
Seismic Imaging for Site Selection and Monitoring of
Carbon Dioxide Sequestration Part 1— Field Studies
The Gas Technology Institute with support from Illinois Clean Coal Institute and cooperation of the 
Illinois State Geological Survey designed and implemented a comprehensive research project aimed at 
determining the viability of seismic techniques for site selection and monitoring of carbon dioxide 
sequestration in Illinois coals. Editor’s note: This is the first in a two-part series.
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President George W. Bush visited New
Mexico’s Sandia National Laboratories
on Aug. 8 to sign the $14.5 billion

Energy Policy Act of 2005. Signing the bill in
New Mexico was a nod of appreciation for the
efforts of senators Pete Domenici and Jeff
Bingaman in moving the bill through
Congress. However, the choice of a national lab
was also logical as there are a number of initia-
tives in the bill that support the continuation of
ongoing U.S. Department of Energy (DOE)
oil and gas research. Specifically, the legislation:

• authorizes the DOE to conduct a
research, development and demonstra-
tion (R&D) program focused on oil and
gas exploration and development, nat-
ural gas hydrates, reservoir life extension,
oil and gas transportation infrastructure,
heavy oil, shale oil, tar sands and related
environmental issues;

• instructs the DOE to collect data on mar-
ginal well locations, production capacities,
reserves and low-pressure gathering sys-
tems and recommend measures to
enhance their continued operation;

• instructs the DOE to establish a testing
facility focused on extended drilling tech-
nology at the Rocky Mountain Oilfield
Testing Center;

• authorizes the DOE to continue research
related to methane hydrates at a funding
level that grows from $15 million in 2006
to $50 million in 2010; and

• directs the DOE to conduct an R&D
program focused on ultra-deepwater and
unconventional oil and gas exploration
and production (E&P), including tech-
nologies related to safe operations, reduc-
ing environmental impact, carbon
sequestration and the challenges faced by
small producers.

In implementing the last item, the DOE is

instructed to contract with a con-
sortium to administer this portion
of the program. This consortium
may include corporations, trade
associations, academic institu-
tions, national labs or other
research institutions. The solicita-
tion of proposals from consortium
candidates must begin by early
November, and a selection must be
made within 6 months after that
date. The consortium selected will
then solicit and select research pro-
posals and funds will be awarded
for the development and demonstration of:

• technologies and integrated technology
systems for production of ultra-deep
water resources;

• technologies for unconventional res-
ources, including advanced coalbed
methane,deep drilling, tight gas sands, gas
shales and stranded gas; enhanced recov-
ery techniques; and the mitigation of envi-
ronmental impacts of E&P activities; and

• technologies focused on complex geology,
low-pressure reservoirs, unconventional
gas reservoirs, tar sands and oil shales (all
of these awards will be to consortia repre-
senting small producers).

The DOE also is directed to establish advi-
sory committees to provide assistance in plan-
ning and direction of R&D programs in the
areas related to deepwater and unconventional
resources. In particular, the unconventional
resource committee is to include a majority of
members representing independent producers,
along with individuals with extensive opera-
tional knowledge of unconventional resource
production and individuals broadly represen-
tative of the affected interests in unconven-
tional gas and oil resource production.

Funding for the research and its administra-

tion by the consortium is to come from Offshore
Continental Shelf royalties, in the amount of
$50 million per year from 2007 through 2017.
The monies collect in an Ultra-Deepwater and
Unconventional Natural Gas and Other
Petroleum Research Fund where they remain
available until expended.The allocation of these
funds is also specified: 35% to deepwater, 32.5%
to unconventional resources, 7.5% to small pro-
ducer consortia, and 25% for complementary
research and program direction by the DOE.
The Energy Policy Act also authorizes the
appropriation of an additional $100 million per
year to carry out the specified activities.

The president said in signing the bill that
“meeting the needs of our growing economy also
means expanding our domestic production of oil
and natural gas, which are vital fuels for trans-
portation and electricity and manufacturing.”

Parts of the energy bill are aimed at ensur-
ing the new supplies of domestic oil and gas
are made available as quickly as possible. This
issue of GasTIPS highlights results from a
number of ongoing R&D projects with the
same goal in mind. We hope you find this
issue informative. ✧

Commentary

New Energy Bill Sustains Oil and Gas
R&D Efforts in Key Areas

President George W. Bush holds the box containing
the energy bill after signing the H. R. 6, The Energy
Policy Act of 2005. Standing left to right with Bush are
Congressman Joe Barton (R, TX), Senator Pete
Domenici (R, NM) and Senator Jeff Bingaman (D, NM).
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CARBON DIOXIDE SEQUESTRATION

As with all greenhouse gas sequestra-
tion processes involving injection of
greenhouse gases into geologic for-

mations, safety and permanency of the
processes require the injected gas to remain
within the target zone with no possibility of
contaminating water supplies, leaking to
unintended zones, or eventually, escaping
back into the atmosphere. Therefore, dili-
gent site selection and attentive monitoring
are crucial prerequisites for success.
Specifically, the host coal seams must be
continuous, extend over a large area, occur in
structurally closed geometry and be free of
faults and displacements.

Advanced seismic technology has proven
successful in providing detailed subsurface
images of conventional oil and gas reservoirs
as well as thicker coal seams. However,
Illinois coal seams are shallow and thin, with
the thickness rarely exceeding 10ft. The first
objective of this project was to establish via-
bility of seismic imaging of thin coal seams in
Illinois. This was investigated in a series of
seismic data acquisitions including surface
seismic, vertical seismic profiling and cross-
well seismic imaging. The data proved thin
coal seams can reliably be mapped by prop-
erly designed seismic surveys.

The second project objective was to verify
viability of time-lapse (4-D) seismic as a
monitoring tool for potential carbon dioxide

(CO2) sequestration projects in coal seams of
Illinois. Although 4-D seismic has proven
successful in monitoring gas movements in

conventional reservoirs, because of the intrin-
sic properties of coal seams, it is not known
whether the technique is viable for mapping
the gas front in coals. In pursuing this objec-
tive, a number of elaborate laboratory mea-
surements of acoustic velocity in gas- and
water-saturated coal samples were carried
out. Results showed the magnitude of veloc-
ity changes resulting from addition of a gas
phase into water-saturated coal is large
enough to render the time-lapse seismic
technique useful for monitoring the position
of the injected gas front.

Results from this project are presented in
two parts. Part one describes results from field
seismic surveys and part two, which will appear
in the GasTIPS Winter 2006 issue, will discuss
results from laboratory measurements.

Introduction
Site selection for injection of greenhouse
gases into geologic formations is a non-triv-
ial task. The target zone must be contained
between impermeable overlying and under-
lying beds, structurally closed and undis-
turbed, laterally continuous and free of
small-scale discontinuities to store a large
quantity of gas during a long period of time
so the injected gas remains permanently con-
fined. Illinois coal deposits tend to be thin,
shallow and occur as multiple seams. One of
the challenges associated with Illinois CO2

By Iraj A. Salehi and
Sherif Gowelly, Gas
Technology Institute 

Seismic Imaging for Site
Selection and Monitoring of
Carbon Dioxide Sequestration
Part 1— Field Studies
The Gas Technology Institute with support from Illinois Clean Coal Institute and cooperation of the
Illinois State Geological Survey designed and implemented a comprehensive research project aimed 
at determining the viability of seismic techniques for site selection and monitoring of carbon dioxide
sequestration in Illinois coals. Editor’s note: This is the first in a two-part series.

Figure 1. Location of seismic lines and
survey wells at the Illinois State
Geological Survey pilot site.
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sequestration projects is accurate and reliable
mapping of the target coal seam(s). It has
been suspected that since the conventional
seismic waves have wavelengths larger than
the thickness of the coal bed, the seams may
be transparent to conventional seismic fre-
quencies. This study focused on proving or
disproving the applicability of advanced seis-
mic techniques for producing reliable maps
of thin Illinois coal seams for selecting the
sites for CO2 sequestration.

The next set of issues for CO2 sequestra-
tion includes monitoring, verification and
control. Ideally, a technique should be able to
monitor the position of the injected gas in
real time. Time-lapse seismic imagery (4-D
seismic) appears to be the most promising
remote sensing technique available for moni-
toring, verification and control of processes
on the scale of CO2 sequestration projects.
This technique has been successfully used for
more than a decade to monitor the move-
ments of gas injection in conventional oil and
gas reservoirs. The principle behind the tech-
nique is reduction in seismic velocity and
bulk modulus resulting from the advance of a
gas phase into the liquid saturated body of
porous rocks. The challenge associated with
using this technique in coal beds is that coal
in itself is quite compressible relative to con-
ventional sedimentary rocks and has rela-
tively low acoustic velocity and elastic mod-
uli. The goal was to determine
whether seismic velocity changes
caused by addition of a gas phase
into the coal cleat system would
be large enough to be resolved by
seismic imaging. The laboratory
work performed in this project
was designed to test this issue.

Imaging the expansion of the
gas front during CO2 injection
serves two auxiliary goals:

• to ensure the injected gases
remain within the target
zone, the flow direction must
be defined and the position

of the gas front must be projected for the
life of the project. This requires knowl-
edge of spatial permeability variations
and determination of high permeability
trends; and

• injection of CO2 into coal seams con-
taining adsorbed methane causes the
release of methane that can be produced.
To produce the methane evolved
through CO2 sequestration, the produc-
tion wells must be placed along the pre-
ferred flow path. The direction and
progress of the gas front is set by the
direction of least resistance to flow (the
high permeability trend).

It should be noted, however, that no reli-
able geophysical techniques for determining
permeability of subsurface sediments are
available. In the absence of any direct mea-
surement tool, effects of lateral permeability
variations may only be observable through
time-lapse seismic surveys. In these surveys,
progress of the gas front is mapped after pre-
set time periods; the duration of which is
determined from reservoir engineering stud-
ies. Integrating the seismic information with
reservoir data within the local geologic
framework could provide a dependable tool
for predicting the flow direction, which can
then be used to select locations for injection
and production wells as well as planning for
remedial actions if necessary.

Field experiments
Although the resolution of seismic tech-
niques for conventional sedimentary rocks is
rarely better than 16.4ft, Van Reil (1986) has
shown coal beds as thin as 2.46ft can be
resolved by reflection seismic methods. The
higher resolving power of seismic techniques
for coal seams is because of the high reflec-
tion coefficient at the interface between the
coal and contiguous sand or shale beds. It has
been established that for a normal incident
wave the amplitude of incident and reflected
waves follow this relationship:

A2/A1= (ρ2V2 - ρ1V1)/(ρ2V2 + ρ1V1)

Where A1 and A2 are the amplitudes of
incident and reflected waves, ρ1 and ρ2 are
the densities of the interfacing beds and V1

and V2 are the corresponding seismic veloci-
ties. In the case of coal seams, the impedance
contrast between the coal seam and the
interfacing beds is exceptionally high
because the density and velocity values for
coal are much smaller than those for the
interfacing shale or sand beds. For example,
when a coal seam with 1.2 g per cu cm den-
sity and 3,937.2ft per second seismic velocity
interfaces with a sand bed with 2.2 g/cc den-
sity and 8,205.5ft per second velocity, the
reflection coefficient will be 0.585, meaning
nearly 58% of the energy will be reflected

from the interface.
Widess (Widess et. al., 1986)

showed the amplitude of a seis-
mic wave reflected from a thin
bed or seam can be calculated by
4παβ/λ, where α is the reflection
amplitude of the bed (assuming 
a thick bed), β is the bed thick-
ness, and λ is the wavelength.
Seismic resolution is thus pro-
portional to the reflection ampli-
tude, bed thickness and wave-
length. Widess concluded the
thickness of a bed must be at
least one-eighth of the dominantFigure 2. Processed seismic section for line 1,000.
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seismic wavelength to be
resolvable. Thus, a key question
to be addressed was whether
advanced seismic techniques
could identify individual coal
seams within a coal “package”
or whether the overall low fre-
quency signal from the package
would mask the individual high
frequency event(s).

To answer this question, a
series of seismic data acquisi-
tions were carried out in White
County, Ill., at the Illinois 
State Geological Survey (ISGS)
pilot site (Figure 1). These
were four densely-populated
surface lines plus one vertical
seismic profile (VSP) and one
cross-well survey.

The frequency content of
surface seismic data is usually
less than those of VSP and
cross-well data because the
earth materials between the
seismic source and receiver act
as a high-cut filter eliminating
the higher frequency content of
the seismic events. In VSP,
where the receivers are lowered
inside the wellbore and the
source is on the surface, the
shot receiver distance is almost
halved, thereby preserving
more of the high frequency
content. In cross-well systems,
where the seismic source and
receiver are placed inside the
wellbore, the highest frequencies are main-
tained leading to the highest possible resolu-
tion. The multiple survey approach allowed
us to use a wide seismic frequency range to
evaluate the merits and limitations of each
seismic technique relative to the common
coal conditions in Illinois.

ISGS drilled and cored a well (Hon No. 9)
in the center of the pilot site and made this

well available for VSP and cross-well surveys.
Nine coal seams, each between 1.2ft and 5ft
in thickness were cored at this site (Table 1).

Information from this well was used in our
survey design to assure the field efforts would
lead to useful data and knowledge. These
seams were thinner than anticipated and cre-
ated a challenge to seismic resolution.

The goal of the field study was to deter-

mine which acquisition geom-
etry (or combination of
geometries) was best suited for
imaging the coal seam conti-
nuity. Cross-well data (fre-
quencies of more than 500
Hz) was expected to have the
highest resolution but required
the presence of two wells
spaced less than 700ft apart
for deployment of sources and
receivers and only provided a
2-D slice of the inter-well
region. VSP was expected to
have resolution intermediate
between cross-well and surface
seismic. 3-D images can be
obtained from VSP data, but
the coverage is limited to a ring
about half of the target depth
(in this case, about 500ft from
the receiver well), and surface
seismic provides the largest
area coverage but has the low-
est resolution.

The design was completed
and then implemented in
December 2003. To optimize
the resolution of the surface
seismic and VSP, a high fre-
quency IVI-2 MiniVibe capa-
ble of sweeping up to 500 Hz
was used in this study.

To optimize resolution, 40-
Hz geophones were used to
record the surface seismic data.
Ninety-six surface receivers
were spaced at 18-ft intervals to

ensure high frequency data would not be spa-
tially aliased. Line 1,000 (shown in figures 1
and 2) is the line running across the two wells
used for the cross-well survey and is the
northwest to southeast line shown in Figure
1. Lines 2,000, 3,000 and 4,000 were run per-
pendicular to line 1,000 for the purposes of
understanding out-of-plane heterogeneity in
line 1,000 and in the cross-well data. For each

Coal Top (ft) Base (ft) Log
Thickness (ft)

Core Coal
Thickness (ft)

Danville 758 762 4 3.6

Herrin No. 6 806 810 4 5

Springfield No. 5 882 886 4 4

Houchin Creek No. 4 971 972 1 1.5

Survant No. 3 996 1,000 4 4.1

Colchester No. 2 1,066 1,068 2 1.6

Davis—upper split 1,110 1,111 1 1.4

Davis—middle split 1,114 - - 2.1

Davis—lower split - 1,118 4 1.2

Figure 3. Final cross-well image.

Table 1. Coal seams encountered in well Hon No. 9.
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line, the receivers were fixed,
and the vibration points were
located every 36ft from the
end of the receiver “spread” in
each direction for 1,500ft.
This survey geometry resulted
in a full fold extent of about
0.3 miles per line. For each
source point, four 7-second
linear sweeps (20 Hz to 400
Hz, 1 second listen) were cor-
related and stacked. The data
was recorded using the dis-
tributed Geometrics Geode
system. The data was digitally
sampled at 0.5-millisecond
intervals using a 24-bit sigma-
delta converter and written to
SEG-D format.

In December 2003, Z-Seis Corp., under
contract with Gas Technology Institute
(GTI), acquired one cross-well seismic sur-
vey between the Hon 9 and Hon 3 wells.
During the initial cross-well logging, it was
discovered that the Hon 3 well could only
be logged to the depth of 830ft instead of
1,018ft because of the plug slipping up-hole
during cementing. The survey was logged
with this depth restriction. Externally gener-
ated surface noise during logging required
re-logging of the site. Hon 3 was deepened
to 985ft and the survey re-acquired by Z-

Seis as their in-kind contribution to the
Illinois Clean Coal Institute/GTI project.

Field data acquisition results
Seismic data acquisition included the record-
ing of four densely-instrumented lines, VSP
and a cross-well survey. The major finding
from the field data acquisition task was that,
under the ISGS site conditions, conventional
seismic recording provided images of the
coal package but fell short of identification
of individual coal seams. This was mainly
because of the overburden (Tick river fill) at
the site and the incompetent nature of the

overburden causing severe
attenuation of the high fre-
quency content of the seismic
waves. In contrast, cross-well
signals and VSP data, to a
lesser extent, were rich in high
frequencies. It is therefore
recommended that under
similar conditions, cross-well
seismic surveys should be
used to provide the most reli-
able images of the subsurface.
These images also can be used
for identification of refection
horizons on surface sections.
Although VSP data is more
reliable than surface data, the
signals are still subject to sur-

face related attenuation.
Because of poor surface coupling, Vibroseis

should not be the source of choice for seismic
surveys. Instead, impulsive sources, such as
small explosive charges, placed about 10ft
below the surface would be preferred. In
addition to starting with a wide band of
energy at the source, coupling of the source
energy to the ground would be enhanced.

Data analyses included all conventional
seismic analysis techniques to produce the
final cross sections. The success of the project
was keyed to development of accurate cross
sections by integrating the results from all

Figure 4. Spectrally decomposed data at 30 Hz.

Figure 5. Spectrally decomposed data at 70 Hz. Figure 6. Spectrally decomposed data at 140 Hz.
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three surveys. Figure 2 is the final processed
seismic sections from surface lines shown on
Figure 1. Note that although the reflection
events from the coal package (inside the red
ellipse) are clearly identifiable, individual coal
seams have been transparent. Also note that
the coal package as a whole is continuous and
does not exhibit any discontinuity. Lower in
the section, at about 400 milliseconds, discon-
tinuity is observed. These discontinuities do
not appear to reach the coal zone and do not
cause concern.

Figure 3 is the final processed cross-well
image, which covers the section between wells
Hon 3 and Hon 9. All coal seams present at
the site have been imaged, as shown by the
superposition of the well log and core data.

To identify the dominant frequency for coal
seams and determine changes in frequency with
depth, the data was spectrally decomposed in 
10-Hz increments for the entire section.
Figures 4 through 6 are example frames of
results from these analyses. Note that at 30 Hz
(Figure 4), the resolution at the zone of inter-
est is low; it is noticeably enhanced at 70 Hz
(Figure 5) and is at the highest
value at 140 Hz (Figure 6).

Following completion of the
data analysis and visualization, a
series of seismic forward model-
ing was performed. The purpose
of the modeling was to investi-
gate the feasibility of time-lapse
seismic technology for imaging
the injected or evolved gas phase
within the coal seams. Results
from laboratory measurements
showed that addition of a gas
phase to initially water-saturated
coals would cause substantial
decrease in the compressional
wave velocity. However, in our
modeling, a conservative 20%
velocity reduction was assumed.
Results from these modeling
efforts are shown on Figure 7
where the line graphs on either

side of the colored area represent the well logs
from wells Hon 3 and Hon 9. Coal seams
can be identified on these logs. Each vertical
band on the main figure was for a range of fre-
quencies that increases to the right, such as low
frequency band on the left (10 Hz to 50 Hz)
and high frequency band (100 Hz to 1,200
Hz) on the right. The top part of the figure
exhibits the seismic response of individual
seams before velocity reduction and the bot-
tom part shows the response after 20% veloc-
ity reduction. Note that changes in the seismic
response resulting from injection of CO2 or
evolution of coalbed methane can only be
observed at frequencies in the 100-Hz to 800-
Hz and 100-Hz to 1,200-Hz bandwidths
(area within the blue rectangles). Results from
forward modeling work suggest that accurate
monitoring of the injected CO2 front through
repeated cross-well surveys is possible.

Conclusions and 
recommendations
Combining the results from the actual 
surveys, spectral decomposition and forward

modeling, the following conclusions can 
be drawn:

• at 10 Hz to 50 Hz bandwidth, the reso-
lution is low and results from surface
seismic surveys are not reliable;

• at 10 Hz to 200 Hz bandwidth, high res-
olution imaging is possible, and surface
seismic data would be reliable for mapping
of the “coal seam packages” as a whole;

• the use of impulsive sources for surface
seismic surveys is strongly recom-
mended;

• VSP surveys (10 Hz to 300 Hz band-
width) noticeably enhance the resolu-
tion; and

• under geologic conditions similar to
those at the ISGS pilot site, position of
the injected or evolved gas can only be
imaged at higher frequencies through
cross-well seismic applications. ✧
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This article summarizes some
of the strategies used to
improve fracture perfor-

mance. The key to the successful
application of these strategies is the
selection of a specific strategy and
fracture design for a specific well
based on an analysis of its data. The
development of 3-D hydraulic frac-
ture models capable of accurately
modeling proppant transport and
fracture propagation is crucial to the
successful selection of these strate-
gies in tight gas formations over a
broad cross-section of tight gas sand
assets with varying stress regimes and forma-
tion properties.

The tight gas resource base
Figure 1 shows the resource base for tight
gas sands in the United States. Estimates
place the gas reserves in tight gas sands at 59
Tcf, which constitutes about a third of the
total domestic gas reserves of 189 Tcf. Tight
gas sand assets have a wide geographic
spread and vary in depositional environ-
ments, subsurface stress regimes and reser-
voir properties. Consequently, fracture
designs successful in one field frequently are
unsuccessful in another. Developing a suc-
cessful fracture design strategy for a field
should be based on field experience guided
by data-calibrated fracture models.

DOE-UT-Anadarko Dowdy
Ranch test wells
Six test wells and two data wells were
selected (APC Anderson No. 1 and APC
Anderson No. 2) for conducting extensive
analysis of petrophysical and other data to
evaluate fracturing strategies. Some results
from the micro-seismic monitoring, well
logs, core data and production response are
discussed in reference 1.

Analysis of the production response from a
large number of fracs in the Bossier sands indi-
cates that traditional gel-fracs often perform
poorly (and are more expensive) compared with
slick-water fracs. A likely cause of the poor per-
formance of the gel-fracs is gel-plugging of the
proppant pack, which has lead to the wide-
spread use of slick-water fracs and variations of

it (hybrid fracs). Slick-water fracture
treatments designed for frac lengths
between 600ft and 800ft yield effective
fracture lengths (obtained from produc-
tion response and/or pressure buildup
analysis) that are seldom more than
between 80ft and 150ft.This difference
in propped fracture lengths and created
fracture lengths has been documented
in reference 2. It has been postulated
that the small effective fracture lengths
obtained primarily are the result of
proppant settling in low-viscosity fluids,
which has led to the application of
hybrid fractures in some wells. Micro-

seismic data collected from the Dowdy Ranch
test wells indicate created fracture lengths
between 600ft and 700ft, and effective fracture
half lengths between 150ft and 250ft for hybrid
fracture treatments. Using a smaller 40- to 70-
mesh proppant, instead of 20 to 40 mesh, also
has resulted in significant improvements to well
productivity in most cases. However, in some
fields, the application of hybrid fractures or the
use of smaller proppant does not yield any sig-
nificant benefits and may cause a reduction in
the productivity of the wells. No clear guidelines
are available for an operator to indicate when a
hybrid fracture would be warranted as opposed
to a slick-water treatment, a gel frac or whether
other treatment designs should be considered.
To develop better selection criteria for fracture
designs, lab data and models for proppant
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Selecting Strategies for
Improving Fracture Performance
in Tight Gas Sands
A U.S. Department of Energy-sponsored project at the University of Texas at Austin and Anadarko
Petroleum Corp. conducted during the past 2 years has focused on strategies for improving 
productivity in the Bossier play in East Texas. Some lessons learned from the six-well field study 
have been applied to wells in other tight gas sand assets. 

Figure 1. Resource base for tight gas sands in the United
States. (Source: United States Geological Survey)



placement in slick-water, hybrid-fracs and other
more complex fracture designs were developed
as part of this U.S. Department of Energy
(DOE)-sponsored study.

Laboratory and modeling studies
An experimental study was undertaken to
investigate the impact of fracture width and
fluid rheology on proppant transport, including
particle settling and horizontal transport.
Experiments were conducted in a fracture flow
cell for Newtonian fluids as well as shear thin-
ning fluids with varying viscosities. New mod-
els for proppant transport and settling in
hydraulic fractures were developed and imple-
mented in a 3-D hydraulic fracturing code.
The proppant-settling models developed
account for changes in the settling velocities
and rheology caused by fracture walls, proppant
concentration, turbulence effects because of
high fluid velocities and inertial effects associ-
ated with large relative velocities between the
proppant and the fluid. Proppant velocity rela-
tive to the fluid in the direction of flow is
affected by the fracture walls and can result in
significant reduction in the proppant transport.
A model was developed to estimate the prop-
pant retardation (ratio of particle velocity to the
fluid velocity) because of these effects. These
correlations have been incorporated into a fully
3-D hydraulic fracture code, UTFRAC-3D.

In addition to proppant settling, using
slick-water fracs also raises concerns about the

loss of large volumes of
water-based fluids into low
permeability, low-water satu-
ration sands. The loss of
water-based fluid results in
significant water-blocking
problems and can retard the
flow of gas back into the well.
Using slick-water fracs in
some situations may, there-
fore, not be the optimum
fracture treatment. Gel-
induced damage of the prop-
pant pack vs. water blocking

of the tight gas matrix is a choice that may
need to be made.

The following sections contain examples of
some fracturing strategies used in the past with
varied success. However, the selection of a par-
ticular strategy for a particular field and its
optimization during time has been based
largely on field experience – a trial and error
basis. By conducting hydraulic fracture simula-
tions that incorporate realistic models for prop-
pant transport and fracture propagation, the
selection of an optimal fracturing strategy can
be sped up and performance predictions made
with a greater degree of confidence.

Strategy 1—Hybrid 
fracture treatments
The placement of proppant can be signifi-
cantly improved by using cross-linked gels
during the proppant pumping stage. These
treatments are referred to as hybrid-fracs and
provide two key benefits:

• minimize the settling of the proppant,
resulting in deeper placement of the
proppant pack; and

• larger fracture widths allowing the prop-
pant to flow more easily into the fracture
and avoiding proppant bridging problems.

However, two important facts need to be
kept in mind when using hybrid-fracture
treatments. The proppant pack in hybrid
fractures is still susceptible to gel damage
since the gel carries the proppant. Secondly,

since the net pressure required to inject cross-
linked gel may be significantly higher than
for slick-water fracs, significant vertical
growth of the fractures may be expected.
Insufficient stress contrasts in many situa-
tions may result in undesirable vertical
growth of fractures, resulting in shorter
propped fracture lengths and sub-optimal
well performance.

A comparison of hybrid-fractures with
slick-water fracs and conventional gel fracs is
provided in Figure 2. In the Bossier trend,
hybrid-fracture treatments work significantly
better than slick-water fracs in terms of well
productivity. Counter examples to this can be
found in the Carthage field where slick-
water fracs have performed just as well.
Hybrid fracs should, therefore, be applied
only when gel-induced damage and vertical
fracture height growth concerns can be ade-
quately addressed. Checking for fracture con-
tainment using mini-frac tests and 3-D frac-
ture simulations at different injection rates,
rheologies and proppant loadings can prove a
valuable tool for selecting between slick-
water and hybrid fracs as well as designing an
optimal fracture treatment.

Strategy 2—Optimizing fluid
rheology and rates
Using uncross-linked fluids with lower poly-
mer concentrations provide an opportunity to
reduce the net pressure required to propagate
the fracture and place the proppant. When
the stress contrast between the sand and the
shales is small, it may be desirable to pump
fracture treatments with uncrossed-linked
fluid so vertical height growth can be mini-
mized. This strategy requires detailed model-
ing of proppant flow into the fracture since
smaller net pressure also will result in smaller
fracture widths, which may lead to proppant
bridging and tip screen out. Figure 3 shows an
example of the optimum fluid rheology
needed to propagate a fracture with a stress
contract of 200psi between the sand and the
shale. Using relatively low viscosity fluids 
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Figure 2. Hybrid fracs outperform slick water and gel fracs
in Bossier sands.
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(10 cp to 100 cp at shear rates in the fracture)
can reduce the settling rate of the proppant to
an acceptably slow rate while allowing the net

pressure to be small enough for the fracture to
remain contained. The specific rheology and
rates used can vary depending on the prop-
pant size used, the in-situ stress contrast and
other mechanical properties of the sands and
shales. An answer to the optimum fluid rheol-
ogy cannot be provided apriori without ade-
quate stress and leakoff data and a fracture
simulator that accurately models proppant
transport as well as fracture containment.

Strategy 3—Small or 
lightweight proppant
Using smaller proppant sizes (between 40
and 70 mesh as opposed to 20 and 40 mesh)
has improved the performance of slick-water
fracs in the Bossier. Recent work with light-
weight proppants also shows productivity
improvements at depths where proppant
crushing is small. In both cases, the rate of
proppant settling in the fracture is signifi-
cantly reduced. Recent work conducted at the
University of Texas shows the transport of
proppant is affected by the ratio of the prop-
pant size of the fracture width. As the prop-
pant size approaches the fracture width, the
flow of the proppant is significantly retarded,
particularly for cross-linked fluids, resulting in
short propped fracture lengths. The signifi-
cance of proppant size on proppant placement
is only evident if proppant transport, settling,
retardation, bridging and TSO effects are
properly accounted for. Figure 4 shows an
example of the impact of proppant size on
propped fracture half-lengths.

Strategy 4 —Minimizing
impact of water blocking 
in depleted sands
The removal of water blocks in tight gas sands
occurs in two stages. The first stage is the dis-
placement of water that occurs during a short
time period (about 100 pore volumes).
Following this short duration recovery of frac
fluid (usually only a small percentage of the
fluid is recovered), the long-term clean up of
the gas well occurs primarily by water vapor-

ization because of the flowing gas, which
becomes under-saturated as its pressure
decreases. Vaporization effects have not been
considered in earlier studies of water-block
clean up and have a profound effect on the pro-
ductivity index of low permeability gas wells.

The extent of water blocking achieved in a
given situation depends on the drawdown
available as well as the capillary pressure
curve for the rock. Figure 5 shows the
remaining water saturation left behind at the
end of displacement. The higher the draw-
down, the lower the water saturation and the
higher the well productivity. However, the
productivity of gas wells improves during
long periods of time. Lab experiments con-
ducted in this research show that this is pri-
marily because of water vaporization due to
the reduction in gas pressure as it flows into
the fracture.

Using slick-water fracs should be limited to
wells in which the ratio of drawdown available
to the capillary pressure at a water saturation
of 50% is greater than 1. This ensures that the
water saturation around the fracture can be
reduced to below 50% during the displace-
ment stage of flowback. Such a condition may
not be met in re-fracturing situations or when
fracturing infill wells where the reservoir pres-
sure has been significantly depleted. In such
situations, water-fracs should be applied with
caution. Reservoir temperature has a signifi-
cant effect on clean up. Higher temperature
wells will cleanup more easily than lower tem-
perature gas wells. Using surfactants may be

Figure 3. Selection of the proper fluid rhe-
ology is crucial for obtaining long
propped fracture half-lengths (red, yellow
and green). Viscosity that is too low or
high will yield short propped fractures.
Note that created fracture half-lengths
(blue) are less sensitive to fluid rheology.

Figure 4. Effect of proppant size on prop-
pant placement.

Figure 5. Residual water saturation that will
be left behind at the end of displacement.
This water is removed by evaporation dur-
ing several weeks of gas production.
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an option in some highly-depleted, low-per-
meability sands.

Strategy 5—Multistage 
fracture treatments
In the work conducted in the Bossier, bull-
heading fracture treatments into multiple
zones result in well productivities signifi-
cantly lower than staged fracture treatments.
Figure 6 shows an example of a single-stage
vs. a multi-stage fracture treatment con-
ducted in two adjacent wells (APC No. 1
and APC No. 2). The gas production per net
foot of pay is significantly higher for the
multistage treatments. This observation has
been consistently made in other wells and by
other operators.

Strategy 6—Reverse 
hybrid fracs 
In hybrid fracs, the creation of the fracture
with slick water is followed by proppant
placement using a cross-linked gel. In reverse
hybrid fracs, a term coined in this article, the
fractures are created using a polymer gel pad
while the proppant placement is conducted
using slick water.

This strategy for placing the proppant has
two significant advantages:

• the cross-linked fluid pad results in
larger fracture widths allowing easier
placement of the proppant; and

• the slick water carrying the proppant has
a lower viscosity than the cross-linked gel.
This results in viscous fingering of the
proppant slurry into the gel.The proppant
is, therefore, placed in viscous fingers,
non-uniformly across the fracture height
resulting in deeper placement of the prop-
pant into the fracture in many cases.

This strategy allows proppant to be placed
deep into the fracture, even though the entire
fracture height may not be propped. A sample
lab result (Figure 7) shows how the layers of
gel prevent settling of the proppant to the
bottom of the fracture. Field experience shows
that under certain conditions, reverse hybrid

fracs are more effective than hybrid
fracs in creating longer effective
frac lengths. A lot more needs to
be done to understand and model
these reverse hybrid fracs in more
detail so candidate well selection
for these types of treatments can be
made in a more systematic manner.

Summary
Laboratory and modeling work
conducted at University of Texas
as well as field experience in
Anadarko wells in the Bossier
have resulted in improvements to
the understating of proppant
placement in tight gas sands. The
selection and application of any of
the strategies discussed above
should be guided by modeling of
the process of fracture creation
and proppant placement using
fully 3-D fracture models. With-
out such studies, many of these
strategies, which are effective in
some locations, may prove inef-
fective in others. ✧
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In this article, the prediction capability 
of seismic data is combined with the
actual measurements of the real-time logs

in predicting an elastic model. A new log-
ging-while-drilling (LWD) tool, called
seismicVISION**, providing real-time check-
shot measurements while the well is being
drilled, makes such a combination possible.
All available real-time logs including P- and
S-wave sonic and density, calibrated by the
seismicVISION check-shot data, are used to
obtain the actual elastic model down to the
depth of the drillbit. We then run prestack
waveform inversion by constraining the initial
model exactly to the measured model parame-
ters above the drillbit, which allows an accu-
rate prediction of the elastic earth parameters
ahead of the bit. These parameters, in turn,
can be used in predicting pore pressure of for-
mations and the position of reflectors. Using
real seismic data, we demonstrate such a

methodology can be used to predict pore
pressure ahead of the drillbit in real time.

Estimation of abnormally high formation
pore pressure is important in deepwater seis-
mic exploration. The pore pressure, together
with fracture gradient, determines the amount
of mud weight needed to maintain the well-
bore stability. Too much mud weight fractures
the rock and too little allows formation fluids
to come into the well and cause blowouts.

In a review article, Dutta (2002) gives a
detailed and comprehensive account of various
pressure prediction methodologies available in
the industry. Pore pressures prior to drilling are
typically estimated from seismic velocities.
These seismic velocities, obtained from a con-
ventional velocity analysis of prestack seismic
data, are mapped into the pore pressures using a
velocity-pressure transform for a given region.

A second method of pore-pressure estima-
tion is the real-time logs obtained as the well

is being drilled. LWD sonic logs with geo-
logic models were used in the Gulf of Mexico
to predict pore pressure. In areas with normal
pressure, a normal compaction of sedimen-
tary rocks causes velocities to increase with
depth. If the sonic log velocities show a con-
sistent slowing trend away from the com-
paction curve predicted by the geological
model, it is used as a likely indicator of
increased pore pressure ahead of the bit.

These methods are successfully used in
practice but have shortcomings. In the pre-
drill pore-pressure estimate, the conventional
velocity analysis can have large uncertainties
depending on the area, acquisition geometry
and target depth. This uncertainty often does
not allow the pressures to be predicted with a
great accuracy down to the reservoirs several
thousands of feet deep. The LWD-based
method has the advantage that the real-time
measurements close to the region of interest

Cengiz Esmersoy,
Schlumberger and
Subhashis Mallick,

WesternGeco

Real-time Pore-pressure
Prediction Ahead of the Bit*
High formation pressure continue to be one of the major problems for the drilling industry, 
especially in deep waters. Integrated processing of seismic data and real-time logging-while-drilling 
measurements can provide a significantly improved pore-pressure estimate as the well is being drilled.

Figure 1. Prestack waveform inversion results using a standard
workflow. The initial model is in cyan, the inverted model in red and
the true model from the well data in black. The reservoir zone and a
possible over-pressured formation above the reservoir are marked. 

Figure 2. Prestack waveform inversion result when the model is con-
strained to the exact checkshot corrected well model down to 3.26
seconds two-way time. Notice this constrained inversion matches the
well model to a greater accuracy than the one shown in Figure 1.
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are used in predicting pore pressure. It is, how-
ever, not a true look-ahead technique as this
method can be used to predict pressures to
only a few hundred feet ahead of the drillbit.
Consequently, neither surface seismic data nor
LWD logs by themselves provide the best pos-
sible pore-pressure estimate ahead of the bit.

In this article, we combine the prediction
capability of seismic data with the actual
measurements of the real-time logs to accu-
rately predict pore pressures to thousands of
feet deeper than the bottom of the well.
We use the new LWD tool called
seismicVISION that provides real-time
checkshot measurements while the well is
being drilled. We also use all available real-
time logs, such as P- and S-wave sonic and
density, and calibrate them by the
seismicVISION checkshot data. Such cali-
brated logs then provide an accurate descrip-
tion of the elastic earth model down to the
bottom of the well. The entire prestack seis-
mic data is then inverted using a nonlinear
prestack waveform inversion (PSWI)
methodology. In running PSWI, the initial
earth model is constrained down to the bot-
tom of the well to the exact model as
obtained from the calibrated real-time logs.
Such a constrained PSWI run obtains an
accurate elastic earth model several thou-
sands of feet deeper than the bottom of the
well. This accurate model can then be used
in real-time pressure prediction down to the
reservoir depths.

Example
Figure 1 shows PSWI results of a real data
set from the Gulf of Mexico using a standard
PSWI workflow. The initial model is shown
in cyan, the inverted model is shown in red,
and the actual model from the checkshot
corrected log measurements is shown in
black. The reservoir zone is about 3.6 sec-
onds as marked on the figure. Overall, the
inversion results match the true model, espe-
cially at the reservoir level. However, there is
a slowing trend of the VP field, just below 3.3

seconds that is not resolved in the inversion.
Such a slowing trend in the velocity field
could be indicative of an over-pressured for-
mation. Therefore, although PSWI gave a
satisfactory match at the reservoir level, if we
were to use this inverted model in predicting
pore pressures, we would under estimate the
pressure above the reservoir. Such an under
estimation of pore pressure, in turn, may
have serious implications in maintaining
well-bore stability while drilling.

To demonstrate the model prediction
ahead of the drillbit, it is assumed the well
down to a depth equivalent to 3.26 seconds of
two-way time has been drilled. We therefore
modify the initial model of Figure 1 to the
exact well model down to 3.26 seconds and
run PSWI modifying the model only below
3.26 seconds. The results are shown in Figure
2. Notice this newly constrained PSWI run
can now predict the low velocity over-pres-
sured zone above the reservoir accurately.

Discussion and conclusion
In our example, we have simulated a real-time
model prediction scenario by assuming the
log and check-shot data down to a certain
depth is known. We used this information to
constrain the inversion that predicts the earth
properties below this depth. We then com-
pared the inversion results with the actual logs
to evaluate how well we did.

The constrained PSWI has several advan-
tages. First, the constrained inversion yields
more accurate predictions than the uncon-
strained one. Second, the constraints reduce the
number of forward synthetic computations
needed in PSWI, leading to a rapid convergence
of the algorithm. On a Linux cluster of 10 2
GHz Pentium 4 nodes, the inversion shown in
Figure 2 took 15 minutes to run while the inver-
sion shown in Figure 1 took about one hour.

Faster run time for constrained PSWI
makes our methodology feasible in real time
while the well is being drilled. Sonic and den-
sity log data, collected in real time, to the
depth of the well and calibrated by the

seismicVISION check-shot data can be
transmitted directly to the seismic processing
center. Prestack seismic data can then be
inverted using the proposed methodology at
the processing center, and the inverted elastic
earth model ahead of the drillbit can be
transmitted back to the drilling site. This
inverted model can, in turn, be used in pre-
dicting the pore pressure ahead of the drillbit
and in choosing the mud weights required for
further drilling. As the well is being drilled
deeper, check-shot corrected logs can again
be transmitted to the processing center to
predict a model further below. This process
can be continued throughout the drilling of
the well. Such a continuous prediction of the
elastic earth model using successive con-
strained PSWI runs will always ensure accu-
rate pore pressure prediction well ahead of
the drillbit and maintain wellbore stability
throughout the drilling cycle of the reservoir.
In addition to the pore pressure, inverted
earth models provide a high-resolution defi-
nition of the layers ahead of the bit, which
can help drillers with well placement. ✧
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This article will focus on liquid dilution
of fluids in the riser as an alternative
means for achieving a dual-gradient

system as well as the expected costs savings
that would result from using riser gas lift or
liquid dilution instead of conventional
drilling methods. These two methods are
referred to as dual-density because the fluid
density in the riser is different than that in
the well. This article supplements part one of
the series, which described the rationale for
dual-density drilling and the investigation of
riser gas lift as one mechanism for achieving
a dual-gradient system.

Liquid dilution of riser mud
Liquid dilution of the drilling fluid in the
riser is a potential alternative means of
achieving a dual-gradient system. Two con-
cerns regarding its feasibility
were studied: the ability of
the riser fluid used in a dual-
density drilling system to
retain sufficient solids sus-
pension, and cutting trans-
port properties after heavy
dilution of the well fluid with
an unweighted liquid are of
critical importance. A practi-
cal system also requires that
the mixed fluid that returns to
the surface in the riser be separated into low-
density and high-density streams for reuse.

The investigation of the liquid dilution
alternative began by studying potential

drilling fluid formulations. The properties
and formulations for practical deepwater
drilling fluids were determined based on
input from three major drilling fluid compa-
nies. The maximum drilling fluid density
required for applying the dual-density con-
cept to any of the actual deepwater wells
studied was determined to be 17 lb/gal.
Consequently, a number of lab samples of 17
lb/gal synthetic-based muds and a 7.6
lb/gal-dilution fluid with similar fluid
makeup, but no weighting material, were
formulated and evaluated for suitable prop-
erties individually and when combined to
form a riser fluid. These lab formulations
provided good emulsion stability and ideal
densities, but it was not possible to achieve
appropriate rheologies in both the weighted
fluid and the riser fluid. Earlier tests

reported by de Boer (2003), however, gave
more favorable properties when using a
lower density weighted fluid. It was con-
cluded there was potential for favorable

properties to be achieved, and evaluation of
separation methods was deemed necessary.
Separation experiments were conducted
with a laboratory centrifuge and a 2-in.
hydrocyclone from a “clay ejector” system
used in processing mud in the field.

The centrifuge was able to separate the
riser mud into near ideal densities for dilu-
tion and drilling fluid. However, the dense
slurry retained in the centrifuge had lower
emulsion stability than the feed stream.
Separation using the 2-in. hydrocyclone
achieved less contrast in density between
the low- and high-density discharges, but
consistently resulted in a beneficial increase
in the stability of the mud emulsion and
had more desirable rheological properties.
Considering these results along with those
for a field-scale centrifuge reported by de

Boer, it was concluded that
separation of riser mud into
fluid streams suitable for use
as a dilution fluid and 
a drilling fluid is feasible 
and should be practical 
for field application. The
results of both Louisiana
State University’s tests and
de Boer’s test are shown in
Table 1. Subsequent recircu-
lation tests on fluids from

the 2-in. hydrocyclone indicated a density
contrast between the low- and high-density
streams similar to that reported by de 
Boer can potentially be achieved using
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Reducing Deepwater Drilling
Costs Part 2—Riser Dilution
and Cost Comparisons
A study of dual-gradient deepwater drilling systems relying on riser gas lift and riser dilution concluded
that both concepts are feasible and warrant additional research. Editors Note: This is the second in a
two-part series.

This article supplements part one of the
series, which described the rationale for 

dual-density drilling and the investigation
of riser gas lift as one mechanism for 
achieving a dual-gradient system.
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hydrocyclones in lieu of centrifuges.
Future work is continuing to define an
appropriate process flow design. Such
work could result in an alternative to
centrifuge separation with lower capital
and operational costs and better resultant
fluid properties.

The experiments also provided insight
into meeting the challenge encountered in
the tests on laboratory muds when trying
to simultaneously meet the rheology
requirements for the riser and wellbore
mud streams. Separation with the hydro-
cyclone and de Boer centrifuge deliver
fluids that come close to meeting these
requirements. Apparently, the separation
overflows contain fine residual barite par-
ticles and have a finer emulsion than the
feed mud. These factors may be the key to
achieving the desired viscosity for the riser
mud without excessive viscosity in the well-
bore mud. Comprehensive testing of a more
complete hydrocyclone-based system and
field-scale centrifuges is necessary to confirm
this preliminary conclusion.

Cost comparison
Descriptions of past, current and future
deepwater Gulf of Mexico activities were
acquired from several active operators and
used to define the water and well depths, and
general geology of three hypothetical wells
representative of wells where dual-density
systems might be applied. It was concluded
that representative wells:

• would be drilled with dynamically posi-
tioned rigs;

• would encounter abnormal pressures; and 
• would not encounter long salt intervals.
The rigs would be capable of drilling in

10,000ft of water with a 21-in. riser and
183⁄4-in. (10,000psi) subsea blowout preventer
system. The two development wells would be
in a water depth of 6,000ft with total depths
of 17,000ft and 23,400ft. The exploratory
well would be in a water depth of 10,000ft
with a total depth of 20,500ft. It should be

noted that a significant portion, about 50%, of
all future deepwater Gulf of Mexico wells are
likely to encounter salt and therefore are not
well represented by these wells. Subsalt wells
are less likely to benefit from the advantages
of a dual-density system and therefore were
excluded from consideration.

The data collected also was used as a basis
for generic deepwater pore pressure and frac-
ture pressure estimates. The average depth of
the top of abnormal pressure for deepwater
Gulf of Mexico wells was concluded to be
about 2,000ft below the mudline and is inde-
pendent of water depth. The average local
pore pressure gradient in the abnormally
pressured section of deepwater Gulf of
Mexico wells was found to be about 15.5
lb/gal equivalent. The average fracture pres-
sure in deepwater Gulf of Mexico wells can
be estimated using these pore pressures, a
compaction-based overburden stress model,
and a stress ratio of 0.7. Estimates of pore
and fracture pressures based on these aver-
ages were used when selecting the mud
weights, casing sizes and setting depths as
well as hole sizes for the three representative
well designs. The resulting well descriptions
are reasonably similar to the descriptions of

the actual and planned wells in similar water
depths that were included in the data indus-
try sources provided. The casing sizes and
setting depths for an example conventional
well design is summarized in Table 2 for the
17,000-ft deep well in 6,000ft of water.
Relatively small kick and trip margins were
assumed in the shallower, lower risk section
of the well to allow 95⁄8-in. production casing
to be used.

A “trouble-free” drilling cost estimate was
made for each of the three example well
designs. The cost estimates assume each well
is productive, production casing is run and
set, and well operations are suspended pend-
ing later completion. Completion costs
should not be impacted by dual-density
drilling operations and were not included in
these cost estimates.

The estimate of recurring daily costs assumes
the rig dayrate is $160,000 for all cases.

The additional recurring costs for rentals,
services and other support are assumed to be
$190,000 per day. Additional point-in-time
costs, such as the subsea wellhead, casing,
cement, minimal open-hole logging and
building an initial mud volume, were item-
ized and generally represented about 11% of

Hole Selection
Interval

Depth
Below

Mudline

Bit 
Size

Mud
Density

Kick
Margin

Trip
Margin

Casing
Outer

Diameter

Casing
Setting
Depth

ft-TVD-RKB ft-TVD-RML in. ppg psi psi in. ft-TVD-RKB

6,000 (mudline) 0 - 8.6 - - 36 6,200

6,000-8,000 2,000 26 8.6 0 0 20 8,000

8,000-8,900 2,890 171⁄2 9.5 200 125 16 8,890

8,890-10,250 4,250 143⁄4 10.4 200 150 133⁄8 10,250

10,250-12,310 6,310 121⁄4 11.3 250 200 113⁄4 12,310

12,310-17,000 11,000 105⁄8 12.5 300 200 95⁄8 17,000

Table 2. Single-density well design for 17,000-ft total depth (6,000-ft water depth). 

Table 1. Comparison of drilling fluid properties for pilot liquid-dilution dual density.

Mud Property Louisiana State University
Hydrocyclone de Boer Centrifuge

Mud Purpose Dilution Riser Wellbore Dilution Riser Wellbore

Density, lb/gal 8.5 9.5 11.5 8.3 9.3 14.5

PV, cp 13 15 20 20 32 45

YP, lb/100 sq ft 11 14 15 7 12 20
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the overall well costs. A “trouble-free”
drilling time estimate for the single-density
well design described in Table 2 is shown in
Figure 1. The total time on location is esti-
mated to be 50 days. The corresponding total
well-cost estimate is $19.7 million dollars.

The dual-density design for this same
example development well is summarized in
Table 3. This design represents a signifi-
cantly smaller trouble risk from a well con-
trol and lost returns perspective than the sin-
gle-density design for the same well because
of the larger kick and trip margins.

The same rigs will initially drill dual-den-
sity wells as drill conventional wells. The
major components required to implement a
riser gas-lift system would be nitrogen gen-
eration units (10 Mscf/min, 5,000psi), a
rotating control head at the surface on the
riser, a choke dedicated to the riser and a
high capacity mud-gas separation system
(300psi, 30 Mscf/min, 2,000 gpm). An addi-

tional cost of $60,000 per day is anticipated
for these gas-lifting services and equipment
rentals during dual-density operations.

A trouble-free drilling time estimate for the
total time on location for the dual-density
well design of the 17,000-ft example well is
shown in Figure 2. The total time on location
is estimated to be 41 days. This drilling time

results in an estimated
total well cost of nearly
$17 million.The apparent
cost reduction realized by
using a gas-lift, dual-den-
sity well design for this
example is about $2.8
million. This would rep-
resent a 14% cost savings
per well compared with
the $19.7 million well
cost using conventional
single-density methods.

A similar cost estimate
was performed for a

dual-density well drilled with a liquid
dilution system. The casing program was
less optimum; additional equipment
rentals were $20,000 per day compared
with $60,000 per day. Trip and kick mar-
gins were only slightly more conservative
than for a conventional well, and the cost
savings were smaller than for riser gas lift
but are still significant at 7%. A summary
of all of the cost estimates performed for

the three example wells is provided in Table
4. Savings from using a riser gas-lift system
to drill representative deepwater wells

ranged from $2.1 million to $3.3 million or
between 9% and 16% without considering
the effect of reduced trouble costs.

Larger savings would be possible if smaller
risers were available to extend the water
depth limits of smaller, less expensive rigs.
Larger savings also could be realized on wells
whose depths or pressure profiles would oth-
erwise require more casing strings and from
using a wellhead pressure less than the
hydrostatic pressure of a column of seawater,
which would allow further optimization of
the casing program for a dual-density well.

Finally, trouble costs are often a significant
portion of deepwater well costs. Although a
dual-density system might increase equip-
ment-related downtime and trouble cost, the
larger trip and kick margins should eliminate
much of the trouble time associated with lost
circulation, kicks and extra casing strings

Hole Selection
Interval

Depth
Below

Mudline

Bit 
Size

Mud
Density

Kick
Margin

Trip
Margin

Casing
Outer

Diameter

Casing
Setting
Depth

ft-TVD-RKB ft-TVD-RML in. ppg psi psi in. ft-TVD-RKB

6,000 (mudline) 0 - 8.6 - - 36 6,200

6,000-8,000 2,000 26 8.6 0 0 20 8,000

8,010-12,000 6,000 171⁄2 15.2 300 200 133⁄8 12,000

12,100-17,000 11,000 121⁄4 15.4 850 300 95⁄8 17,000

Table 3. Dual-density, gas-lift well design for 17,000-ft total depth (6,000-ft water depth).

Savings from using a riser gas-lift system to 
drill representative deepwater wells ranged 

from $2.1 million to $3.3 million or 
between 9% and 16% without considering 

the effect of reduced trouble costs.

Figure 1. Estimated trouble-free drilling time for conventional
17,000-ft well.
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often encountered in deepwater drilling. A
recent exploratory well drilled in 10,000ft of
water exemplified these kinds of problems.
Lost returns, flows and related problems
consumed 11 days of rig time and increased
the well cost by about 15% over the original
estimate. An unplanned, extra string of cas-
ing also was required to reach total depth.
Another case history showed a similar expe-
rience. The opportunity for the larger kick
and trip margins provided by a dual-density
system to reduce these kinds of trouble
would reduce deepwater drilling costs. If
only half of the trouble described in these
examples were eliminated, the well costs
would go down by about 8%, bringing the
expected overall savings between 17% and
24%. Considering the other potential benefi-
cial impacts of riser gas-lift operations
described above, a dual-density well’s costs
could be as much as 50% less than those for
conventional methods to drill the same wells.

Conclusions
Additional research into and development of
dual-density systems is needed, particularly
for the riser gas-lift approach. Specifically,
more comprehensive research should be per-
formed to develop formal procedures for well
control and general pressure control during
all rig operations, to formalize an overall sys-
tem design and to determine the probable
economics of systems to implement riser
gas-lift in deepwater drilling operations.

Riser gas-lift was projected to provide a
cost reduction of at least 9%, and more likely
between 17% and 24%, of
the trouble-free cost for
conventional drilling prac-
tices for the three example
wells selected to represent
future deepwater Gulf of
Mexico operations. A riser
gas-lift approach also
increases the feasibility of
drilling deep wells in
deepwater that might oth-

erwise be impossible
with current rigs and
equipment. Additional
cost reduction can be
realized by using smaller
risers and rigs. The com-
bined effect could be
reductions in actual costs
equal to as much as 50%
of the estimated trouble-
free cost of a well. Riser
dilution using liquids is
not expected to be as
effective for reducing
well costs and would
reduce costs vs. conventional operations by
7% for the example studied.

Well control with riser gas-lift was studied
and found to be feasible using methods gen-
erally analogous to conventional operations
and those using a subsea mud lift pump.
Kick removal should use returns up a gas-
lifted choke line.

Results from this and work done by de
Boer indicate that mud separation for a liq-
uid-based riser dilution system is possible. A
complete system to accomplish fluid process-
ing with hydrocyclones was not defined but
seems feasible.

Average pore and fracture pressure trends
in the deepwater sediments of the Gulf of
Mexico have been developed. The average
depth of the top of abnormal pressure is
2,000ft below the mudline and is indepen-
dent of water depth. The average local pore
pressure gradient below this depth is equiva-

lent to 15.5 lb/gal. The average fracture pres-
sure can be estimated using these pore pres-
sures, an overburden stress model and a stress
ratio of 0.7.

Detailed reports on all parts of the project
to investigate the feasibility and economics of
these dual-density systems are available as
publications on the Gas Technology Institute
Web site at www.gastechnology.org  ✧
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Figure 2. Estimated trouble-free drilling time for a 17,000-ft
well drilled with a riser gas lift.

Table 4. Comparison of single- and dual-density trouble-free cost estimates for

deepwater wells.

Example

Total Cost

Conventional
Single-density

Riser Gas-lift
Dual-density

Liquid-dilution
Dual-density

$ million $ million $ million

17,000ft Total Depth (TD),
6,000ft Water Depth Well

19.7 16.9 18.3

23,400ft TD, 6,000ft WD Well 23.7 21.6 Not Estimated

21,500ft TD, 10,000ft WD Well 20.5 17.2 Not Estimated
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For decades, the use of lasers
has continually resurfaced as a
quick and easy means of bor-

ing through the earth to reach plen-
tiful mineral deposits. Cultural refer-
ences to lasers or other disintegrat-
ing rays emanating from alien space-
ships, mountaintop laboratories or
handheld weapons have subliminally
misled many to believe lasers and
photonic energy are infinitely pow-
erful and without limitations.
Lasers, of course, are subject to the
known laws of physics. Although
they have unique capabilities, useful
applications for lasers have grown
only as technology has advanced. As a result,
lasers have been developed to perform multi-
ple tasks across several industries.

Serious investigation of using lasers for
cutting and boring through naturally occur-
ing rock is a relatively recent endeavor.
Advances in computer technology, control
systems and lasers themselves have allowed
researchers at the Gas Technology Institute
(GTI) to investigate their use as an alterna-
tive method for well construction and com-
pletion. Several military and industrial lasers
with a variety of beam characteristics have
been used on an assortment of rock types and
other materials to determine the technical
feasibility of their use downhole.

High-power fiber lasers represent the next
generation for industrial applications offering a
number of technical and economic advantages,
including higher energy conversion efficiencies;

low or no maintenance; and a compact, rugged,
solid-state design. They represent an enabling
technology that opens the door for laser use in
remote field sites, and as such, are considered a
leading candidate for near-term subsurface laser
applications. (For more information, see New
High-Power Fiber Laser Enables Cutting-Edge
Research, GasTIPS, Spring 2004).

A non-damaging alternative 
The oil and gas industry has attempted for
years to find acceptable non-explosive alter-
natives to creating downhole reservoir con-
nectivity with the wellbore. Although some
methods have proven capable in providing an
economic and technical solution, the use of
shaped charges remains the preferred tech-
nology for most applications.

Shaped charge explosives have drawbacks
upon which alternative perforation methods

seek to improve. A prime example is
the crushing of the rock matrix near
the tunnel zone from the jet’s high
velocity mass transfer, resulting in a
significant reduction of flow from
the reservoir into the wellbore.
Remedial work with some form of
stimulation often is required to over-
come this flow restriction. Other
concerns voiced by the industry
include the inherent safety chal-
lenges regarding the transportation,
storage and use of the perforating
assembly. Regulatory concerns also
focus on limitations that may be
raised on the use of explosive charges,

challenging the industry’s ability to economi-
cally complete wells around the world.

The application of high-power lasers to
create the path between the wellbore and
reservoir could significantly reduce the pri-
mary drawbacks of using explosives. In addi-
tion to perforating, laser applications could
perform other on-site tasks, including cutting
windows for side exiting casing or laterals,
extended perforations that connect additional
reservoir rock to the wellbore and removal of
objects lost downhole that would normally
require drill out or fishing operations.

Laser perforation experiments in the past
have been performed using combinations of
laser input parameters on several rock litholo-
gies to determine specific cause and effect rela-
tionships. Optimized variables were identified
and demonstrations conducted to show the
capability of lasers to cut tunnels of at least 

By Brian C. Gahan, P.E.,
Gas Technology InstitutePutting the Pressure on 

Fiber Laser Perforations
As part of their ongoing investigation into high-power laser applications for well completions,
researchers at the Gas Technology Institute were able to perforate steel, cement and rock under high
pressure and stress conditions encountered downhole. For the first time, questions about how lasers
will operate under real conditions in the field have been answered.

Figure 1. Triaxial pressure cell designed for simulated in-situ
laser/rock interaction testing. 
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12-in. deep into sandstone and limestone. One
notable advantage resulting from laser perfora-
tion on sandstone is the improvement of near-
tunnel fluid flow characteristics. Measured per-
meability increased between 15% and 30%
along the tunnel face of a perforation demon-
stration on a 12-in. block of Berea sandstone.

Perforating under pressure
Although the application of lasers for perfora-
tion provided promising results, downhole
pressure conditions had not been investigated.
All high-power laser application experiments
performed to date had been conducted under
ambient pressure conditions in the laboratory.
To perform high-pressure tests on rock, a tri-
axial pressure cell was designed to allow mul-
tiple pressure conditions, a simulated pressur-
ized wellbore, a window for the laser beam to
interface with the sample and ejection ports
for lased material.

As part of a recent laser perforation study,
tests were conducted with the triaxial pres-
sure cell to give an initial understanding
about how high-pressure conditions similar
to that found downhole influence the
laser/rock interaction process. The laser used
in this experiment was a 5.34-kW ytterbium-
doped multiclad fiber laser with an emission
wavelength of 1.07 microns. The triaxial
pressure cell rated at 3,000psi was designed
for this experiment to allow laser beam expo-
sure to a 4-in. diameter by 6-in. in length
pressure-charged rock core by means of a
sapphire window.

Between the window and the core is a
chamber that simulates a wellbore and can be
independently charged with pressure to sim-
ulate over-balanced conditions. At-balance
conditions are simulated with ambient pres-
sure in the wellbore chamber and no pore
pressure in the rock sample. Underbalanced
conditions are simulated with ambient condi-
tions in the wellbore chamber and pore pres-
sure in the rock sample.

Ports in the wellbore chamber allow ejec-
tion of cuttings and other materials. The
design of the wellbore chamber minimizes
the exposure of the optics to all material
ejected from the sample during the lasing
process. The design has proven successful in
this application and will be incorporated in
future field prototype tool designs. A photo-
graph of the completed high-pressure cell is
shown in Figure 1.

Pressure test on rock core
Initial tests were performed on cores of
Berea sandstone and Indiana limestone
under various conditions of axial, pore and
confining pressures. The laser settings
remained constant for all cases. Full output
power of 5.34 kW was applied continuously
to each sample through the sapphire window
of the pressure cell with a beam diameter of
0.35-in. for 8 seconds. The amount of laser
exposure time was calculated from previous
laser rock interactions to allow penetration
into the core without risk of penetrating the
core’s full length and avoiding possible dam-

age to the pressure cell.
Five trials were performed on unsaturated

samples of each rock type. A base case was
established for each rock type by lasing sam-
ples in the cell at ambient pressure condi-
tions. A second condition was tested on each
rock type with confining and axial stress lim-
ited to about 1,000psi. Since the cores were
not charged with pore pressure, a high-pres-
sure gas purge of 90psi through a quarter-in.
nozzle assisted in particle removal.

A third condition was then tested for each
rock type that combined confining and axial
stress limited to about 1,000psi, while charg-
ing the core to a pore pressure. No gas purge
was provided as underbalanced conditions
(greater pore pressure than wellbore pressure)
served to eject particles from the charged core
through pressure cell exit ports. Two addi-
tional trials were performed at balanced and
underbalanced conditions with double the
pressure settings.

To better understand the in-situ perfor-
mance of lasers in the presence of reservoir
fluids, sandstone and limestone cores were
saturated in brine and liquid hydrocarbon
prior to high-pressure lasing. Pressure condi-
tions for each rock type included confining
and axial stress limited to about 1,000psi with
no pore pressure. Results of all high-pressure
core tests are presented in tables 1 and 2.

Pressure tests on 
composite core
After observing the laser/rock interactions of

Trial
Number

Conf.
Pressure

(psi)

Axial
Pressure

(psi)

Pore
Pressure

(psi)

Volume
Remove

d (cc)

Specific
Energy
(kJ/cc)

B1 0 - - 2.03 19.75

B2 1,120 1,180 - 2.53 15.80

B3 1,101 1,106 864 1.97 20.31

B4 2,031 2,000 - 2.44 16.38

B5 2,100 2,215 1,565 3.10 12.91

Brine 1,893 1,991 - 5.45 7.84

Oil 1,844 1,956 - 1.60 26.76

Trial
Number

Conf.
Pressure

(psi)

Axial
Pressure

(psi)

Pore
Pressure

(psi)

Volume
Remove

d (cc)

Specific
Energy
(kJ/cc)

L1 0 - - 0.40 99.97

L2 1,029 1,139 - 0.93 43.00

L3 982 1,056 864 1.02 39.04

L4 2,069 2,169 - 0.98 40.67

L5 2,100 2,225 1,625 3.26 12.27

Brine 1,922 1,981 - 1.87 22.78

Oil 1,800 1,930 - 0.85 50.36

Table 1. High-pressure cell tests on Berea sandstone. Table 2. High-pressure cell tests on Indiana limestone. 
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sandstone and limestone under high-pres-
sure conditions and the resulting specific
energy values, in-situ demonstrations were
then executed to best simulate downhole
conditions and material encountered during
laser perforation. Composite samples of
steel, cement and rock were prepared by
cementing in place a 2-in. diameter by half-
in.-thick steel plate. By using a smaller steel
diameter inset, the rubber pressure sleeve
jacketing the sample core would not be at
risk of melting through direct contact with a
full diameter steel plate.

The sandstone and limestone clad samples
were exposed to the same laser beam condi-
tions as performed under previous high-pres-
sure trials. For the sandstone sample, axial and
confining pressures were measured at 2,100psi
and 2,030psi, respectively. Axial and confining
pressures for the limestone sample were mea-
sured at 2,074psi and 1,966psi, respectively.

Total time of beam exposure was 90 sec-
onds per composite sample. The time was
calculated based on earlier laser exposure
times to remove a unit volume of steel,
cement and rock materials. The laser fired for
30-second intervals buffered with 20 seconds
between shots as a precaution to avoid over-

heating the cell assembly. Before and after
lasing images of the limestone clad sample
are shown in Figure 2.

As a result of the high-pressure clad sam-
ple trials, the laser penetrated about 21⁄2-in.
into the sandstone clad sample, or a half-in.
beyond the steel and cement. The laser pene-
trated 41⁄2-in. into the limestone clad sample,
or 21⁄2- in. beyond the steel and cement. An
X-ray CT scan image of the limestone clad
sample is shown in Figure 3.

Pressure test results
The resulting data generated from the series
of sample trials on sandstone and limestone
have demonstrated that a laser perforation
system will significantly benefit from the
high-pressure conditions encountered down-
hole. For both rock types, specific energy val-
ues decreased as confining and axial stresses
increased. The effect was more apparent in
the limestone than in the sandstone samples.

Sandstone—The removal mechanism for
Berea sandstone is spallation, where rapid
differential thermal expansion causes grains
and cementitious material to fracture. The
base case for sandstone with no pressure had
an SE value of 19.75 kJ/cc. The conditions

are similar in many respects to much of the
previous work performed in the lab. The
sample is at ambient conditions during las-
ing and a gas purge nozzle assists in remov-
ing broken material.

The lowest SE value observed in sandstone
was 12.91 kJ/cc, a 35% reduction from the
base case, resulting from the highest-pressure
values tested. Material removal was assisted
with the differential between the pore pres-
sure and wellbore chamber pressure. As this
differential increases, material is more rapidly
ejected from the tunnel, thus minimizing
travel through the cutting beam and absorb-
ing less beam energy after detaching from the
rock matrix. With less beam energy absorbed
by exiting particles, more is available for cut-
ting, as evidenced by the drop in the SE value.

At the pressures tested, confining and axial
stress had a limited impact on SE values for
sandstone. The stresses imparted on the
sandstone matrix create tighter grain-to-
grain contact and improved the thermal dif-
fusivity of the rock. In both cases, material is
purged with an assist gas with the same con-
ditions for each trial.

Limestone—The removal mechanism for
limestone is calcination where the energy of

Figure 2. Pre- (left) and post-lased images of 4-in. by 6-in. limestone core inset with 2-in. by half-in.-thick steel plate.
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the laser beam causes a thermal dissociation of
carbonates into carbon dioxide and calcium
oxide (lime). Just as axial and confining stress
compressed the sandstone, the effect was
more evident in the limestone samples. This
quarry limestone was originally unstressed,
contributing to an SE drop of at least 60%
because of closer grain-to-grain contact and a
more efficient calcination process.

The lowest SE value was observed in lime-
stone at the highest pressure and stress 
conditions. Again, the differential pressure
assisting in material removal was evident with
a significantly lowered SE of 12.27 kJ/cc,
88% lower than the base case.

Conclusions
High-power laser applications for cutting
and boring rocks have been successfully
demonstrated under ambient pressure condi-
tions; however, this is the first time samples
have been lased at in-situ pressure condi-
tions. Research results demonstrated the
beneficial effect of stress and pressure on the
laser’s ability to perforate reservoir rock.
Additionally, we were able to demonstrate
the capability of a single wavelength laser to
penetrate a combination of steel, cement and
rock at in-situ pressures that would be
encountered while perforating downhole.

Operating the laser in underbalanced con-
ditions showed the laser’s ability to perform
at downhole conditions without requiring a
supplemental assist purge system. The differ-
ential pressure between the reservoir pore
pressure and the wellbore pressure provided
the means for ejecting the cuttings.

Operating the laser on rock under axial and
confining stress improves the conditions for
laser perforation because of a closer grain-to-
grain contact and resulting improvement to
thermal diffusivity.This extends the influence
of the beam energy further into the rock.

Looking ahead
Additional research has been proposed to fol-
low on our initial in-situ pressure investigation.

Questions remain about how
best to transmit energy down-
hole, effects of higher pressures
on the lasing process, energy
application on the target and
whether any fluid flow imp-
rovements result from a lased
perforation tunnel.

A better understanding is
required of high-power laser
energy transmission from the
surface to the reservoir.
Energy losses, or attenuation,
of low-energy transmission
over long distances through
solid-core silica fiber are bet-
ter understood than with high energy trans-
mission. As a result, we need to determine
whether a correlation exists between the cal-
culated attenuation losses at low power with
those observed at high power. Associated
with these energy losses is the need to better
understand how lost energy is dissipated and
whether there are any negative effects on the
physical and light transmission characteristics
of the silica fiber.

Although we got our first look at high-
pressure lasing of rock, additional experiments
should be carried out at higher pressures. A
series of experiments can be performed on
rock and clad samples, such as steel, cement
and rock, at pressures and stresses beyond that
previously achieved. We believe the system
will continue to behave favorably at greater
depths and would like to determine this by
lasing samples under pressure and stress con-
ditions simulating at least 15,000ft.

Energy losses at the working surface also
require investigation. Experiments on fluid
behavior at downhole pressures and tempera-
tures could determine distance limitations
because of energy absorption by fluids. In addi-
tion, it should be determined how well different
gas and liquid purging fluids can extend the
effective lasing distance through reservoir fluids.

It has been shown that high-power laser
applications avoid damage and can improve

the porosity and permeability of rock in the
perforated tunnel and adjacent zones.
Although these enhancements suggest pro-
duction from a laser perforation should out-
perform production from an explosive perfo-
ration, no comparative tests have been per-
formed. Core flow measurements could be
performed and results correlated with lasing
conditions and input parameters, including
beam shapes and intensity, in-situ pressures
and stresses, and the effect of lasing across
pressure differentials.

The issues addressed in upcoming research
should allow the initial design of a downhole
prototype tool. Researchers are hopeful that
field experimentation will soon follow. If suc-
cessful, the door will have opened further to
other remote site laser applications. ✧
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Figure 3.  CT scan image of 4-in. by 6-in. limestone clad
sample and outline of penetration path after perforation of
three 30-second shots by a 5.34-kW ytterbium fiber laser
with a 0.35-in. diameter beam.  
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Natural gas is a widely
used, clean and effi-
cient fuel, and its con-

sumption is growing (Figure
1). Natural gas utilities oper-
ate and maintain more than
1.2 million miles of und-
erground pipes for delivery 
of natural gas, according 
to reports by the American
Gas Association. Polyethylene
(PE) pipe constitutes the
majority of gas distribution
piping installed in the United
States today.

The U.S. Department of Transportation
forecasts a 50% increase in the demand for
natural gas by 2020. It is important to main-
tain the existing and growing infrastructure
to ensure the safe and reliable delivery of nat-
ural gas in the future.

The report titled Natural Gas Infrastructure
Reliability—Pathways for Enhanced Integrity,
Reliability and Deliverability, developed by
the U. S. Department of Energy/Office of
Fossil Energy and the National Energy
Technology Laboratory, draws attention to the
need for improved tools for the construction,
maintenance and repair of the gas pipe that
makes up the majority of America’s natural gas
distribution network. This report cites a pref-
erence for cost-effective and efficient tools to
facilitate repair through “keyhole” excavation
access, providing significant safety and cost
advantages over backhoe-style excavations.
With the financial assistance of the
Department of Energy through a Small
Business Innovation Research Award and

cost-sharing support from natural gas industry
companies, Timberline Tool was able to
develop its TR650 specifically designed for
repairing large-diameter plastic pipe in key-
hole situations.

Similar to arthroscopic surgery, keyhole
access technology allows the buried natural
gas pipe to be accessed and squeezed-off or
repaired through a small (18-in. diameter)
keyhole above the pipe. It eliminates the need
for extensive and disruptive excavation with a
backhoe or other large equipment at the
repair site (Figure 2).

Timely repair of a leaking natural gas
pipeline is of critical importance to the safety,
reliability and cost effectiveness of the United
States’ natural gas pipeline system. The
important first step in any gas line repair is to
stop the flow of natural gas. Squeeze-off is a
procedure used to temporarily shut-off the
flow of gas in the pipeline to facilitate main-
tenance or repair operations. During the
squeeze-off procedure, the pipe is com-

pressed between two bars until
the flow of gas within the pipe
stops. After the maintenance
or repair to the gas line has
been completed, the bars are
released and gas flow through
the line resumes. In June 2002,
Timberline Tool began to
develop a mechanical tool to
squeeze-off  between 3-in. and
6-in. PE pipe using keyhole
technology (Figure 3).

Squeeze-off tools are avail-
able for use on smaller natural
gas pipes (between a half-in. and

2-in.) for traditional and keyhole excavations.
However, squeeze-off tools for repair of larger
gas pipes (between 3-in. and 6-in.) through 18-
in. keyhole access were not available until the
recent development of Timberline’s TR650,
which enabled squeeze-off to be performed
from the top-down, in one simple operation. By
squeezing-off PE pipe from the top-down, sub-
stantial time and labor costs associated with
extensive excavation are reduced.

Recent field evaluations of the tool at sev-
eral natural gas companies (Figure 4) demon-
strate advantages over traditional squeeze-off
tools for natural gas between pipe 3-in. and
6-in. The tool’s new design is lightweight, a
single operator can manage it, and it and
keeps workers out of the trench.

KeySpan Energy and NW Natural esti-
mate the tool will generate savings per exca-
vation of more than $1,000 compared with
traditional excavations. Each of these compa-
nies performs between 500 and 1,100
squeeze-offs in their territory per year.

By  Kenneth H. Green, 
Timberline ToolField Tests of TR650

Squeeze-off Tool Successful
Timberline’s TR650 squeeze-off tool or above-ground repair of polyethylene pipe between 3-in. and 
6-in. diameter is commercially available following successful completion of laboratory and field tests.
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Figure 1. U. S. Department of Transportation forecasts a 50% increase
in natural gas consumption by 2020.
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“Our existing keyhole program for service
installation and main inspection has been
successful, but this type of tool will expand
our capabilities tremendously,” said George
Gent, NW Natural’s manager of construction
and technical services.

During Phase 1, the feasibility of 
the TR650 was demonstrated successfully to
utilities cited in Figure 4. This new 
keyhole squeeze-off tool concept for PE pipe
between 3-in. and 6-in. is a natural fit for
Timberline Tool’s product line, which
includes TopReach squeeze-off tools in use
for  PE pipe between a half-in. and 2-in. for
access holes as small as 18-in. in diameter.

Significant research and development in
Phase 2 provided optimal design characteris-
tics and operational procedures for the engi-
neered prototype. The approach in both
phases included detailed engineering analy-
ses, and rigorous and carefully controlled lab-
oratory tests and field tests in preparation for
commercialization.

The anticipated public benefits include
safety of workers and neighborhoods, reliable
squeeze-off and cost effectiveness. The tool’s
remote operation keeps the worker out of the
trench and away from blowing gas, and oper-
ates through keyhole access without the need
for large excavations. Operators are able to
perform the repair work more quickly and in
smaller areas decreasing the chance of danger
to themselves and others in the area. The tool
is built from high strength, non-sparking alu-
minum alloy.

The new squeeze-off tool demonstrated
reliable squeeze-off when field-tested by
partners on PE pipe between 3-in. and 6-in.
diameter. Utility operators were consistently
able to squeeze-off the pipe without inducing
damage. The tool was designed and built to
apply limited pipe compression so it cannot
over-squeeze the pipe; operators can control
the squeeze-off and release rate preventing
pipe damage. The squeeze tool geometry,
such as 4-in. squeeze bar radius, enables reli-
able squeeze-off with less pipe compression.

The tool is designed to automatically center
the pipe in the jaws, eliminating visual guid-
ance or other means to ensure proper posi-
tioning for a safe squeeze-off. The screw
actuating mechanism in the tool prevents
uncontrolled quick release that could damage
the PE pipe.

Current procedures for repairing buried
natural gas pipe are time consuming and
expensive. The TR650 squeeze-off tool
operates through keyhole access and pro-
vides cost savings by reducing squeeze-off
time, reducing the size of the excavation
required for squeeze-off, reducing the pave-
ment restoration effort, increasing produc-
tivity with a single operator performing the
repair, and increasing the efficiency of the
overall squeeze-off and repair process, which
will result in less labor hours and unaccount-
able gas loss.

This project resulted in a mechanical
squeeze-off tool that will substantially lower
the time and cost of repairing gas distribution
piping between 3-in. and 6-in. diameter. This

Figure 3. Keyhole technology increases safety, saves labor
and time and provides significant cost savings.

Figure 2. Timberline’s
“keyhole” solution for PE
pipe repair.

Figure 4. Natural gas companies participating in the field
evaluations of Timberline’s TR650.

Figure 5. Conventional method for repairing large-diameter distribution lines.
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shows substantial cost savings when using
keyhole repair compared with the current
operating procedures that require backhoe
excavations and heavy equipment to perform
the repairs (Figure 5).

The successful demonstrations of the key-
hole squeeze-off tool at natural gas utility test
sites, the enthusiastic response of utility rep-
resentatives, and the supporting laboratory
tests and analyses provided evidence for tech-
nical feasibility. Initial research for this new
technology centered on determining the
optimum squeeze bar configuration. When
PE pipe is being repaired, it is squeezed to
prevent gas leakage. Tests were performed to
determine the amount of force required to
bring the pipe to different degrees of com-
pression with varying parameters such as
temperature, squeeze rate and jaw size.
Percent compression is defined by the follow-
ing equation in ASTM F1734-96 (Figure 6).

% Compression = (1-L/2t) 
Where L = Jaw gap and t = average wall

thickness expressed in the same units as L.
MDPE 2406 SDR 11.5 gas pipe samples

were tested in steel jaw fixtures placed in a
MTS hydraulic testing frame. A 150,000-lb
capacity strain gauge was placed between the
hydraulic cylinder and the connection to the
top jaw. The bottom jaw was stationary on the
blocks placed on the framework table, and the
deflection measurements were made in the
head of the hydraulic unit. In most cases, two
identical runs were made with two different
pipe samples. MDPE pipe samples were 2ft
and 3ft long for the 4-in. and 6-in. pipe diam-
eters. Pipe samples were temperature equili-
brated for at least 24 hours prior to testing.

Steel jaw assemblies were made with 21⁄2-in.,
31⁄2-in. and 41⁄2-in. jaws. All jaw major profiles
were 4-in. radius, while the edge radius was
one-quarter-in. with the exception of early 21⁄2-
in. jaw runs where the edge radius was 0.06-in.
The 21⁄2-in. jaw was of a fixed design only
while the 31⁄2-in. and 41⁄2-in. jaws were used in
a fixed and swivel configuration.

The force and deflection data gathered for
each run was inspected to find the “linear”
region once wall contact was achieved. The
force range typically used was between 12,000
lb and 34,000 lb for the 4-in. pipe while
between 18,000 lb and 34,000 lb were used for
the 6-in. pipe. Second order polynomials were
fitted to these ranges for each run. To account
for the deflection of the test frame and the

jaws, a run was made for each configuration
(with no pipe samples) to find the
force/deflection values for the entire range
(between 800 lb and 36,000 lb).This structural
deflection data also was fit to a polynomial.

Duplicate runs were compared and all
were reasonably consistent. To calculate the
force required to squeeze the pipe to 5%,
10%, 15% and 20%, the equations of any
duplicate runs were averaged and the equa-
tion for the amount of deflection was sub-
tracted. The resulting new equation was
used to generate “true” deflection data for
between the 12,000-lb and 40,000-lb force
range for each jaw configuration and pipe
size. Once again, this data was fit to a poly-
nomial. These final equations were used to
calculate the 5%, 10%, 15% and 20% values
that are plotted on the 68.7°F 4-in. and 6-
in. pipe graphs (figures 7 and 8).

Increasing the jaw width results in a less ver-
tical incline on the wall compression curves.
Initially, more force is required to squeeze the
pipe until both walls touch. At this point, the
force required to compress the walls lessens.

Once the optimum squeeze bar configura-
tion was determined, various conceptual tool
designs were developed to accommodate the
squeeze bars and incorporate the following
design criteria:

• direct approach from above the pipe;
• parallel clamping motion;
• controlled rate of closure and release;
• manual one-person operation;

Figure 6. Definition of wall compression.

Figure 8. Force required to achieve desired percentage of wall
compression for 6-in. MDPE pipe at 68.7°F.

Figure 7. Force required to achieve desired percentage of wall
compression for 4-in. MDPE pipe at 68.7°F.
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• stop the flow of gas without pipe
damage;

• multiple pipe sizes on one tool;
• ability to withstand the forces

generated during squeeze-off;
• lightweight and portable; and
• accommodates “lockout/tagout.”
The double actuated design (Figure

9) was preferred over other concepts
because both jaws are actuated at the
same time, producing only horizontal
motion relative to each other. The only
sliding part of the tool is the actuator,
which is contained within the frame,
reducing its exposure to contaminate.

The yoke (Figure 10) is con-
structed from a single piece of 
4-in.- thick 7075-T6 aluminum and
designed to provide up to 30,000 lb of
crushing force to a 6-in. PE pipe
without suffering deformation.
Cosmos software was used for per-
forming the stress analysis on the
yoke. Figure 11 shows how symmetry allows
half of the yoke to be modeled to simplify
the numerical solution. A free-body diagram
of the jaws in the closed clamp position
shows the 30,000-lb crush force will always
divide equally between the top and bottom
pins on the yoke. Thus, a 15,000-lb load was
applied horizontally to each hole in the yoke.
The two surfaces at the plane of symmetry
are restrained by material on the other half of
the yoke. The high stress concentration areas
in the yoke are predictably in the fillets on
the inside of the yoke (Figure 12). Dividing
the yield stress by the maximum stress in the
part (73,000/ 57660) gives a 1.266 safety fac-
tor for the yoke when manufactured from
7075-T6 Aluminum.

Figure 13a shows the exaggerated shape of
the yoke under load. Since the model is only
half of the yoke, the actual measured deflec-
tion across the tips of the yoke is double the
0.460-in. This prediction has been correlated
to actual measured deflections across the tips
when squeeze-off was achieved on a 6-in.

pipe. This deflection will be
in the elastic range and will
return to zero when the
clamping load is released.

Following completion of
the computer modeling for
the components of the
TR650, nine engineered

prototype tools were manufactured with
interchangeable jaws, which permit use of the
same tool on PE pipe between 3-in. to 6-in.
diameter. These tools are being field tested
and evaluated by natural gas companies in
various geographic locations. They are being
tested for functionality, ease of use and
ergonomics. In addition to the functionality
tests performed on the prototype delivered to
Oregon State University (OSU), sections of
the pipe squeezed-off during natural gas com-
pany testing were sent to OSU for evaluation
of operability in general accordance with
ASTM F1563-01, Standard Specification for
Tools to Squeeze-off Polyethylene (PE) Gas Pipe
or Tubing, and ASTM F1734-96 Standard
Practice for Qualification of a Combination of
Squeeze Tool, Pipe, and Squeeze-off Procedure to
Avoid Long-Term Damage in Polyethylene
(PE) Gas Pipe.

Three specimens each of 4-in. and 6-in.
diameter PE pipe were prepared, squeezed
and held for 30 minutes. The rate of leakage,
if any, was determined using a calibrated

rotameter (flowmeter) with 100psi nitrogen
supplied to the specimen. Various dimensions
were obtained during the procedure.

In addition to inspection procedure within
ASTM F1734, the interior and exterior sur-
faces of the pipe were inspected using scan-
ning electron microscopy at the squeeze ear
locations (drop-shaped areas of the pipe cre-
ated as the walls of the pipe are compressed
toward each other).

The remaining specimens were non-
destructively inspected on the exterior only.
The two remaining 6-in. specimens and one
of the remaining 4-in. specimens were then
pressure tested.

Figure 9. Preferred
double-actuated
design concept for
achieving squeeze-
off of between 3-in.
and 6-in. PE pipe. 

Figure 10. Computer model
of the Timberline TR650
yoke.

Figure 11. Symmetry of the TR650
yoke simplifies numerical solution.

Figure 12. Cosmos computer solution of
TR650 yoke under stress.
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The results of testing to ASTM standards
are summarized below.

ASTM F1563 Testing—The squeeze-off
tool was evaluated for release protection,
release rate, flow control, grounding, squeeze-
bar configuration, over-squeeze protection
and squeeze bar spacing. Evaluations showed
the force could only be released by unscrewing
the tool. The operator controls the rate of
release manually. The tool has a specific loca-

tion and attachment for grounding. The 4-in.
radius squeeze bar exceeds the minimum 1-in.
specification. The actual squeeze percentages
(wall compression) were significantly less than
specifications. The lengths of the squeeze bars
were sufficiently long enough to squeeze-off
between 4-in. and 6-in. pipe (Figure 13b).

ASTM F1734 Testing—All squeezed speci-
mens subsequently pressure tested and micro-
scopically tested were inspected per ASTM
F1734. There was no evidence of a dimple
present on the exterior surface of the squeeze
ears. A dimple is a slight indentation or
depression in the wall of the PE pipe indica-
tive of serious interior cracking. After section-
ing to expose the interior surface of the
squeeze and visually inspecting, there was no
evidence of stress whitening, crazing or crack-
ing. Some wrinkling was present on the inte-
rior surface of the squeeze ears. Some wrin-
kling and stress whitening is expected to
occur, according to ASTM F1734.

Additionally, the interior squeeze ear sur-
faces were inspected using optical stereo
microscopy at 10X magnification, and no evi-
dence of cracking or voids was found. There
was no evidence of stress whitening present
when inspected at magnifications up to 10X.
There also was no evidence of changes in
color. After these inspections were performed,
the squeeze ear was cross-sectioned and
inspected for the presence of subsurface voids
in the squeeze area and none were found.

The results of these tests confirmed the
effectiveness of the TR650 to squeeze-off
between 3-in. and 6-in. PE pipe without
changing its integrity. The tests at OSU
showed complete squeeze-off occurred at
about 5% compression, well below the test
tool design value of 15%.

The project team designed, constructed and
tested the TR650 squeeze-off tool for large-
diameter PE pipe (Figure 14). This tool met or
exceeded all of the performance goals. Field
evaluation and testing demonstrated the feasi-
bility of using the new squeeze-off tool to effec-
tively squeeze-off between 3-in. and 6-in. PE

pipe in keyhole situations without damaging it.
The natural gas industry personnel’s response to
participate in this keyhole squeeze-off tool pro-
ject further demonstrates its success.

“There is absolutely a strong need for this in
the field,” said Don Brost, a construction qual-
ity assurance supervisor at Northwest Natural.
“This is the best we’ve found of its kind.” ✧
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Figure 13a. Cosmos computer solution of
TR650 yoke under extreme stress.

Figure 14. Pipe integrity maintained fol-
lowing squeezed-off on 6-in. MDPE pipe
with the Timberline TR650.

Figure 13b. Successful laboratory testing
of TR650 on 4-in. MDPE pipe according
to ASTM F1563, the standard specifica-
tion for tools to squeeze-off PE gas pipe
or tubing.
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Advanced Resources Inter-
national Inc., with sup-
port from the U.S. Dep-

artment of Energy, is performing
a research program (DE-FC-
02NT41437) to characterize the
nature, distribution and flow
paths of moveable fluids in the
subsurface of the Greater Green
River (GGRB) and Wind River
basins (WRB). The goals of this
project are to improve resource
characterization, develop water
remediation strategies and enh-
ance gas recoveries in these
resource-rich basins.

The initial project objective was
to assemble a digital database of
existing produced water chemical
analyses performed by operators throughout
the exploration and development history of
the basins, and data was compiled from a
number of private and public sources. While
considerable information existed about pro-
duced water chemical composition, the
information was difficult to access because of
multiple formats, duplication, uncertain
locations and other factors. Compilation of
this data into a single database, with removal
of duplicates and invalid analyses, opens the
data to access by a broad audience of users
with interests in resource assessment, forma-
tion evaluation, prospect generation and

exploitation of tight formation gas.
The water chemistry database was assem-

bled for the GGRB and WRB. General
coverage is shown in Figure 1. The database
includes more than 8,000 compositional
analyses from 3,200 wells that can be sorted
by various criteria, including geographic
area, formation (of record) and test type.
Data were screened for analytical validity of
compositional data using standard industry
practices. Most historical data samples
include standard seven-component analy-
ses. In addition, new samples included sta-
ble and strontium isotope analyses, and

were collected from Walt-
man/Cave Gulch fields (WRB),
and Pinedale, Table Rock and
Wild Rose fields (GGRB) for a
total of 85 wells. Although the
analyses were screened for chem-
ical validity, formation tops and
other data were accepted into the
database as originally provided by
operators; therefore, users must
assess suitability of the data for
their own purposes.

The database is available for
download in three common digital
formats from the National Energy
Technology Laboratory Web site
(www.netl.doe.gov/scngo/, see pro-
jects link). Individual entries contain
any available supporting documen-

tation and intervals as reported by the operator.
An attempt was made to lump formation inter-
vals across the database so regional scoping
maps can be constructed.

The final product of the project (available
next month) will be a digital atlas with
regional and local maps of interest and a
series of local studies demonstrating uses of
the data and potential implications on the
broader issues of basin centered gas.

The digital database format allows nearly
limitless options to query and sort the data.
Once the database has been attached or
loaded to a software package with mapping

By Randal L. Billingsley,
Advanced Resources
International Inc. and

Maria Wood Henry, Henry
GeoConsulting Services

Improving Formation 
Evaluation and Exploration in
Low-permeability Reservoirs
A key factor affecting the economic viability of some low-permeability reservoirs in the Rocky Mountains
is the occurrence of mobile water at reservoir depths, sometimes in large quantities. Understanding the
nature and mobility of fluids in these settings is an important aspect of determining original gas in
place, and controlling the cost of finding and development in marginally economic accumulations. 

Figure 1. Distribution of sample locations for the produced water
chemistry database.
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capabilities, an interpreter can easily segre-
gate the data geographically, establish corre-
lations and perform transforms to create
maps of interest. For example, resistivity of
produced waters has not always been mea-
sured or recorded. The digital database
allows a relationship to be constructed
between a commonly available attribute,
total dissolved solids (TDS) and
resistivity (Figure 2). This rela-
tionship can then be used to esti-
mate resistivity for samples where
the attribute was not originally
measured and mapped to explore
potential geographic relation-
ships (Figure 3).

The historical water chemistry
data often was collected from
more limited intervals than are
commonly completed today. This
detailed data, together with TDS,
core data, production data and
petrophysical advances can signif-
icantly improve completion effi-
ciency by allowing the operator to
have greater confidence in local
pay criteria. Use of valid existing

analytical data can save thousands of dollars
in acquisition or completion costs.

The historical water chemistry data is an
invaluable tool in exploration programs.
Formation water compositional data from
existing wells supports updated petrophysical
interpretations in search of bypassed pay and
regional diagenetic interpretations. Figure 4

is a chart of calcite saturation indices derived
from the database. The Table Rock and
Standard Draw areas are under-saturated in
calcite when compared with the other pro-
ducing areas sampled. Under-saturation of
calcite could be an indicator of active calcite
dissolution and creation of secondary poros-
ity in the reservoirs. Such information also

would be valuable in evaluating
the extent of cementation in nat-
urally fractured reservoirs. Both
strategies could be used to focus
exploration efforts in the search
for above average permeability in
low-permeability reservoirs.

Water chemistry is an under-
utilized tool that can improve
reservoir understanding and
reduce risk when exploring and
developing tight gas resources.
Availability of this large pro-
duced water chemistry data col-
lection in digital form facilitates
efficient identification, extraction
and utilization of the data by the
technically-oriented, cost-con-
scious operator. ✧
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Figure 2. Resistivity of produced waters has not always been measured. A
digital database allows a relationship to be constructed between a com-
monly available attribute, total dissolved solids and resistivity. This relation-
ship can then be used to estimate resistivity for samples where the attribute
was not originally measured.

Figure 3. Resistivity of Almond formation produced
water, normalized to 68°F where red areas are greater
than 2 ohm-m, and blue areas are less than 0.6 ohm-m.
It is relatively rare to see a four-fold variation in formation
water resistivity. Recognition of an anomaly is the first
step to resolving a problem.
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Figure 4. Chart of calcite saturation indices for eight areas in the
Greater Green River Basin (GGRB) where positive is over-saturated
and negative is under-saturated. Calcite is a common constituent of
Cretaceous reservoirs in the GGRB. Reservoirs where waters are
under-saturated in calcite could be expected to have a higher pro-
portion of secondary porosity and/or less calcite fracture fill.



MAPPING GAS RESERVOIRS USING
SEAFLOOR EM METHODS

Gas reservoirs are electrically resistive compared with
water saturated surrounding sediments. Marine electro-
magnetic (EM) methods have become important tools
in the search for oil and gas. This report documents the
use of marine EM methods to identify and map reser-
voirs through computer model studies. The marine
magnetotelluric (MT) method and the controlled
source electromagnetic (CSEM) method combine
complementary abilities to map the electrical conductiv-
ity structure of oilfield rocks and reservoirs.This project
created 2-D and 3-D forward modeling codes based on
the finite element and finite difference algorithms by
creating accessible front-end user interfaces for these
codes and generating joint MT and CSEM data sets
relevant to the exploration environment. The work
described in this report represents the first steps toward
the development of a fully 3-D finite element forward
code allowing rapid and accurate EM modeling of
marine geophysical targets. In addition, a joint con-
trolled-source EM and MT data set was prepared as a
test-bed to develop forward and inverse modeling algo-
rithms.The Gemini prospect in the Gulf of Mexico has
been a test-bed for the development of commercial EM
instrumentation and techniques, and a comprehensive
MT and CSEM data set has been developed over this
3-D salt structure that will be available for modeling.
Price: $60, Form: CD-ROM, Document No: GRI-
04/0200. Order through the Gas Technology Institute
Web site “search” function at www.gastechnology.org 

CONCEPTUAL DESIGN FOR A
LARGE-DIAMETER GAS PIPELINE
INSPECTION PLATFORM

A final report is available that presents the conceptual
design of an intelligent platform for internal pipeline
examination. The design is a result of balancing power
requirements, battery size and physical restraints to

develop a vehicle that can handle high-pressure envi-
ronments, long distance, vertical travel and various pro-
truding obstacles. The final multi-wheel configuration
allows the vehicle to navigate vertical sections, travel up
inclines and spiral its position in the pipe to avoid obsta-
cles while minimizing power requirements and sources
of friction. www.netl.doe.gov/scngo/NaturalGas/
P r o j e c t s _ n / T D & S / T & D / P u b s / 4 3 4 0 - 7 0 A _
Conceptual%20Design%20Final.pdf

VERY HIGH-SPEED DRILLSTRING
COMMUNICATIONS NETWORK

A final report is available providing a history and pro-
ject summary of the development of a very high-speed
drillstring communications network. The summary
includes laboratory and field test results. A brief expla-
nation of commercialization plans is included. This
work shows that a high data rate communications sys-
tem can be made sufficiently robust, reliable and trans-
parent to the end user to be successfully deployed in a
downhole drilling environment. A networking system
with user data bandwidth of at least 1 million bits per
second can be built to service any practical depth of
well using multiple repeaters (Links), with spacing
between the links of at least 1000ft. www.netl.doe.gov/
scngo/NaturalGas/Projects_n/E&P/DCS/Pubs/Final
%20Report%20FG123104.pdf

LIQUEFIED NATURAL GAS:
UNDERSTANDING THE BASIC FACTS

A report prepared by the U.S. Department of Energy
in collaboration with the National Association of
Regulatory Utility Commissioners is available that
discusses growing demand for natural gas, emergence
of the global liquefied natural gas (LNG) market, cur-
rent status of U.S. LNG imports, components of the
LNG value chain and informed decision making.
www.netl.doe.gov/scngo/NaturalGas/publications/LN
G/LNG_BasicFacts.pdf

AAPG EASTERN MEETING
Sept. 18-20, Morgantown, W. Va. For more informa-

tion, visit www.wvgs.wvnet.edu/www/esaapg05/ 

IOGCC ANNUAL MEETING
Sept. 18-20, Jackson Hole, Wyo. For more information,
visit www.iogcc.state.ok.us
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Gas Technology Institute (GTI)
1700 S. Mount Prospect Road
Des Plaines, IL 60018-1804
Phone: (847) 768-0500; Fax: (847) 768-0501
E-mail:  publicrelations@gastechnology.org
Web site: www.gastechnology.org

GTI E&P Research Center
1700 S. Mount Prospect Road
Des Plaines, IL 60018-1804
Phone: (847) 768-0500; Fax: (847) 768-0501
E-mail: explorationproduction@gastechnology.org
Web site: www.gastechnology.org

GTI/CatoosaSM Test Facility, Inc.
19319 N. E. 76th, Owasso, OK 74015
Phone: Toll-free (877) 477-1910  
Fax: (918) 274-1914
E-mail: srandolph@gticatoosa.org

U.S. Department of Energy 
National Energy Technology Laboratory 
Web site: www.netl.doe.gov/scngo

3610 Collins Ferry Road
Morgantown, WV 26507-0880

626 Cochrans Mill Road
Pittsburgh, PA 15236-0340

One W. Third St.
Tulsa, OK  74103-3519

525 Duckering
Fairbanks, AK 99775

Office of Fossil Energy
1000 Independence Ave., S.W. 
Washington, DC  20585
Web site: www.fe.doe.gov

▲
▲

▲ ▲
▲

CONTACT INFORMATION

▲
▲

R&D SEEKS TO BOLSTER
COALBED GAS, WATER
RESOURCES IN WESTERN STATES

U.S. Department of Energy-funded research has
resulted in the commercialization of an innovative
technology designed to bolster supplies of two of
America’s most critical natural resources: natural gas
and water. The technology, developed by Drake
Engineering of Helena, Mont., helps producers of
coalbed natural gas (CBNG) clean up co-produced
water for beneficial uses, in turn addressing critical
water shortages in the U.S. West. Such research
answers President George W. Bush’s call for expand-
ing domestic oil and gas production while protecting
the environment. CBNG-produced water presents
unique challenges for recovering this resource. Some
landowners and environmental groups worry the
water used in irrigation or discharged onto the land
could alter the soil’s structure and chemistry – a par-
ticular concern for crop irrigation. Drake Eng-
ineering designed and developed a prototype of 
a lab-tested fluid-bed resin exchange treatment sys-
tem for removing sodium from CBNG-produced
water. Drake has patented and begun commercializ-
ing the process by field-testing it in Powder River
Basin CBNG operations. www.netl.doe.gov/publica-
tions/press/2005/tl_coalbed_gas.html



Schlumberger coalbed methane (CBM) services combine global knowledge with extensive
local experience earned working on thousands of CBM wells in the United States. Our dis-
tinctive pairing of expertise and innovative technology helps producers improve operational
efficiency through a better understanding of the unique reservoir characteristics associated
with CBM exploration and production.

Successful CBM evaluation begins with superior petrophysical characterization that
reduces the need for coring. The Schlumberger RST* Reservoir Saturation Tool and ECS*
Elementary Capture Spectroscopy sonde can be applied in both open and cased holes to
identify remedial and bypassed coal rework opportunities. Our new-generation dipole sonic
tools help to evaluate coal cleating and determine directional permeability. Efficient decisions
for either horizontal or vertical completions can be made quickly with the assistance of
Schlumberger Data & Consulting Services and ECLIPSE* CBM simulation software. Coal
cleat permeability damage can be greatly reduced by using the LiteCRETE* CBM cement
system and CoalFRAC* fracturing fluid.

To find out about Schlumberger CBM services for your U.S. operations, contact us at 
cbm@slb.com.

We have the technology.

More information on Schlumberger
answers to your CBM concerns 
is at www.slb.com/oilfield.
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