609-10 °-Ys

B = 0.054

C := —465.93 +.030867-Ys — 1.0483-10 8~Y82 +3.6989-10 14~YS3

C = 1206.198

B
3.=
A
B

2+ —
A

G9 = G9 = 0.027

Jack Smith P.E.
Stress Engineerng Services

Page 2 of 5
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_/-. 115443.xmcd 10/4/2007
J
7 3
Constant F Foe 4.695-El>0 .G9
Ys-(@g - _\.(1 — G9)°
A)
F = 1.989
G i=F-2 G = 0.036
Constant G = 'Z -0

D/t Intersection between yield strength collapse and plastic collapse A1l

5
2 C)
[(A—Z) +8'(B+75j +A-2

Dtyp =
2-(8 + 3\
Ys)

Dtyp = 14.81

D/t intersection between plastic collapse and transition collapse

A-F

Dtpt == Y —~ —
P C+Ys(B_0) Dtpt = 25.008

D/t intersection between transition collapse and elastic collapse

Dtte = i Dtte = 37.207

Minimum yield strength collapse pressure
2-Ys: -1
Py = #
G3 Py = 2928.133
Minimum plastic collapse pressure
A
Pp :=Ys. ——B\—C
G3

Pp = 321.6
Minimum transition collapse pressure
F e
Pt:= YS'(& ¢ Pt = 1016.364
Minimum elastic collapse pressure
e . 46%610"
. Pe = 1017.608
G3-(G3 - 1)°
Page 3 of 5 Jack Smith P.E.

Stress Engineerng Services
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115443.xmcd 10/4/2007

N

Mode := |"Yield" if G3 < Dtyp

otherwise
"Plastic" if G3 < Dtpt
otherwise
"Transition" if G3 < Dtte

"Elastic" otherwise

Mode = "Transition"

Pcollapse := |Py if G3 < Dtyp

otherwise
Pp if G3 < Dtpt

otherwise
Pt if G3 < Dtte

Pe otherwise

Pcollapse = 1016.364

Buckling
P
P o
z o= ‘:1_”.'.2_47 I c=w2=987
(@) ®)
Pcrit =c % P ‘
a -]
T O
L ¢e=4m2=395
n:=1 l
(@)

Fra. 9.17. Buckling loads for (a) clamped-free, (b) hinged-hinged, (¢) elamped-
hinged, and (d} clamped-clamped columns. In each case the constant ¢ shown is to
be inserted in the formula P, = ¢EI/LE.

Page 4 of 5 Jack Smith P.E.
Stress Engineerng Services
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[*]Mom of Inertia

115443.xmcd

10/4/2007

The drill pipe, during the compression test, was lateraly supported in four place. Distance between

lateral supports was 7' 4" (7.33 ft).

Each end of pipe was condition (c). The two center sections of pipe was condition (d).

L = 7.33ft

cl:=20.2

cl-E-l
Pcrl =

L

c2 :=39.5

c2-E-l
Pcr2 .=

L

= 737634.91b

Page 5 of 5
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143 Torsional Deflection

CLIENT: Drill Cool
PROJECT: 115443
CALCULATION BY: Jack Smith PE

Tosional Deflection of Drill Pipe

D :=3.5in oD

d ;= 2.764in 1D

of Drill Pipe.xmed

Sy =1 IOOOOl—b_’

in”

9/28/2007

= 3p20°. 2

.
m

2 ik
Ap(D.d) = ;(D‘— d') s = 100-ft

Ip(D.d) = %(D4— &) po=ozE3

L = 29ft Pipe length between upsets

Wi = 1350002 Yield Strength
Max Shear Stress
Modulus of Rigidity

Polar moment of inertia

Torsional Strength

Applied Torque

Angle of Twist

Page 1 of 1

J=9.002 i11’_1

T = 33413ft-1b

6 = 59.743 deg

Ib
E .3
in

Jack Smith P.E.

Stress Engineerng Services
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Calibration Sheets




Specialized Tech Services

CALIBRATION CERTIFICATE
CUSTOMER: MOHR Engineering Division

PO Box 355 Dobbin, Tx 77333

13602 Westland East Blvd
Transducer Make: Sensotec Transducer Model:  Tr1E/0743-06 TIG

Transducer S/N: 648357 Transducer Range: (. 5000 psi

Indicator Make Daytronic Indicator Model: 3270

SHUNT # 2506 S/N: SES-17
Reference and testing conditions: 979312 gals 17°C +/- 1.5 deg

CALIBRATION READINGS (as left)
ACTUAL READING 1 READING 2 PERCENT ERROR
(psi) (psi) (psi) %0 of FS
0 0 0 0.000
500 500 0010
1000 0.000
2001 0.020

3001 0.020
4000 4000 0.000

4997 4998 -0,050
All readings within manufacturer tolerence (+/-.5% F.S.)

The values stated in this certificate of accuracy were determined by direct

comparison to a Pressurements 5/N 61205 Deadweight Tester calibrated
by an independent testing laboratory and is traceable to N.LS.T.

Technician L. Wilson DATE:  December 02, 2006
SIGNED: ﬁ‘“‘f— RECALL: December 02, 2007




Specialized Tech Services

CALIBRATION CERTIFICATE

PO Box 355 Dobbin, Tx 77333

CUSTOMER: MOHR Engineering Division
13602 WESTLAND EAST BLVD

Transducer Make: Sensotec Transducer Model: TIE/7090-05TIG-01
Transducer 5/N: 833321 Transducer Range: ¢ . 10000 psi

Indicator Make Daytronic Indicator Model: 3270

SHUNT # 4762 S/N: SES-D03
Reference and testing conditions: 979.312 gals 28°C +/- 1.5 deg

CALIBRATION READINGS (as left)

ACTUAL READING 1 READING 2 PERCENT ERROR
(psi) (psi) (psi) % of FS

0 0 0 0.000
1000 998 998 -0.020
2000 2000 2000 0.000
4000 4002 4002 0.020
6000 6002 6002 0.019
7999 8000 8000 0.010
9999 9994 9994 -0.050

All readings within manufacturer tolerence (+/- .5% F.5.)

The values stated in this certificate of accuracy were determined by direct

comparison to a Pressurements S/N 61205 Deadweight Tester calibrated
|by an independent testing laboratory and is traceable to N.LS.T.

Technician L. Wilson DATE:  July 7, 2006

SIGNED: o~ “““— RECALL: July 7, 2007




Snecialized Tech Services

CALIBRATION CERTIFICATE
CUSTOMER: Mohr Engineering Division

13602 Westland East Blvd
Transducer Make: Sensotec Transducer Model: 7R

PO Box 355 Dobbin, Tx 77333

Transducer 5/N: 660177 Transducer Range: (. 10000 psi
Indicator Make Daytronic Indicator Model: 3270

SHUNT # 4992 S/N: SES-17
Reference and testing conditions: 979.312 gals 17°C +/- 1.5 deg

CALIBRATION READINGS (as left)
ACTUAL READING 1 READING 2 PERCENT ERROR

(psi) (psi) (psi) % of FS

0 0 0 0.000
1000 1000 0.000
2000 2002 2002 0.020
4000 4004 4004 0.040
6000 6002 6002 0.020
8000 7998 7998 0.020

9992 9992 -0,080
All readings within manufacturer tolerence (+/- .5% F.5.)

The values stated in this certificate of accuracy were determined by direct

comparison to a Pressurements S/N 61205 Deadweight Tester calibrated
Jby an independent testing laboratory and is traceable to N.LS.T.

Technician L. Wilson DATE: December 02, 2006
SIGNED: .= - RECALL: December 02, 2007




APPENDIX C - SCOPE OF WORK: DEVELOPMENT OF INSPECTION PROCEDURE

Phase I -- Phase | of the project will involve the following items:
1. Development of a testing protocol to determine the response of the insulated drill pipe to
standard inspection methods:
a. The program will test the effectiveness of the following inspection methods:
* Full Length Ultrasonic Testing (FLUT)
* Ultrasonic Wall Thickness Inspection
* Ultrasonic Slip/Upset Inspection
* Electromagnetic Inspection (EMI)
b. Each inspection method’s level of effectiveness will be analyzed based on comparison
of the test results for the same set of drill pipe test joints with and without the insulation
installed.
c. The number of test joints will be chosen by consultation between TH Hill Associates
and Drill Cool Systems.
d. Standardized flaws (notches, radial holes, etc.) will be specified for each inspection
method. Such flaws will be machined into a reference standard joint, which will be used
to standardize each inspection process.
e. The protocol will outline the standardization and inspection processes as well as the
methodology for data collection and documentation.

2. Implementation of the experimental inspection program:
a. The drill pipe test joints will be obtained, and the standardized flaws will be machined
into the reference standard joint. The machined flaws will be accurately measured to
ensure proper dimensions and orientations.
b. The experimental inspections will be performed and completely monitored. The
inspections will be performed at a testing facility in Houston.
c. Data generated during standardization and inspection will be collected and recorded.

3. Areport will be prepared that outlines the details and results of the experimental inspection
program.

Phase Il -- Phase Il of the project will involve the following items:

1. Analysis of data generated in Phase I:
a. The data collected in Phase | will be analyzed to study the drill pipe response (with and
without insulation) to the standard inspection methods.
b. Using the inspection results for the test joints without insulation as the standard, the
accuracy and effectiveness of each inspection method on the insulated drill pipe will be
analyzed and documented.

2. Development of the inspection program and acceptance criteria for insulated drill pipe:
a. This process will be based on the conclusions of the Phase | analysis.
b. The program will be designed to address inspection considerations that are specifically
related to insulated drill pipe.
c. The recommended inspection program and acceptance criteria will be presented in a
final report with the supporting data and conclusions from Phase I.



APPENDIX D - INSPECTION PLAN PROCEDURE

Summary:

In support of the Inspection Requirements of the Insulated Drill Pipe (IDP) the following
summary describes operations that each of the six pieces of drill pipe will undergo during
this phase of testing.

Sample #1 (condition: premium)

6-5/8” S-135 27.7 Ib/ft with 5-1/2FH Connections (approx length: 32.0ft)
Sample #2 (condition: premium)

6-5/8” S-135 27.7 Ib/ft with 5-1/2FH Connections (approx length: 32.0ft)
Sample #3 (S/N NN97469) (condition: new)

5”7 G-105 19.5 Ib/ft with NC50 Connections (approx length: 31.5ft)
Sample #4 (S/N NN97454) (condition: new)

5”7 G-105 19.5 Ib/ft with NC50 Connections (approx length: 31.5ft)
Sample #5 (S/N K8261) (condition: used)

3-1/2” X-95 13.3 Ib/ft with NC38 Connections (approx length: 31.0ft)
Sample #6 (S/N K8252) (condition: used)

3-1/2” X-95 13.3 Ib/ft with NC38 Connections (approx length: 31.0ft)

Description of Basic Work Flow for Inspection Testing:
All samples will undergo a total of three inspections. The general flow of this work is as
follows:

Step#1: Baseline Inspection

This will be completed to fully characterize each piece of drill pipe in its current state
prior to any work being completed. This is done to verify the condition of the pipe and
ensure the accuracy of the results.

Each piece of pipe will be oriented radially prior to inspection as to ensure repeatability
in inspection and aid in comparing the inspection results. The 0 degree (12 o’clock)
position will be positions at the top, vertical point of the pipe. This point corresponds to
the point of thread termination (near the shoulder) on the pin of each sample. Prior to
inspection a 0 degree line will be scribed into the tool joint (pin end of each sample).

Step #2: Machining of Notch Geometry and IDP Parent Pipe Modifications

Each sample of drill pipe will be machined with a careful selection of notches based on
TH Hill’s DS-1 Category 5 inspection methods. To minimize machining costs each
sample of IDP will receive a custom selection of notches per the following:

Internal Upset External Upset Tube Body (Mid-Tube)
A



General Description of Notches

Type A — 2 Transverse, 5% of wall Thickness (W.T.) from OD & ID, ¥2” Length
Type B — 2 Oblique at 6° left hand transverse, 5% of W.T. from OD & ID, %2” Length
Type C — 1 Transverse 5% W.T. form OD (External Upset)

Type D — 2 Transverse, 5% of W.T. form OD & ID, %2” Length

Type E — 2 Longitudinal, 5% of W.T. from OD & ID, ¥2” Length

Type F — 2 Oblique at 6° left hand transverse, 5% of W.T. from OD & ID, %2” Length
Type G — 1 Wall Reduction 5% of W.T. on ID

DS-1 Required Notch Dimensions

Length: 0.5” max

Width: 0.040” max

Depth: 5% of nominal wall £0.004”

The following Chart indicates the notches to be included on each sample of IDP involved
in this test.

Type A | TypeB | TypeC | TypeD | TypeD | TypeE | TypeF | Type G

Sample #1 X X X X X X X X
(6-5/8)

Sample #2
(6-5/8)

Sample #3
(57)

Sample #4
(57)

Sample #5
(3-1/2™)

X X| X| X| X
X X| X| X| X
X X| X| X| X

Sample #6
(3-1/27)

It should also be noted that any machining required to convert the Drill Pipe Samples into
IDP will be completed during this step. Additionally the fill ports required for IDP will
oriented at the 0 degree position described previously.

Step #3: Pre-Fabrication Inspection

Each sample will undergo an additional baseline inspection that will now capture and
verify the modifications created in Step #2. The Notch Geometries will also be verified
and documented by the inspection company.

Step #4: IDP Fabrication

The drill pipe samples will now undergo the process to fully convert them to insulated
drill pipe (IDP). This includes the installation of the liner, termination sleeve, and
insulation material. During fabrication certain manufacturing errors will be built into
some of the samples as indicated below:
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Sample #1.
Sample #2:
Sample #3:
Sample #4:
Sample #5:
Sample #6:

Standard Assembly

Standard Assembly

Standard Assembly with biased liner at Mid Tube

Standard Assembly

Standard Assembly with incomplete insulation fill

Standard Assembly with liner failure and biased liner at Mid Tube

Step #5: IDP Inspection

This final inspection will allow the operator to confirm detection of the machined
geometries determined in Steps 2 and 3 but also investigate the possible detection of
manufacturing flaws. It may also be desired to produce a full Visonic 3-D image of
Sample #1 to aid in the presentation of the results.

Step #6: Post Inspection Destructive Testing & Inspection

It may be desirable to provide a partial section of Samples #3, #5, & #6 to reveal the true
characteristics of the manufacturing defects. These sections can then be used to aid in the
interpretation of the Inspection Results produced in Step #5.
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APPENDIX E - SCOPE OF WORK FOR MARKET SURVEY

Phase 1: Market Analysis

1.
2.

10.
11.

Identify HT basins in the US using Spears’ proprietary HT database.

Using the SmithSTATS database, identify and quantify the activity (average # of rigs per
year) of E&P companies drilling in US HT basins (identified in the previous step) during the
past three years.

Build a list of drilling managers and/or drilling engineers working for those active HT E&P
companies (identified in the previous step) using directories from RigData, the Society of
Petroleum Engineers, etc.

Prepare two questionnaires that address the specific study requirements: one to be used for
interviewing E&P companies drilling HT wells and one to be used for interviewing
directional drilling service companies working on HT wells.

Interview 20 drilling managers and/or drilling engineers working for the E&P companies
identified in step 2 using the study questionnaire.

Interview five directional drilling service companies to evaluate their perception of the need
and impact of using insulated drill pipe for US HT drilling using the study questionnaire.
Tabulate interview responses from E&P companies and directional drilling service firms and
analyze the data.

Prepare forecast of US HT drilling activity by region through 2010 by combining interview
results with Spears’ proprietary forecast of US drilling activity.

Gather information on the estimated maximum operating temperatures, operating life under
HT conditions, and cost of failure for selected drilling equipment and materials including
LWD/MWD tools, mud motors, and drilling fluids.

Gather information on current and expected rig rates and HT well costs.

Prepare a report and presentation summarizing the results of the market survey and HT
drilling forecast.
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APPENDIX F - MARKET SURVEY RESULTS

Drill Cool

In suppor of the development of Insuiatedd ol pine
for the US high temperatune criliing market

Prepared by

Spears & Aszociates, Inc.
5110 South Yale, Suite 410
Tulsa, Oklahama 74135
318496 3434
Prirmary author:

Richard Spears

14 October 2007
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Research Objectives

Market research to identify the high temperature market for insulated drill pipe inthe US

In suppart of Drill Cool's initiative to develop an insulated dill pipe for application in very high
termperature ol and gas wells, Spears & Associates proposed the fallowing wiark plan:

in Phase ¥ of he proposed work plan (e markel analysis), Spears & Associztas will indendew
20 or rmove operators duiing high tarmperature wells in one of aff of the foliowing areas: Guifof
Mexico, East TexasNarth Lowisizna, and South Texas. The research team will contact these
operators fo deternine which ones ake driling high temperature wells.

Operatars drilling high termparature weails I the GUIF of Wexico, East TexasMorth Lovisiana, and
South Texas will be inferviewead fo icentify the foliowing:

What size (diarmeter) dnll pipe is being Laad.
Wihich operators ahe wiling to test inslated ol pine Jn thelr ligh temperature weis,

Ddring August, Septernber and Octaber 2007, Spears & Azsociates contacted approximately 100 ail
and gas companies currently drilling in regions of the US known to include high termperature (=300
degrees Fiwells. The firm also contacted all high-end directional drilling service companies known to
he woarking in these same high temperature regions.

Ddring this period the US ail and gas industry was undergoing recard high diilling activity in many
regions. Interviewing was slow. The firm often went several days without successfully conducting an
interviewy. This challenge came about in part because the drilling engineers respansible for these
projects are extremely husy and found the topic of insulated drill pipe to fall outside their scope of
immediate concern.

Market Research Analysis
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Research Sample

Source of Names

To identify cil companies actively dilling in known high
temperature regions, Spears used the Smith STATS database of
uye ekly dilling activity to highlight the operators drilling this year
along the Texas, Lovisiana and Alabamatississippi oo astal
areas and the Gulf of exico. Spears cross-referenced this
current deep drilling with RigDhata’s operator directony to get
contactinformation for dilling engineers possibly woking on
theze projects,

Offshore Spears uzed an Offshore Data Services publication to
identify operators drilling extremely deep (or long)wells in like by
regions of high temperature,

Intenvdievs Sanple

d d & d

ferera Lene Oirectiorsl

How Do We Know Where HT Wells Are Drilled?

Spears & Associates developed a computer model during the
‘Minetfies thatindexed each countyinthe US and each depth zone
inthose counties with the known or assumed thermal profile of
geological basins,

Wi'e assumed that Figk tearoestie iz around 300 degrees F
because the cument state of downhole diilling electronics has that
as a practical limit. Senice companies and operators in past
projects have indicated thattemperatures below 200 F posed litfe
problem with exd=ting standard downhole gear.

[During thiz projec we discovered that basing may be slowly
eooling as gas rezenes are removed and downhole pressures
drop. Unlike intemiewning 3 dozen wears ago, we found lithe
ewidence of *300 F zones being encountared on land along the
S Gulf Coast. Addiionally, vee beliewve that HT drilling iz anly a
zmall fraction of all deep dilling...and this fraction is not growing.

Interview Process

Once a likely operator was identifiad, Spears would call the company to
identify the mostlikely parson responsible far the drilling projedt. Spears
would then call and, most frequenthy, leave a wvaice mail with that individu al
regarding our topic of interest and the scope of the questions we intended to
cover, If an operator was cooperative, wewould eitherimmediately condudt
the intendew by telephone, or schedule atime at a later date to conduct the
discuzsion.

e called eweny operator active by drilling along the Gulf Coast and had
successful interiews with 15 on land. W'e also called ewery operator drilling
deep wellz inthe Gulf of Mexon and sucoessful by irte viewed 2.

Directional drillers are all dignts of Spears. We used our existing sources
within those service companies to identify people of authority in high
temperature tachniques. We successfully interviewed 7 directional drillers.

Does IDP Have Merit?

Summary

Afterdescribing Drill Cool's insulated dill pipe conceptto drilling
enginears and managers, Spears asked the open-ended question,
does the idea have merit?

“Werbatim responses can be seen in the interviemw summ aries |ater
in thiz report.

Slightly more operators and senvice companies thought the idea
afinzulated drill pipe did not have merit than did. This iz to be
expeded for any technology that has yet o be introduced or that
iz still in its =ady stages of adoption. Wie are not concarned by
this bias toward "no”.

Does Irsutated Diill Fipe Have Mait™

10

Interview Comments

Mz yhe. 'd kave fo s=e i wod,

My frolleague 7 chame of ST dilimg Echnologes)is mot beer on
the ivsulshed pioe mudive. Fom 2 techmolo gy stamdooint, e
docart Finkit wil actualy work and, ifit doog, heliews it wil
erlil org ard dgomws eslieg ad wodifoaior hebe arvore
woerld wse it in 3 3! gopfcation.

Fthinlinswizted ol pioe iz # good iWed... ne'® goimg o meed
sonething to keen downhole slectonics cool it hess very deen,
very frod Gulf of Mexico felos that ra e beer discovesd . WLD
hensftsdmon coolermud,

Buthem iz Ol Cool's challenge: Chewmow s ana vas shows at
ocooling the mok face v 2 deep, hot el ceak s massive amouwnts
of bmation damage, o ey ame soivally Hinking of keating the
arerd v@tiver than coolimg e ared'

Interviews Comments

drswlged dill pipe would gait heing a7 attgctve alttermat ve amumd 300
degees F.

M got mo expefencs on witich o A3z an Frawer §f the insulahed dill pipe
haz aredt or mot). fowess it be wsedd once we i abowt 270 degrees.

Hgh tewpeaiire exdtsin roe dong Fae, due o srorterii of wed
wodorE, Ffey of elzstorers. Arswl#ed dd! pipe tha delfuers conler arud
could e 3 hened® for lorgerlife of &la stoarers 3md seals, ipmwed e of
electmics.

The peneft fom inalaed dil pioe wowd be Burd in beimg il o nake
fenertnios o change out MWD ard mud wolors. Them might be orgerife
for elagomers and sedls. Therm cowld be sWngsin too! eriels 35 uell 35
g Fare foravoiding exka tps.




Drill Pipe Diameter

Summary

The chart to the rightshows the size of drill pipe being used by
operators drilling high temperature wells along the Gulf Coast.

Given the small sample size, v hawe indicated drill pipe sizes to
the nearest halfinch. For example, one operator zaid he used 5-
728" drill pipe. ‘W'e hawe round this to 6"

5" ig the most commeon 00, 45" 0D issecond, but operators
were concerned thatinsulated diill pipe might restrict 1D in pipe
appmached 4. and operators are abzalutely not willing to
sacrifice [0 for 3 wariety of reasons.

Interview Comments

Youw've gotto be abke o get Fehing bols thoegh your 0. So that
will e wourrfnibing facior. ¥ fean b get gardam Fohing dowr the
pine to free wy stuok pipe orto get owt sy MVD wrid, then oo
e Bpet about brivging powrinselahed pioe owt o &y el

We yze 5 24"dill gios. An inswlated dill gipe meedsto hawe am O
thatiz 3z lame 3z posshle.

A 78" amd 5" wourkd e the best ol pipe sizzs. Golrg dowr o &
hampers operatons. Sowetines feee Fres of up to elews
howrs to omolRe mud,

The saallerd" dal pine srust e 2hle o ocom oo ahe Fahing
toods.

Diill FipeSizes

@ Land

Diill Fipe 00 finches) -
B o b o B o B

Interview Comments

Forthess Sowlth Texasizmd wels we voe bolh 5'and " dnl pipe. Whatewer
Ol Con! Armgsout hasio he el in &7 ol hazed envimmeent. Ard the
inawlzfon cogting mustbe duadle.

The digmeters moresented by e ool compary ot of Calibmia, we think)
wowld mod o e WD toods o de i amd erded uo coding £G4 about
16d3ysof fg Fae dwe do steck bools and ofmlzdion izsves.

Needs o be close bo dizmeters of exdging dfl simg s,
The operaior would mof wart to hawe 3 gpeciad shimg Brthe B lenglh of

hole. o agmee wilh fre other Halfbedor engivesr wivo arggeged oz or
wrirus 0% in digweters.

Lilling ergineers must be corwiroed that the inersied ol pioe car delwer
e terrsion ard the compression dwamics of &7 offgiore wel or 2 de wakd
land wel.
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Technical Issues

Summary

The number one concarn of drilling engineers considering the
inzulated drill pipe conceptis restricted internal diameter.

Some were specfic: IDP must allow standard fishing tools to
pass through, Otherswere less specific, but just as adamant

The second gre atest requirement veas that IDP had to come in
standard drill pipe sizes. They did not wantto de al with unique ar
rare pipe sizes thatwould require new handling tools and new
drilling fluid hydraulics programs.

Interview Summany

0 st Flow fehing fools: 3
I wrest e 2slame s posaiie L
Meed high Fvmwar wlooity. 1
Neki st @low Broil-hased muds! 1
Wired pine iz the diredhion of deen waker: 1
Reguire gamdam ofl pipe sizes: 2
Ml st stamd wo o o e farese: 2

Market Drivers & Drilling Forecast
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Qil & Gas Demand

US Gas Demand

240
: S m
Market Analysis g
220 - .
US gas demand is projected to grow <% in 2007,
w
[y £
Much of that demand growth will be satisfied by LMG. LHG = - ]
imports will be up 45% this year and 20% in '33. Because LHNG is 20 B i
delivered pimarily in late summerand early fall, US gas starage TE B & & | = 1
iz filling up earlier and earlier, depressing demand for newly !
produced gas during that season. 215 e e
As a result, we exped weak gas prices in Septembear-October to e e 5 5 5D 5 D 5 S S % sl I
become aregular feature of the gas mamket. 00 01 02 @@ 04 05 OB OF 02 0 10
Sowze: B, Srears
US Gas mports by LNG [TCF)
Word Oil Dermand
1E ar
1.4
an
i2
18 E‘ a4
L] ﬁ
= &0+
OE
o4 Th 4
ozx 4
T2 4
oa - oo o1 o 0% 04 05 D06 OF 08 09 10

| 01 B2 @3 Oy 05 OF B9 BH O3 W@
Smrce: BA SEIRS

Sowce: 854 SEars
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QOil & Gas Prices

Market Analysis

US spot gas prices are expectad to awarage $550 permmbiu
through 2011, The LNG imports discussed on the prior page,
combined with 3 remakable increase inland-bazed natural gas
production from zhales and coals keeps plenty of gas in the
System.

U5 zpot ol prices are expected to trade in the $70-575 per barrel
range. Asthe chart below indicates, spare oil productive capacity
iz tiny...onhy a couple percent of daily oil demand. This is an all g é g g § g g § g g g b=
time low and points toward high ail prices through the rest ofthe L S MGl ek e oW WMo o Bl o
forecast period and beyond.
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US Rig Count

Crilling Rig Counts 2400

2000

Market Analysis 1300 __,_// N o
1800

Spears & Associates tracks several drilling rig surveys — Baker 1700 / M

Hughes, Smith and hd-1 Swaco.

1E00 _/ ‘f:'f
These senvice company rig counts have increased 4%-5% for the 1500 - —BH|
first seven months of OF vs, 2%-14% forsame period in '05. The 1400 /7 SHmith
growth rate in dilling iz clearly slowing. f /”d‘,.--nr” e
1300 1 bl
The graph to the lower right showes that 2007 growdh is highly 1900 ,,,.-»f
concentrated in shale plays (Bamett, ete) that currently aceount 2 | Hﬂ\lh’l | |A| H | | HAM | IAI H | | MQM |
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US Drilling Forecast

Market Analysis

The chart to the right plots US drilling activity, bath land and
offshore. Itprojects the Baker Hughes active dilling ig count.
Mare igs than thiz are wamtking; thiz iz the subsegmentthat iz
drilling a new well.

The izhe way be foumd Ay dovhle-clicking o the chart.

The rapid growth portion of the madeet cyele is now finished due
to softening natural gas prices and rapidly soaing dilling and
completion coste. Until costs dedine and gas prices rise, drilling
grovth will be fl atish.

US Land & Offshore Deilling Activity
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HT Analysis

Seenlaterinthe report, only about 5% of the wells drilled on land each wear
can be conzidered high temperature.

e hawe defined HT is the temperature atthe bottom of the well. The entire
drilling process did not encounter high temperatures — only the part within the
reseneoir iz the HT componert, generally speaking.

Global Land Drilling Market

Market Analysis

Last vearwme projected 21% growth for 2007, butthe maret
turned in late 2005 and is falling. Wite now think that this vears
manet will be down 8% from the prioryear. Steadily rising global
rig activity has been mome than offzet by flat Morth American
drilling and dedining dayrates. Atthis point we are projecting a
fall of 4% for 2002 az US dayrates continue to deteriorate in the
face of dsing rig supphy.

Sowme ofthe imfomation on thizs page is Spears’ CiEeld Manist
Report.

Gobal Land Drilling Marlet

o
Lalilee ]
|
{4 4]
o AR
nzom l l l
| om TR
= T
o N
innNn
| | | |
s

ZEIX ZIN ZIP I ADA AN XIE AT AIH XXIE XT &1

Forecast

The global land drilling madeet will continue to ize through the forecast
period due to wery strong masket fundaments outside Morth America.

e beligwe thatthe Horh American madeet will selfcorrect ower e nest
year ar to, launching a new eyde of growth ance positive economics of
drilling have been introduced.
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Global Offshore Drilling Market

Market Analysis

Offshore contrad dilling is the "boomiest” of the maket segments
wee track. Hampered by owersupply most years, when this matet
turns, itturns hard. As the neighboing chart showes, this matet
doubled in just over i years ance the supply of figs became
slightly lower than the demand for rigs.

Ciue to =oaring dayrates, especdallyin deeperwater rigs,
davwnhole dhlling technalogies are being employed at 3 record
pace in hopes that the number of days to drill can be reduced.
These drilling technologies include rotans steerable directional
drilling, fizced cutterbits, one-trip multiple completions, rigless
reantry systems...

Gobal Offshore Drilling Market
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Forecast

HAzsuming that oil prices remain well above F80, we believe that the offzhore
contract dilling maret will ize into 2008 or perhaps into 2009, whereupon a
flood of additional drilling rigs will enter the matiet and the increased
compefiion will drive down dayrates. W'e expect lower dayrates inthe
deepermaters starting in 2009 or 2010, mateedly dampening sales grouwth.

LS Drilling Costs

Market Analysis

The table to the right shows estimated US well costs in 02 2007
Costs onland and on the Shelf are now dedining as demand falls.

The US land well shovn is 2 10-15 000" well inte a conwventional,
normal temperature mell. Cost indudes completions.. fracjobs,
packers, completion fluids.

The &0k Shelf well can include high temperature situations for
partof the drilling process. HT wells on land in South Texas and
in South Louisiana can approach this cost as well.

And deepmater wells are quite expenzive.
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High Temperature Drilling Forecast

17
. . . 30 1D
High Temperature Drilling o o
Market Forecast 2000+ FED

The chart o the right plots high temperature new well diilling in
the US for land and offzhore wells. The table driving the graph is
sean belom.

Land Vil
g
2
Offshore Wisll=

45% of the veellz driled on land inthe US are considered high
temperature. 0 1=

5-7 % of the vealls drilled inthe Gulf of Mexdeo are high
temperature.

REEEEERERRE

HT is considered any el with a bottorn hole temparature abowe
200 dagress F.

U5 HT Well=s
Region 2001 2002 20003 2004 2005 06 2007 20053 2003 2010 2011
USHT Wells Driled
Land 1835 1294 1462 1,794 1983 2252 2515 251 ZH92 ZEeE6 Z7ES
Offshore 1032 -] 61 bt} 53 51 & & 47 a0 a2
Total 1638 1,302 15824 1802 07 2304 26681 2585  2E39 2736 2838
Total U5 Wells Diled
Land 34724 27255 Z2DS7 33210 43658 4934 55084 S565 45788 55852 61034
Offshore 1516 =30 o 253 -7 7o G2r GEr (=27 731 Filard
Total 36290 2214 32950 B0G3 d4449056 S0098 55781 G602 47480 SBSE3 6181
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Operator Interviews

19

Operator A

Merits & benefits of the insulated drill pipe system

B

taybe. I'd hawe to see it wobk.

Technical issues

Other comments

“rou've gotto be able to getfishing tools through your 1D, Sothat
will be your limiting factar. 1f | can't get standard fishing down the
pipeto free my stuck pipe orto get out meg MWD unit, then wou
can farget about bringing yourinsulated pipe aut to moowel |
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Operator B

Merits & benefits of the insulated drill pipe system

by {colleague in charge of HT drilling technologies) is not keen on
the inzulated pipe mutine. From atechnology standpoint, he
doesn't think itwill actualby veode and, if it does, believes it will
entail long and rigorous testing and modification before amyone
would uze itin a real applicaton.

Technical issues

Halliburton and Schlumberger are both looking at staing an HT
tool development and both daim to hawe an interested partner in
the wings. We think Total is the partner and is playing both of
them, but will anly choose one to wokowith, Obwviousty, the
semice companies are trding to get BP on board alza.

Thiz iz 3 costhy technology area since the HT electronics are verny
much at orbeyond the state of the absolute technolo gy

oy

Other comments

e are not aggressively pursuing this technology aswe only have one or
o wells that may need the technology. The mbis, in Gulf of Mexico ultra
deep gas, wherne 3 discoveny could necessitate a few toals, we're not gaing
to dill all that many veells.

Operator C

Meriis & benefits of the insulated drill pipe sysiem

High temperatures make it a requirementto dredlate cooler mud
to the bottom of weell.

| think some ofthe benefits could be longer life of elastomers in
the matars, improved life of electronics, lower cost WAWIYRST
systems, and fewser trips. Possibly less expensive mud additives.

Inzulated dill pipe would start being an attractive alternative
around 300 degrees F.

Technical issues

“r'es temperature is an issue. W'e running into temperatures up to
350 degrees, but problems start at about 300 degrees.

Total weell depths up to 20000 feet Mostwells are directional.

Blut've got a well going in the G0OM South Tambalier 81, 18,000°,
61" water depth. Werical exploratony hole.

e use 5 12 dill pipe. Aninsulated dill pipe needs to hawve an 1D
thatis as large as possible.

-

Other commenis

High temperature reduczs tool life, and that means maore round trips, lost
time.

‘hen Drill Cool builds this first string of insdated dhll pipe may they
contact you about possibly running it inone of your wells?

s,
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Operator D

Merits & benefits of the insulated drill pipe system
| can'tsee any benefitforus. Mot at present.

I'm not encountering temperatures owver 230 degrees F andwe're
drilling to 14000 feet. Forour steerable systems, we have no
temperature problems.

Technical issues

Other comments

Operator E

Merits & benefits of the insulated drill pipe system

I'm dilling in Hidalgo Courdy, Texas to 15,0007, Werical,
development mells.

High temperature is not a problem.

o

Technical issues

Other commenis
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Operator F

Merits & benefits of the insulated drill pipe systemn

High temperature results in mare dovun time, due to shorter life of
mud motors, aging of elastomers. Insulated dill pipe that delivers
coolermud could be 3 benefit from longer life of elastomers and
seals, improwved life of electronics.

Soitwwould probably halp the mud motoers, but there'd probably be
no benefitto lower cost of drilling fluid additives.

Technical issues

lvuant2-12" and larger hole size. Any drill pipe [ use, I'd wantta
see the main benefit would be in keeping annular velocty high.

578" and 5" would be the best drill pipe sizes. Going down to 4
hampearz operations. Somefimes | 22 imes of up to elewven

hours to drculate mud.

lwant mazximum D and minimum 00

oL ===

i
%#t i

Other commenis
| belizve in keeping temperature dovn by circulating mud faster.
Rankin County, Missizzippi, 16,875 wertical dewelopment.

When Orill Cool build=sthis first string of insdated drll pipe, may they
contact you about possibly running it inone of your wells?

Mo, mot at s e,

Operator G

Meriis & benefits of the insulated drill pipe sysiem

High temperature iz newver 3 problem. Rarelhy a problem

Technical issues

Other comments

We're drilling a well in the Gulf of Mexioco West Camearon G2 where the well
depth iz 23900 fast, the water dapth iz pretty shallow — 36 feet. Itiz a
diredtional gas well and, quite frankhy, e don't have amyhing like a
temperature problem.
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Operator H

Merits & benefits of the insulated drill pipe system

Temperature is not an issue. Top temperature we nninto is 200
degrees F.
=
. HHHHHT
Technical issues Other comments

We're drilling in Kenedy County, Texas to 15,000 depth, verical. These are
development wells,

Operator J

Lol
===
Merits & benefits of the insulated drill pipe system ﬂ % Ei
T H
High temperature iz generally not anissue. Mo hot wells . S
eurre iy, [ 7
Ty

£

Technical issues Other comments

Operatar J has locations in both Lavisiana and Gulf of kdexico. We have a
well going in Louiziana to 20000 feet, and GO0 vells are 13,2300 to 16500
feetin depth.
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Operator K

Merits & benefits of the insulated drill pipe system

Wi'e encountertemperatures of 280 to 300 degrees F. We're
drilling to depths of 17 700 to 13,100 feet Verdical wells.

High temperatures in diilling can cause problems with mud, tools,
and fishing and tool repair

I'we gotno experience on which to base an anamer (if the
insulated drill pipe has merit or not). | guess it'd be useful once
e hit aboutZ70 degrees.

Technical issues

Wite're drilling with 4 12"

Other comments

Wermilion County, Lovisiana. 45,100" verical developmentwel s,

Operator L

Meritz & benefits of the insulated drill pipe systemn

I'm diilling in Lovisiana's Cameron County doven to 16 000 feet.

Wfith these wells we've gotno problems. | don'tthink South
Louisianais a prospect forinsulated dill pipe

WOTE: Spole with diling-comolefors sanager,

Technical issues

Other comments
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Operator M

Meriis & benefits of the insulated drill pipe systemn

Wife're notgoing to be a prospectforinzulated dill pipe. Al our ™ =
drilling is farmed out to 3 contracting company who drills them [ 2 ﬁ
turnkey forus. =

O

Technical issues Other commenis

Caled or wall i GO Camemn fo 19000 depth TVD., Gag wel, re-
perthed.

Operator N

L
Merits & benefits of the insulated drill pipe system ﬁii
t]
Temperature is not a problam. 270 dagrees F is the top ™
temperature encountered in ourwells cutin the Gulf [ 2
= e
H
Technical issues Other comments

Calted on wall i GO0 E3st Breaks 307 drllimg fo 25,000 TEDir 2000°
waler degh. Weaics' of wall,
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Operator P

Meriis & benefits of the insulated drill pipe system

Ourwells are in Hidalgo County, Texas and are 16 A00°
directional, development wellz usually.

Temperature is not a problem.

Technical issues

l
5

"oy

Other comments

Operator Q

Meriis & benefits of the insulated drill pipe systemn

I'm familiar with Drill Cool and tried a shert trial using a short
section of insulated drill pipe. If my memarny is right, the gainwas
from o degrees to fiwe degrees improvement, with additional
costs incurred, but marginal rezults realized.

The benefit from insulated drill pipe would be found in being able
to make fewer trips to change out MWD and mud motars. There
might be longer life for elastomers and seals. There couldbe
zavings in tool rentals as well as rig ime for avoiding extra trips.

Technical issues

MUD stops at 303-205 degrees. High tempemature does reduce
tool life, shartens use of mud motars. After the MWD comes aut,
e uze tubines to drill, butitiz hard to keep a straight hole. The
bitwanders.

If ywou could cool wour mud to 303-305 degrees, orlow enough to
lzawe the WD inthe hole longer and reduce the number of trips
for mud motors.

Forthese South Texas land wells we use both 5" and 4 drill pipe.
Withatewer Drill Cool brings out has to be useful in an ol bazed
environment. And the insulation coating must be durable.

The smaller4” drill pipe must be able to accommodate fishing
tools.

Other comments

High temperature is a problem e hawve to deal with. Ourwells freque rlly
encounter botomhaole temperatures of more than 200 degrees F. Some
wellz have temps up to 925 degrees. We're in Zapata County, Texas drilling
to 12 000, verlical, development wells,

Curwells in Zapata County were 17000 to 17700 foot depths, with no
steerables in hole below 19000 feet, We made sure the rotany steering tools
hawe been remowved from the veell at a temperature of about 200 {0 2032
degrees F.

I'd be happy to talk with DAl Cool when they come up with something that
woks, | (Jerny Hamilton) had wotked with Tom Chamblis and another
contact named hdad two or three ywears ago. Drill Cool had a piecemeal
string of about3 <" butit was not enough ta be much help.
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Service Company Interviews

35

Service Company R

Merits & benefits of the insulated drill pipe system

I've heard about thiz Califarnia-based company and [know they
provide mud cooling for several majors around the wodd.

I think insulated drill pipe is 3 good idea...ue're going to need
something to keep downhole electronics cool in these very deep,
wary hot Gulf of blesdco fialds that hawe been discovered. D
benefits from coolar mud,

Buthere is Drill Cool's challenge: Chewron's analysis showes that
cooling the rock face in a deep, hot vell creates massive amounts
of farmation damage, so they are actually thinking of he ating the
mud rather than cooling the mud.

Directional Drilling Sales

Technical issues

Oil companies want a massive amourt of data from the drilling
process, go we are testing Grant Prdecoe’s IntelliPipe. This iz
particulady true in deep, exoticmells that are most likely hot. hly
question is, can the insulated drill pipe ALSO carny 3 wire to
tran=mit data>

In these deep wels, no matber how fast wou cdreulate mud, you
can only get a5-10 degrees C improvement in your mud
tamperature...and thatis not enough to matter bacause you are
genarally way over the 200 degrees F boundarny.

| couldn't ewen hazard 8 guess how manytrue HT wells are drilled
eachyear. fis probably measured inthe dozens.. thatis the
number I've heard quoted. Mtiz not many. twould be more if we
hadthe technologyto doit, but| don't see that happening in my
profezsional career. Wie'we been watking on HT tools for 20
years.

Other comments

Chevran is thinking of going to mud heaters, if wou can beliewe that, in their
deep Gulf of Mexicn wellz, They think that this may be the way to go, not
cooling. Chevron and all the other majors will aways prefer to reduce
formation damage and sacrifice the alactronics, notthe otherway anund.

Itwas a big revelation wwhen | heard Chevron detail their analysis. When ywou
drill inte deep, hot rock, you remove rock and the physical support. Then the
effed of cooling reduces size, creating hoop stress, then the wall fails.
They'wve confimned this with micn-zeizmic and logs.

Baker and Halliburton and Schlumberger all have a small fleet af HT hAWT
with limited miszion ime capabiliies and low reliabilty. They generally siton
the shelf because the wells they drill are critical, high cost and the tools are
simply not religble. The customerwants HT elactonics that will war, but
they will not pay more than Zxwhat they will pay for a standard touol.
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Diredtional Delling Sales.

Service Company S

Merits & benefits of the insulated drill pipe system

e are notinvolved with many hot holes inour segment of the
businezz. Hawing zaid that, the only onethatvee paricipated in
mas an ECA el in Brazoria County south of Houston about 10
months ago which utilized this inzulated drill pip e technology.

The drilling foreman in our office thinks that the premize of
insulated pipe makes quite a bit of sense.

rd BB ERBAR

zm = I xrn I XIIG e v

Technical issues Other comments

The diamebers reprasented by the tool company (out of California,
e think) veould not allov the AW tools to be run and ended up
costing ECA about 15 days of igtime due to stuck tools and
circulation issues.

Diredtional Drilling Sales

Service Company T oy

%1,

i

Merits & benefils of the insulated drill pipe system

%1,

g

| hawe nat heard of Drill Cool'z insulated drill pipe. Yes, the idea
haz ment. Inthe range of 200 degrees to 300 degrees thare
would be limited madet potential, but in the range of loweing
mud temperature from 900 degrees to 300 degrees, thers would
be much greater application.

« B BB A

With coolermud wou'd improve the life of elastomers, longer bit
life, pozzibly better bit penetration due to cooler mud with mars
wiscosity, less use of expensive mud additives, and mare
application of currently available tools rated to temperatures of
cooled mud... below 300 degrees.

Technical issues Other comments

Staw in the range of pluz or minus 10% larger or smaller than Coon't know how many veells this would affed. hostwelzwould be in the
presenthy used pipe. ulf, and maybe most of those below 15000 feet TWD.

Crrill Coolwill weant to contact John Hardin, M echanical Enginesr, Crill Coalwould weant to manket this to the diredional diilling company.

Houston. Phone: 936 442-4845. Hewould probably be directy
involved in this application.

NOTE: Zoearz tried bo contact W Hamin s=ve@! fnes.
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Service Company U

Diredtioral Drilling Sales

¥4m

Merits & benefits of the insulated drill pipe system

“tes, | know about Crill Cool's idea. | had previous contactwith
Crill Gl about five years ago.

| think the idea has merit, if applied right
Benefits would be marginal at 200 degrees F, but if the
temperaturs veere to be 175 degrees C, there vwould be more

application. There are mome instruments with qualified electronics
that could be applied atthattemperaturs.

Technical issues

Meeds to be close to diameters of existing dnll strings.

The aperator would not wwantto hawve a spedial string for the full
length of hole. I'd agree with the other Halliburton engineerwho
suggested plus or minus 10% in diametars.

.an

$1an

« B EBE

X111 X X  IIM X5 XIn XX

Other commenis

Hard to say how many veells could need this hype drill pipe, but | think there
would be more HT wells drilled if the technology were gwailable to support
mare high temp drilling.

| could 22 itheing used where wou are encountering the high temperatores.
Use would be application dependent, pethaps section by section. In the deep
water of the Gulf of Mexioo there possibly could be some cooling of mud by
=63 mater.

| don't knaw how you'd go to madeet, butthe situation waries, butyou'd need
to o with both the diredional company and the operator. Itis partially
dependent onwho sources the pipe.

Ive left Service Company U and started my ovn consulting company (Storm
Energy).

Service Company V

Dorvunhole Tool Sales.

Merits & benefits of the insulated drill pipe system

I don't know how many wells are dilled to greaterthan 300
degrees... land wells mostly top out around 300 degrees F.

Technical issues

Operators like to zee the largest Q0DAAD dhll pipe pozzible fortheir
HT weallz.

Any insulated drill pipe must stand up under a million pounds of
shock foree when the hammeris pulled on the jar.

Drrilling engineers must be convinced that the insulated drill pipe
can deliver the tension and the compression dynamicz of an
offshore veell or a deviated land well.

Other comments

e rent and =&l drilling jars inta the HT maket along the Gulf Coast and out
inthe Gulf of Mexico, We have about23% of the Gulf offshore maket and
maybe 15% of the land, butitis the high end madet along the coast.

Wie loze jarsin 1-2% of the jobs we're on. WWe're run about 2000 jobs and
we'll loge 20-20 jars a year.

HT wells all hawe sticking problems, zo all operators use a jarto awoid fizhing
or to retrigwe these million dollar WDz,
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Service Company W

Merits & benefiis of the insulated drill pipe sysiem

“es, | hawe heard of Dill Cool's insulated drill pipe idea. tmay
hawe merit

It could work to extend the life of tools, elastomers, and mud.
| imagine the greatest benefit would be in deep Gulf vells, and

also in US onshore wells wherewer high temperatures are
encountered.

Technical issues

The insulated drill pipewould nzed to stay dose to existing
dimensionz (of drill pipe commaonly used). Drill Cool would not
wiant to try much langer or smallerthan what(the dilling
enginesrs) are dccustomed to using.

Directional Deilling Sales

:

Other comments

am

qTap Aam I AL AR I

| really can't say howe many HT wells are drilled inthe US each year. | really

don'tknoum,

I think Crrill Cool would need to do both (sell to the operators and maket
thraugh the diredional dillers), to familiarize operators with the benefits of
the system and to give the directional drilling company maximum support
thatwould help conwinee the operators to tny it

Service Company X

Merits & benefits of the insulated drill pipe sysiem

Nre really don'ttouch the high tempearature dilling. e can
handle amthing up to about 150 degrees C ar 175 degrees C, but
maost ourwoik is much cooler than that.

Technical issues

Dirediomal Drilling Sales

Other commenis
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National Energy Technology Laboratory

626 Cochrans Mill Road
P.O. Box 10940
Pittsburgh, PA 15236-0940

3610 Collins Ferry Road
P.O. Box 880
Morgantown, WV 26507-0880

One West Third Street, Suite 1400
Tulsa, OK 74103-3519

1450 Queen Avenue SW
Albany, OR 97321-2198

2175 University Ave. South
Suite 201
Fairbanks, AK 99709

Visit the NETL website at:
www.netl.doe.gov

Customer Service:
1-800-553-7681
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