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Horizontal Waterflooding

ENHANCES

Ui RECOVERY

IN SHALLOW,
LOW-PERMEABILITY
BARTLESVILLE
SANDSTONE

TULSA-Supported by a grant from the Department of Energy,
Grand Resources Inc. has implemented a project to test horizontal
waterflooding using short-radius rotary steerable and underbalanced
drilling techniques to improve oil recovery in the shallow Bartlesville
reservoir in Osage County in northeastern Oklahoma.

Reservoir screening is the first step in the process, and then rock
mechanics are used to predict well bore stability for determining the
most efficient completion method. Geologic and reservoir parameters
are considered in selecting the radius of curvature for the horizontal
well and the air/foam drilling fluids used to avoid formation damage.
The final step is to run a comprehensive set of logs through the curve
and into the reservoir for petrophysical evaluation.
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Grand Resources’ Osage County project sought to meet three
primary goals:

e Demonstrate the technical and economic feasibility of
using horizontal waterflooding to recover additional oil in shal-
low, low-permeability reservoirs;

e Demonstrate the viability of open-hole completions tech-
niques based on well bore stability considerations; and

e Demonstrate that short-radius rotary steerable technolo-
gy can drill horizontal wells at low cost and without reservoir
damage.

Significant amounts of oil typically remain trapped in the pro-
ducing formation when wells in waterflooded fields are aban-
doned because of high water-to-oil ratios (WORs), causing pro-
duction to be uneconomical. Many techniques have been
developed to more economically recover this bypassed oil. The
technique employed by Grand Resources uses parallel horizon-
tal water injection and production wells to enhance oil recovery.

The Bartlesville reservoir in northeastern Oklahoma has been
one of the most prolific oil-producing formations in the United
States, and it remains an important producing horizon even
though it is considered to be in a mature stage of depletion. In
spite of large cumulative production from the Bartlesville, re-
covery efficiency has been low—usually less than 20 percent of
the original oil in place. Recovery during primary production
operations is low as a result of a solution gas-drive mechanism
that leads to rapid pressure depletion, and low initial reservoir
pressure that is a consequence of the shallow depth.

Enhanced Recovery Operations

Not surprisingly, the remaining 80 percent of the OOIP has
attracted many secondary and tertiary recovery projects. How-
ever, secondary recovery operations are often not effective or
economic because of shallow reservoir depth, the existence of
natural fractures, and the low permeability. The Bartlesville
sandstone across Osage County ranges in depth from 1,000 to
3,000 feet, and is naturally fractured with permeability values
typically less than 50 milliDarcies (mD).

In an attempt to improve the economics of Bartlesville wa-
terfloods, operators frequently inject water above the fracture-
parting pressure to achieve better injectivity. The results are
often unfavorable, since water tends to channel through the
fractures and bypass much of the remaining oil in the matrix.
Developing small flood patterns with closer well spacing can
lead to improved recovery, but the large number of required
wells negatively impacts the economics.

FIGURE 1
Location of Horizontal Waterflood Pilot Test Area
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Although horizontal waterflooding has been successfully
demonstrated in several field projects, most applications have
been focused on deeper reservoirs (4,500 feet or deeper) where
horizontal wells can save money by replacing the need for mul-
tiple vertical wells. The application of horizontal injection and
producing wells in shallow, low-permeability reservoirs is an
area of opportunity for horizontal technology. In a previous
DOE-supported project, an operator had attempted to use a hor-
izontal injection well to overcome the injectivity limitations of
the Red Fork Formation (the geologic equivalent of the
Bartlesville) in a pilot area of the Glenn Pool Field south of
Tulsa. Unfortunately, that horizontal well was not completed
because of mechanical difficulties.

Horizontal wells can be expensive as a result of drilling tech-
niques that typically increase completion costs. Using mud as
the drilling fluid is a serious problem in all wells, but especial-
ly those drilled in low-permeability and low-pressure reser-
voirs. To remediate drilling mud invasion into the formation,
expensive completion techniques are often required to remove
mud filtrate damage from the near-well bore region and estab-
lish contact with the reservoir’s natural permeability. These
completion techniques can also destabilize the well bore, re-
quiring a liner to be set, which further increases well costs.

The key issues in the correct application of horizontal well
technology pivots around achieving desired productivity/injec-
tivity of the wells and the cost associated with drilling the hori-
zontal wells without damaging depleted, low-pressure reservoirs.

Osage County project

Horizontal waterflooding, as applied in the Osage County
project, consists of one horizontal injection well and two adja-
cent parallel horizontal producing wells that straddle the injec-
tor. The basic concept is that large volumes of water can be in-
jected at pressures below the fracture parting pressure of the
reservoir, with the horizontal producing wells, in turn, captur-
ing the oil that has been mobilized. By contrast, conventional
waterflooding is often not effective in shallow, low-permeabil-
ity reservoirs like the Bartlesville sandstone because of the in-
ability to establish adequate injectivity below the fracture part-
ing pressure. Fracture parting pressure is often exceeded,
resulting in injection water channeling and bypassed reserves.

The project sought to demonstrate the economic impact of
horizontal waterflooding in an area adjacent to an existing ver-
tical waterflood. Initially, the project team concentrated on col-
lecting data for a pilot in the Woolaroc Field (Figure 1). Reser-
voir description studies were conducted to identify a suitable
unflooded area within the field for a pilot test area. A vertical
well was drilled in the pilot area to collect additional data, in-
cluding well logs and cores. The plan was to plug back after
data collection and drill a horizontal lateral into the reservoir.

The core collected during this process indicated that the
reservoir was relatively uniform in properties and contained a
significant amount of oil, but permeability was unexpectedly
low. Simulation studies using core permeability values indicat-
ed that horizontal waterflooding would improve performance
over conventional waterflooding, but not to a sufficient degree
to be economically successful.

A suitable test site was identified in the nearby Wolco Field
(Figure 1). The Wolco is adjacent to the North Avant Field, an
abandoned 1980s-era waterflood. The Wolco Field was redrilled
in the 1980s, but not subjected to waterflooding activities. In
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FIGURE 2

Producing Rates for Vertical and
Horizontal Waterfloods (23-Acre Spacing)
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the pilot test area, there are three existing wells in the quarter
section, the Wolco Nos. 1A, 2A and 3A. A shut-in water sup-
ply well in the adjacent quarter section to the southwest was
available for the horizontal waterflood pilot.

Simulation studies were conducted to confirm the suitabili-
ty of the Wolco site and the optimum placement of wells. The
Bartlesville sandstone at the site has a thickness of £85 feet,
porosity in the range of 16-20 percent, and estimated perme-
ability is 30-100 mD. Based on simulation studies, the hori-
zontal injection well was planned to be drilled 20 feet from the
bottom of the sand and the two producing wells were to be
drilled 20 feet from the top of the sand.

Figure 2 shows the results of a simulation performed in the
pilot area. It indicated that high injection and producing rates
could be maintained during the life of the project. Moreover,
the oil could be recovered quickly, which would be highly ben-
eficial in achieving an economic operation. However, the WOR
would increase, which had to be considered in designing and
installing the surface production facilities.

Drilling Plan

Figure 3 is a structure map of the pilot test area, showing
the location of the existing wells and the three pilot area wells
drilled parallel to the suspected prevailing fracture orientation
within the field. Alignment with the expected fracture orienta-
tion was planned as a precaution in the event that open frac-
tures were encountered. In that case, good sweep efficiency
could still be maintained while injecting water to displace oil
toward the adjacent horizontal producing wells. Figure 4 is a
cross-section drawn through the existing wells showing the top
and bottom of the Bartlesville formation, with an upward dip
of 1.5 degrees to the northeast.

Cost-effective drilling operations are the cornerstone of this
horizontal waterflooding program. Open-hole completions pro-
vide the least expensive method of completing the wells into
the Bartlesville sandstone. Rock mechanic studies indicate that
the matrix of this Pennsylvanian Formation has the strength
and competency allowing for open-hole completions.

Directional drilling was accomplished using a proven rotary
drilling system that consists of two drilling assemblies, a curve
drilling assembly (CDA) and lateral drilling assembly. The
CDA drills a very predicable curve of a designed turning ra-
dius based on tool configuration. These wells were drilled with
the CDA configured to drill a 70-foot radius curve (the well
path goes from vertical to horizontal following a curve scribed
by a 70-foot radius.) By drilling 110 feet measured depth, the

FIGURE 3
Structure Map of Bartlesville
Sandstone in Pilot Test Area
(Scale: 1 inch = 1,000 feet)
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inclination increased from zero (vertical) to 90 degrees (hori-
zontal).

The CDA was then removed from the well and the lateral
drilling assembly was run in to drill the desired horizontal sec-
tion of the well. Using the Wolco No. 4A as an example of the
short-radius underbalanced drilling technique, the vertical por-
tion of the well was drilled to a total depth of 1,628 feet. Open-
hole logs (gamma ray, induction and a sonic-based bore hole
televiewer) were then run to confirm geology and identify frac-
ture existence and orientation. No fractures were identified dur-
ing this logging run.

At that point, 5'/.-inch production casing was run to 1,627
feet and cement was circulated to the surface. The CDA was
picked up and run into the well. A gyroscopic surveying tool
was utilized to orient the CDA. The 70-foot radius curve was
drilled from 1,635 to 1,733 feet MD. The curve maintained the
desired direction and ended as planned, which allowed the lat-
eral section to be drilled parallel to a slightly updip formation.
The curve was drilled using water as the circulating medium.

Underbalanced Drilling

The lateral section was drilled underbalanced, circulating
with air/foam to minimize formation damage in the low-pres-
sured reservoir. Two different lateral drilling assemblies were
used for drilling the horizontal section of the well. A modified
air hammer bottom-hole assembly was first run in the well, but
a correction run was necessary because the air hammer assem-
bly was dropping angle too quickly. After the correction run, a
packed-hole rotary drilling system was used, with frequent sur-
veys taken to check for proper well bore direction and inclina-
tion. The packed bottom-hole assembly held the desired incli-
nation angle and direction. The Wolco No. 4A was drilled to a
final measured depth of 2,732 feet.

A directional plot of the No. 4A well is shown in Figure 5.
It presents the well plan and the actual well bore path based on
survey results. The drilling of the Wolco No. 4A followed the
plan regarding direction, inclination and total length drilled.

Grand Resources has developed a method to log horizontal
wells through short-radius curves by deploying logging tools
via sucker rods. The gamma ray, density, induction and bore
hole televiewer logs were run to determine fluid saturations,
identify fractures and confirm geology through the horizontal
section of the 4A well. Logs were run into the horizontal sec-
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FIGURE 4
Cross-Section of Bartlesville
Sandstone in Pilot Test Area

2A < 443 ft > 3A< 1,026 ft > 1A

0

[T

1] vt |7 ¢ b et

1 - 443 L + TD=1,876

TD=1,807 TD=1,850

tion of the well bore approximately 500 feet. After logging 500
feet of lateral section, friction and the flexibility of the sucker
rods prevented the logs from going any farther. To overcome
the distance limitation of the sucker-rod conveyed logging tech-
nique, work is now progressing to adapt a commercial down-
hole wireline tractor to pull the logs out into the lateral section
through the short 70-foot radius curves.

The bore hole televiewer log was run from 1,626 to 2,248
feet. This log is designed to detect and interpret fracture exis-
tence and orientation. It encountered very few fractures in the
well bore. The density log was run through the lateral from
1,732 to 2,245 feet and porosity values averaged 16 percent.
The induction log was run through the curve and 550 feet into
the lateral portion of the well. Resistivity values in the top sec-
tion of the Bartlesville (1,650-1,700 feet measured depth) were
approximately 5 ohms. Resistivity values along the length of
the lateral (1,732-2,270 feet) averaged 2 ohms. Low resistivity
values were expected in the well bore because of its position
near the bottom of the reservoir.

Drilling, Production Results
After drilling the No. 4A well, the No. 6A and then 5A

FIGURE 5
Directional Plots for Wolco No. 4A

1,200 PLAN VIEW
1,300 S
1,400 4-HHH
1,500
1,600

1700 4 - - |- -

LEGEND
— Pn 1T
= 4AWdlbre# A0 | 1]

Scutty- yher by +} (1000 i}

True vertical depth (200 ft/in)

FAARAAARARAAAARARAAARARARAARARAA AR
-100 0 100 200 300 400 500 600 700 800 900 1,000 1,100 1,200
Vertical section at 40.07° (200 ft/in)

Bartlesville Sandstone horizontal wells were drilled in the Wol-
co Field. A continuous improvement process of well planning,
drilling and post-well review was applied to learn lessons from
each well drilled. The technique resulted in each successive
well being drilled more efficiently and more cost-effectively
than the previous well. The first well drilled, the Wolco 4A,
cost $257,000. The second well, the Wolco 6A, cost $214,000,
and the third well, the Wolco 5A, cost $202,000. By compari-
son, the average cost to drill and complete a typical vertical
well in the Bartlesville in the Wolco Field was estimated at
$98,000.

Simulation results, coupled with an economic evaluation,
indicate a horizontal waterflood on 23-acre spacing would gen-
erate $2.9 million cumulative revenue over six years of opera-
tion, compared to $1.4 million cumulative revenue over 30
years of operation for a five-spot vertical waterflood. Present
values (PV10) for horizontal and vertical five-spot waterfloods
in the Wolco Field are $2.3 and $0.4 million, respectively. Hor-
izontal waterflooding responds more quickly to water injec-
tion, resulting in significant amounts of incremental oil pro-
duced early in the project. This early horizontal waterflood
response yields more attractive investment opportunities com-

R.V.“BOB” WESTERMARK is president of Grand Direc-
tions, a subsidiary of Grand Resources Inc. in Tulsa. Heis
also an instructor for OGCI, teaching classes in managing
well site operations and well engineering. Westermark re-
cently finished managing a DOE-sponsored research project
using vibration stimulations a means of enhanced oil recov-
ery. He also managed Amoco’ s Catoosa Research facility af-
ter working 24 years for various producing companiesin lo-
cations around the world. Westermark holds a B.S in
petroleum engineering from Montana Tech.

SCOTT ROBINOWITZ isvice president at Grand Resources
Inc. He has experiencein reservoir engineering and modeling,
well completions, equipment design, field operations, environ-
mental compliance, and technol ogy integration. Robinowitz has
worked with Grand Resources since 1999. He holdsa B.S. in
mechanical engineering from Tulane University and an M.S in
environmental engineering from Oklahoma Sate University.

DWIGHT DAUBEN is president of Dauben International
Energy Consultants Inc. in Tulsa, which provides consulting
services to the oil and gasindustry in the areas of reservoir
engineering, reservoir simulation and improved oil recovery

technology. He has worked for the past 10 yearsin applying
horizontal well technology to improve the performance of pri-
mary and secondary recovery operations. He was previously
employed by Amoco Production Co. in developing improved
oil recovery technology and by K& A Energy Consultants Inc.
in applying advanced technology throughout the world.
Dauben was awarded a regional service award by the Soci-
ety of Petroleum Engineersfor his contributions to the indus-
try and for serving asthe general chairman of the 13th Sym-
posium on Improved Oil Recovery. He holds a Ph.D. in
petroleum engineering from the University of Oklahoma.

HELEN VIRGINIA “GINNY” WEYLAND hasworked for the
U.S. Department of Energy since 1982. She was stationed at
the Naval Petroleum Reservesin California and served as ge-
ologist and subcommittee chair for the shallow oil zone, the
largest producing reservoir at the Elk Hills Oil Field. Wey-
land transferred to Tulsa to become a project manager for
the National Energy Technology Laboratory in 1997. She
works cross-cutting disciplines such as enhanced oil recov-
ery and advanced diagnostics and imaging, as well as re-
search for independent oil operators. Weyland is a graduate
of Texas A&M University.




Special

Horizontal & Directional Drilling 2

pared to vertical waterflood projects.

Initial conditions prior to producing from or injecting into
the horizontal wells were determined by taking fluid levels with
an acoustic fluid level device in both the idle wells and the new
wells. The pressure in the pilot area averages 126 psi. A water
supply well (Wolco WS No. 1) was completed with a sub-
mersible pump capable of moving 2,000 barrels of water a day
from the Arbuckle Formation, which is approximately 500 feet
below the Bartlesville. The injection water is transferred di-
rectly into the injection well by the submersible pump.

Pumping units have been installed on the two producing
wells. The tank battery is capable of handling the produced flu-
ids and disposing of produced water in the Wolco No. 1A dis-
posal well on the north end of the pilot area. The producing
wells were completed with insert pumps in the 274-inch tubing
set in the 5'/-inch casing in the vertical section of the well. This
places the pump inlet 90 feet above the horizontal section of
the well. The producing wells began pumping in January 2004.

The Wolco 4A horizontal injection well was completed with
a packer in the 5'/-inch casing in the vertical section of the well
with 274-inch internally coated tubing to combat the mildly cor-
rosive nature of the injection water. The submersible pump in
the water supply well provides the necessary pressure to move
the water to the 4A injection well at 0 psi surface pressure. This
provides an initial injectivity substantially greater than the his-
torical injectivity of former injection wells adjacent and to the
south of the Wolco pilot area.

The horizontal waterflood was fully operational on Dec. 30,
2003. The water supply well began pumping 2,000 barrels a
day, all of which was being injected into the Wolco No. 4A hor-
izontal injector. Through July 2004, the horizontal waterflood
had produced 1,150 barrels of oil and 32,730 barrels of water.
The water supply well had produced 88,846 barrels of water
for injection into the Wolco 4A.

After running gamma ray, density, induction and bore hole
televiewer logs in both producing wells, it was determined that
both the Wolco 5A and 6A wells were drilled too deep into the
Bartlesville. Both producing wells had been drilled 20 feet from
the top of the Bartlesville, and logs of the lateral sections showed
insufficient oil saturations (less than 42 percent) that deep in
the reservoir. Grand Resources plugged back the Wolco 6A
with cement and redrilled the lateral to stay in the top nine feet
of the reservoir, where logs show oil saturations in the 55 per-
cent range. In late August, the redrilled Wolco 6A was being
put back into production, and simulation results indicated that
economical production should be realized from the well. O

Editor’sNote: The Osage County horizontal waterflooding
project was conducted with the support of the U.S. Department
of Energy under Award No. DE-FG26-02NT15452, and endorsed
by Principal Chief Jim Gray and the Osage Tribal Council. This
article was adapted from SPE 89373, a paper originally prepared
for presentation at the SPE/DOE Fourteenth Symposium on Im-
proved Oil Recovery, held April 17-21 in Tulsa.
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Grand Resources has re-drilled both of the original producing wells in the DOE sponsored pilot area. The reason for re-drilling the
horizontal section of the wellbores was to place the laterals higher in the reservoir to encounter more robust oil saturations, and
ultimately more economic oil production.

While conducting the re-drill operations on Wolco 6A, mechanical problems required three attempts to produce an acceptable
wellbore, hence the well number 6A-4. Wolco 6A-4 was drilled at a 40 degree azimuth heading, see Figure 1, approximately 180
degrees from the heading of the original 6A lateral wellbore. Figure 2 presents the abandoned 6A and the new 6A-4 lateral wellbores
as a dashed gray line and a green line respectively. The 6A-4 lateral was drilled 10' higher in the reservoir. Logs run in the horizontal
section of 6A-4 show higher oil saturations than the original 6A wellbore. Figure 3 illustrates the difference in position of each 6A
lateral relative to the top of the Bartlesville pay.

Results of re-drilling 6A-4:

BOPD BWPD
Production prior to re-drilling 2 340
Production after re-drilling 15 135

The second producing well, Wolco 5A, was plugged back and re-drilled as SA-2. Wolco 5A-2 was also drilled 10' higher in the
reservoir and logs are being run as this update was being written. Production results for Wolco 5A-2 are not yet available
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