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Detailed Evaluation of the West Kiehl Alkaline-Surfactant-Polymer Field Project
and It's Application to Mature Minnelusa Waterfloods

Abstract

The combination of an interfacial tension agent and a mobility control agent has the potential to
produce additional oil beyond a waterflood. The West Kiehl alkaline-surfactant-polymer project
is the first application of this chemical enhanced oil recovery technique. The West Kiehl alkaline-
surfactant-polymer flood was initiated in September 1987 as a secondary application after primary
recovery. The following analysis of the West Kiehl alkaline-surfactant-polymer flood indicates
that incremental oil greater than waterflooding was produced at a cost of less than $2.00 per
incremental barrel.

A analysis of approximately 120 Minnelusa oil fields in the Powder River Basin indicates that the
total original stock tank oil in place exceeds one billion barrels. If the enhanced oil recovery
technology implemented at West Kiehl field could be successfully applied to these fields, the
potential incremental oil recovery would approach 130 million barrels.

The goals of "Detailed Evaluation of the West Kiehl Alkaline-Surfactant-Polymer Field Project
and It's Application to Mature Minnelusa Waterfloods" are to evaluate both the field performance
of the alkaline-surfactant-polymer enhanced oil recovery technology as well as its potential
application to other Minnelusa oil fields. The objectives of the project are:

@  Evaluate the geological depositional environment of the West Kiehl and of
adjacent Minnelusa sand reservoirs with similar fluid and rock characteristics.

®  Those reservoir analogs with depositional environments similar to the West Kiehl
field will be compared on an engineering basis to define both geological and
reservoir performance analogs to the West Kiehl field.

®  Compare the production performance results of the best geological and reservoir
performance analogs to the West Kiehl field and select two fields for in-depth
study. Polymer floods and waterfloods performances were defined.

®  Compare the two best field analogs to the West Kiehl field using numerical
simulation.

e History match the results of the laboratory radial coreflood physical
simulation the West Kieh! field

e History match the actual field performance of the alkaline-surfactant-
polymer flood at West Kiehl field

»  Forecast the future performance of the West Kiehl project and determine
the incremental oil recovery greater than waterflooding

e History match the actual field performance of the waterflood analog
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*  History match the actual field performance of the polymer flood analog

®  Predict the results of applying the alkaline-surfactant-polymer technology as a
tertiary oil recovery technology on the two mature Minnelusa waterflood analog
units using classical engineering and numerical simulation.

®  Predict the waterflood and polymer flood performance of the West Kiehl field
using numerical simulation and the parameters established in the analog field
numerical simulations.

Linear and radial coreflood oil recovery by water injection was 56.3% OOIP and 46.6% OOQIP,
respectively, leaving a waterflood residual oil saturation of 0.343 PV, Injection of alkali plus
surfactant plus polymer into the linear corefloods produced an additional 17.3% OOIP for a
cumulative oil recovery of 73.7% OOIP with a final residual oil saturation of 0.207 PV. Radial
coreflood alkaline-surfactant-polymer oil recovery averaged 61.7% OOIP.

Numerical simulation of the West Kiehl projects the ultimate recovery to be 1,017,000 barrels of
oil from alkaline-surfactant-polymer injection and 726,000 barrels from a waterflood. Net
incremental oil is 291,000 barrels. This compares with 249,200 to 309,260 barrels of incremental
oil by classical reservoir engineering methods. A mobility control polymer flood will produce
885,000 barrels of oil and alkali-surfactant injection will produce 850,000 barrels of oil.
Interfacial tension agent (alkali and surfactant) and mobility control agent (polymer) contributions
to the total alkaline-surfactant-polymer incremental oil appear to be additive.

After studying 72 fields in a 275 square mile area around the West Kiehl, Prairie Creek South and
Simpson Ranch were selected as waterflood and polymer flood analogs. Prairie Creek South
numerical simulation predictions of the waterflood is 790,000 barrels of oil or 39.4% OOIP.
Classical engineering prediction for the ultimate waterflood recovery is 764,900 to 814,900
barrels of oil or 38.1 to 40.6% OOIP. Alkaline-surfactant-polymer injection is predicted to
produce 1,100,000 barrels for 310,000 barrels of incremental oil.

A mobility control polymer flood estimated recovery is 919,000 barrels of oil.

Simpson Ranch classical reservoir engineering analysis indicates the Cat-An® polymer flood will
ultimately produce 867,000 to 920,000 barrels of oil or 38.0 to 40.3% OOIP compared to
831,000 predicted by numerical simulation. Numerical simulation predictions for a waterflood
and an alkaline-surfactant-polymer flood indicates ultimate oil recovery to be 745,000 and
1,095,000 barrels oil, respectively. Incremental oil for a Cat-An® polymer flood is 86,000 and
for an alkaline-surfactant-polymer flood is 350,000 barrels of oil.

If an alkaline-surfactant-polymer project was implemented after a waterflood in the West Kiehl,
Simpson Ranch and Prairie Creek South fields the incremental oil recovery predicted by the
numerical simulator is 321,000, 323,000, and 272,000 barrels, respectively. The West Kiehl total
production by alkaline-surfactant-polymer flood forecast was greater after a waterflood because
the Kottabra 25-15 well was on production for the entire alkaline-surfactant-polymer injection
period, rather than 6 months.



Actual incremental cost per barrel of oil was less than $1.60. If 1994 prices are applied to the
incremental oil recovery potential indicated by the numerical simulation for West Kiehl, Prairie
Creek South, and Simpson Ranch, alkaline-surfactant-polymer incremental oil is produced for less
than $3.00 per barrel. Incremental oil recovery potential is 130 million barrels of oil in the
Minnelusa trend.






Executive Summary

The West Kiehl is the first field to have the combination of alkali plus surfactant plus polymer co-
injected to improve oil recovery. The chemical combination injected into the West Kiehl was 0.8
wt% sodium carbonate (Na,CO,) plus 0.1 wt% active Petrostep B-100 plus 1,050 mg/l Pusher
700. The Na,CO, and Petrostep B-100 were injected to shift the end point of the relative
permeability curve to a lower oil saturation by changing the capillary number. Pusher 700 was
injected to improve the mobility ratio so the mobilized oil is displaced effectively.

The West Kiehl field characteristics and production are well documented.? Classical engineering
analysis projects the ultimate oil recovery from the alkaline-surfactant-polymer swept area of the
Unit to be 70.1 to 76.1% OOIP or 627,250 to 680,300 barrels of oil, leaving 0.165 to 0.206 PV
oil upon completion. The Kottabra 25-15 to the north the Unit was drilled and put on production
after approximately two years of alkali plus surfactant plus polymer injection began. As a result,
0.12 PV of alkali plus surfactant plus polymer solution was injected toward the Kottabra 25-15
compared to 0.33 PV into the Unit. The resulting oil recovery from the flooded volume by the
Kottabra 25-15 is predicted to be 56.0 to 69.5% OOIP or 249,200 to 309,260 barrels, leaving
0.210 to 0.303 PV oil in place. The Kottabra 25-15 also experienced earlier water break through
at 0.11 PV injection compared to the Unit wells at 0.28 PV injected, suggesting poorer oil
recovery efficiency.

Laboratory evaluations were performed to provide data to incorporate into the numerical model.
Linear coreflood oil recovery by water injection was 56.3% OOIP, leaving a waterflood residual
oil saturation of 0.343 PV. Injection of alkali plus surfactant plus polymer produced an additional
17.3% OOIP for a cumulative oil recovery of 73.7% OOIP with a final residual oil saturation of
0.207 PV. Radial coreflood waterflood oil recovery averaged 46.6% OOIP. Mobility control
polymer flood oil recoveries averaged 42.8% OOIP and alkali plus surfactant plus polymer flood
oil recoveries averaged 61.7% OOIP.

A field history match of the West Kiehl was made and projected to ultimately produce 1,017,000
barrels of oil from the field; 684,000 barrels are projected to be from the three Unit wells and
312,000 barrels are projected from the Kottabra 25-15 and 21,000 from the Kottabra 25-10.
Waterflood, mobility control polymer flood, and an alkaline-surfactant-polymer flood are
predicted to recover 726,000, 885,000, and 850,000 barrels of oil from the total West Kiehl Field,
respectively. Corresponding incremental oil produced by alkaline-surfactant-polymer flooding,
mobility control polymer flooding, and alkaline-surfactant flooding are 291,000, 159,000, 124,000
barrels of oil. Interfacial tension agent (alkali and surfactant) and mobility control agent
(polymer) contributions to the total alkaline-surfactant-polymer incremental oil appear to be
additive.

To define suitable waterflood and polymer flood fields for comparison, a 275 square mile area
around the West Kiehl was studied. Seventy two Minnelusa fields were identified. From the 72
fields, 35 were studied in detail to define the waterflood and polymer flood analogs. Each of the
fields were mapped and an ultimate recovery estimated using classical engineering and geologic
techniques. Two fields selected for detailed study by numerical simulation were Simpson Ranch
for the polymer flood and Prairie Creek South for the waterflood. These single injection well
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fields are too small for a pattern flood and so the volume affected by flooding may be a fraction of
the whole field.

Classical engineering analysis of the Prairie Creek South reservoir indicates the waterflood will
recover between 809,000 and 846,000 barrels of oil or 40.3 to 42.1% OOIP. Oil saturation at
waterflood abandonment will be 0.454 to 0.468 PV. Numerical simulation indicates the ultimate
waterflood oil production at the Prairie Creek South will be 790,000 barrels of oil or 39.4%
OOIP. Waterflood abandonment oil saturation will be 0.475 PV. The ultimate oil recovery by
implementing either an alkaline-surfactant-polymer or a mobility control polymer flood after
primary production in Prairie Creek South was determined using numerical simulation. Predicted
ultimate oil recovery is 1,100,000 barrels for an alkaline-surfactant-polymer project and 919,000
barrels for a mobility control polymer flood. Incremental oil is 310,000 barrels and 129,000
barrels, respectively.

Simpson Ranch classical engineering analysis indicates the Cat-An® polymer flood will ultimately
produce 867,000 to 920,000 barrels of oil or 38.0 to 40.3% OOIP. Final oil saturation upon
completion of the polymer flood will be 0.400 to 0.414 PV. Numerical simulation projection for
the ultimate Cat-An® polymer flood oil recovery is 831,000 barrels of oil or 36.4% OOIP. Final
oil saturation will be 0.424 PV. Numerical simulation of a waterflood and an alkaline-surfactant-
polymer flood indicates ultimate oil recovery by the two techniques to be 745,000 and 1,095,000
barrels oil, respectively. Incremental oil for a Cat-An® polymer flood is 86,000 and for an
alkaline-surfactant-polymer flood is 350,000 barrels of oil.

Numerical simulation was used to predict the incremental oil which the alkaline-surfactant-
polymer technology will produce if implemented after a waterflood in the West Kiehl, Simpson
Ranch and Prairie Creek South fields. Total oil production after waterflooding and alkaline-
surfactant-polymer flooding from the three fields was 1,047,000, 1,068,000, and 1,062,000
barrels respectively. Corresponding incremental production was 321,000, 323,000, and 272,000
barrels. West Kiehl total production by alkaline-surfactant-polymer flood was greater afier a
waterflood because the Kottabra 25-15 well was on production for the entire alkaline-surfactant-
polymer injection period.

Based on the numerical simulation, 291,000 incremental barrels of oil and the actual incremental
cost above the waterflood of $458,015, result in incremental oil production at the West Kiehl for
less than $1.60. If 1994 prices are applied to the incremental oil recovery potential indicated by
the numerical simulation for West Kiehl, Prairie Creek South, and Simpson Ranch, incremental oil
can be produced for less than $3.00 per barrel using the alkaline-surfactant-polymer technology.
If the alkaline-surfactant-polymer technology can be applied to all the Minnelusa fields, the
incremental oil recovery potential is 130 million barrels of oil.



Introduction

The amount of oil recovered from porous media by fluid injection can be described in equation
form by

v . EEESH,

° B

M

The value of each of the efficiency factors (Ey;, E,, and Ep), the initial amount of oil present (S,),
and the pore volume of the oil zone (N,) dictates the amount of oil which is produced from an oil
bearing porous media.

The displacement efficiency, Ey,, can be increased by adding an interfacial tension reducing agent
to the injected solution to alter the capillary number. Capillary number is defined as®

_ _viscous forces _ MBaiplacing phase )
capillary forces Y oo

WHETE Lguiacing piaee 1S the viscosity of the injected phase, u is the darcy velocity of the injected
phase and v, is the interfacial tension between oil and water. Abrams* has demonstrated that
capillary number changes of 10? to 10° are necessary for residual oil saturation to be decreased
significantly. Because petroleum reservoirs injection rates and pressures are constrained,
INCreases Of Lg,qiacing phase OF U are limited. Reduction of the interfacial tension between oil and
aqueous solution of three or more orders of magnitude are achievable, resulting in a
corresponding increase in capillary number and ultimately Ep,.

However, adding an interfacial tension agent alone to the injected water can create problems.
Viscous instabilities and early break through of the injected fluid can occur.® The exacerbated
viscous fingering results in decreased reservoir contact efficiency. Including a polymer or
mobility control agent in the injected solution can control the viscous fingering.

The chemical enhanced oil recovery project in the West Kiehl Field is the first project in which
alkali (sodium carbonate) plus low concentration surfactant (Petrostep B-100) plus polymer
(Pusher 700) were co-injected. The co-injection of a mobility control agent plus a combination of
interfacial tension agents into the West Kiehl Field was done to improve the three efficiency
factors at the same time. Vertical, E,;, and areal, E,, sweep efficiency factors were increased by
the addition of polymer to the injected solution. Ej was increased by adding alkali and surfactant
to the injected solution.

The West Kiehl alkaline-surfactant-polymer project is one of only five projects worldwide and the
first in the United States in which a mobility control agent (polymer) was co-injected with
interfacial tension reduction agent(s) (alkali and surfactant). This project is unique in that low
cost chemical combinations were injected. The West Kiehl project is also unique in that it allows
the amount of incremental oil produced as a result of the injection of two different volumes of
chemical solution to be calculated in the same field demonstration. This is because two wells
were drilled in the field north of the West Kiehl Unit 2 years after chemical injection started or 6
months before alkaline-surfactant-polymer ended.



The objective of this project is

®  To quantify the incremental oil produced from the West Kiehl alkaline-surfactant-
polymer project by classical engineering and numerical simulation techniques.

®  To quantify the effect of chemical slug volumes on incremental oil recovery in a
field application.

®  To determine economics of the application of the alkaline-surfactant-polymer
technology.

®  To forecast the results of the injection of an alkaline agent plus a low
concentration surfactant plus a polymer solution to mature waterfloods in similar
Teservoirs.

®  To provide the basis for independent operators to book and produce additional oil
reserves by using the alkaline-surfactant-polymer process.

History of Development of the West Kiehl Field

The West Kiehl Field was discovered in August 1985 by the Terra Resources State 31-36. State
42-36 was drilled and completed in January 1986. State 32-36 was drilled and completed the
following month. State 41-36 was drilled in April 1986, but not completed until January 1988
following field unitization in March 1987.

The northern part of the field extends outside the Unit boundary into Section 25 with
development starting 21 months after chemical injection was initiated into the Unit. The Kottabra
25-15 was completed in September 1989 and Kottabra 25-10 was completed in July 1990.
Kottabra 25-11 was drilled in October 1992 into a water-leg and was completed as a water
disposal well. Figure 1 shows the location of these wells on the net porosity-foot isopach.

Geology

The West Kiehl reservoir is a Permian Minnelusa Lower "B" Sand. The Lower "B" Sand is
interpreted to be a preserved remnant of a highly dissected coastal eolian dune complex. The
eolian sequence including the Lower "B" sand is part of several cycles of transgression and
regression of the Wolfcampian seas in the Lusk Embayment to the southeast. The eolian
sequences provided outstanding reservoir rock.

Structural contours on top of the lower "B" sand porosity indicate a slight northwest-southeast
trending feature. Dip to the southwest primarily reflects regional dip while the very slight
indication of the anti-regional dip to the northeast is a result of deposition.

The isopach of the net thickness lower "B" sand as shown in Figure 1 depicts a rather small
northwest-southeast sand preservation with thickness ranging from 0 ft to greater than 28 ft (8.7
m). The current mapping of the zero edge surrounding the field reflects, in part, the original
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depositional topography of the eolian dune complex that constitutes the reservoir for the field.
Post Minnelusa erosion may have destroyed a part of the original dune complex, reducing the size
of the reservoir.

Injection History

State 31-36 was converted to injection in September 1987. Fox Hills water was injected from
mid-September of 1987 to early December 1987 to study the injectivity and response to
waterflood. Water injection was 685 bbl/day in early December with a stable well head pressure
of 775 psi. The Hall plot demonstrated no injection problems with water.!

On December 3, 1987, sodium carbonate injection began with no change in the Hall plot slope,
suggesting no damage to the formation by injection of alkali. Surfactant was added to the
injection water in addition to the sodium carbonate on December 17, 1987. Co-injection of
15,000 barrels of the alkali-surfactant occurred with a decline in the injectivity factor.! The
decline in the slope suggests that the residual oil saturation around the well bore was reduced by
chemical injection. On January 28, 1988 polymer was added to the alkaline-surfactant solution.
Injection of the alkaline-surfactant-polymer solution continued until June 22, 1990 when
surfactant was discontinued. Soda ash was discontinued on July 5, 1990. The total alkaline-
surfactant-polymer solution injected was 501,063 barrels. Polymer injection continued for
122,926 barrels at the design concentration until April 25, 1991 when a taper of the polymer
concentration began. Polymer was injected through December 1991 with water injection
beginning in January 1992.

Injection pressure has exceeded formation parting pressure, (estimated to be 0.75 psi/ft) beginning
April 1988 or after 158,000 barrels were injected. No change in slope of the Hall plot' was
observed in April 1988 when injection pressures exceeded 0.75 psi/ft. This would indicate that
the fractures were not communicating with other sands or the producing wells.
Injection/withdrawal ratios of approximately 1.0 indicate that the injected fluid is staying in zone.
The inadvertent limited fracturing may have helped maintain injectivity by increasing the effective
wellbore radius. The Hall plot and the injectivity factor plot show no damage to the formation by
injection of alkali-surfactant-polymer.

The swept volume is that volume between the injector and the producer contacted by the injected
fluids. The volume of alkaline-surfactant-polymer solution injected into the Unit swept area was
0.33 PV and, through December 1991, 0.15 PV of a taper polymer solution was injected. Water
injection after the polymer taper began in January 1992. To the north, the area swept by Kottabra
25-15 received 0.12 PV of alkaline-surfactant-polymer solution followed by 0.21 PV polymer.

Production History

The producing wells in the West Kiehl Unit are: State 31-36, State 32-36, State 42-36 and State
41-36. The initial oil production from State 31-36 was 278 bbl/day occurring in October of 1985
with a rapid decline to 34 bbl/day before conversion to injection in September 1987. State 42-36
initially produced 176 bbls/day of oil in February 1986 and declined to 29 bbls/day in September
1987. State 32-36 initially produced 23 bbls/day in March 1986 and declining to 8 bbls/day in
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September 1987. The maximum combined primary oil production occurred in February 1986
with 339 bbl/day.

The response to fluid injection beginning in September 1987 was rapid. Unit production
increased from a low of 63 bbl/day to a peak of 460 bbl/day in February 1988. Unit production in
excess of 400 bbl/day was maintained from February 1988 until February 1989. The Kottabra 25-
15 began producing in September 1989. Water production was observed almost immediately
upon fluid injection but remained constant at about 2% until May 1990. The Unit oil and water
production with and without the two Kottabra wells is shown in Figure 2.

State 32-36 responded rapidly to fluid injection, increasing from 8 bbl/day to 155 bbl/day in
February 1988. During injection, the water cut maintained a nearly constant 5% from November
1987 until May 1990. Water production increased rapidly for three months at which time the
water cut has stayed between 50% to 65%. Figure 3 depicts the State 32-36 oil and water
production. Qil production as of December 1993 was 35.1 barrels/day at an oil cut of 62.2%.

State 42-36 also responded rapidly to fluid injection. Oil production increased from 29 bbl/day in
August 1987 to a peak value of 324 bbl/day in February 1988. Initial water break through of
about 1 bbl/day occurred in June 1990. The water cuts reached a stabilized value between 50 and
60% between November 1991 and October 1992. Water cuts have increased to 79% in
December 1993. Oil production has declined to 34.8 bbl/day. Figure 4 depicts the State 42-36
oil and water production.

State 41-36 began production in January 1988 with a peak oil production of 14 bbl/day in
February 1988. Water production began immediately with production from the well. Water cuts
began in the 40 to 60% range and by October 1990 had increased to 60 to 75%. Oil production
remained essentially constant at 3 to 5 bbl/day from September 1988 until January 1991 when
production declined to the 1 to 2 bbl/day range. The well was shut-in in November 1991 but is
periodically turned on until production water cut exceeds 80%.

In the northern part of the field, the Kottabra 25-15 began production in September 1989, 21
months after the beginning of alkaline-surfactant-polymer solution injection. It reached peak
production of 327 bbl/day in December 1989. Oil production maintained near peak production
levels until water break through in May 1990. Water production increased from 2% at break
through to approximately 50% in June 1991. Water cut remained constant from June 1991
through April 1992. Water cut has increased to 87% with the corresponding oil production
declining to 50.0 bbl/day in December 1993. The Kottabra 25-15 oil and water production are
depicted in Figure 5.

Kottabra 25-10 began production in July 1990 and reached peak production values of 35 bbl/day
in the same month. The water cut has remained essentially constant from initial production at
33%. Oil production has declined from the initial production level to 10 bbl/day in October 1992.
Injection of water into Kottabra 25-11 has increased production to 16 bbls/day in December
1993.
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Discussicn of Evaluations

West Kiehl Analyses

Geological and Reservoir Analyses West Kieh!

The productive reservoir at West Kiehl consists of a single lower "B" member eolian sand dune
complex. The dune is approximately one mile long and less than one-half mile wide with the
longitudinal axis trending north north west. The maximum gross sand thickness is 91 ft and
maximum net oil sand is 28 ft. The "A" and upper "B" members of the Minnelusa have been
eroded at West Kiehl and the unconformable overlying Opeche shale provides the upper seal. The
impermeable Minnelusa "C" Dolomite provides the lower seal. The trapping mechanism is
entirely stratigraphic and is controlled by the geomorphology of the sand dune.

The effective porosity (over 10%) is developed and preserved in five mappable and conformable
horizontal zones. Zones 1 through 5 are labeled on Figure 6 which is a stratigraphic cross section
with the top as the Minnelusa "C" dolomite as datum. The zonation is based on the sonic log
correlation and porosity variations. Zones 1 through 3 are oil bearing with an oil-water contact at
2,255 ft sub-sea, as determined from log analysis, drill stem tests and completion results. Zones 4
and S are below the field oil-water contact, are non-productive and are not perforated. Zone 4
has low porosity and permeability. Figures 7 through 11 show the net oil sand isopachous map
for each of the five layers. Figure 7 also shows the wells included in the cross section. Only
zones 1 through 3 were used in the numerical simulation.

The productive reservoir at the West Kiehl has a small water leg constituting less than 25% of the
total pore volume. There is no discernable gas cap. The primary drive mechanism is entirely
solution gas, rock and fluid expansion with no apparent natural water drive.

The West Kiehl has a pore volume of 3,084 Mbbls. The unit pore volume contacted by chemical
injection is 1,295 Mbbls and the pore volume contacted by chemical injection to the north toward
Kottabra 25-15 is 645 Mbbls. The initial oil saturation in the flood area is 71.8%. The reservoir

and production data are summarized in Kiehl West Field Table 1.

Classical Engineering West Kiehl Project Performance

The alkali-surfactant-polymer flood in the West Kiehl Unit was evaluated by analyzing the
production from State 32-36 and State 42-36 in a similar manner as discussed by Meyers et. al.’
The incremental gross swept area between the State 31-36 injection well and the State 32-36 and
State 42-36 production wells has a pore volume of 1,295,000 barrels, as determined using the
method of Slider.® Primary production out of the swept area was 43,364 barrels of oil or 0.033
PV. No water was produced on primary production. Prior to water break through, an additional
361,959 barrels of oil and water or 0.280 PV were produced. Some water was produced almost
immediately upon fluid injection from the State 32-36 with the water production continuing at a
water cut never exceeding 4% until break through. No water was produced from the State 42-36
until break through. As of December 1993, a total of 526,680 barrels or 0.407 PV of oil have
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been produced from the gross swept area between the State 31-36 and the State 32-36 plus the
State 42-36. Current water cut for the State 32-36 is 62.2% and 78.7% for State 42-36. Based
on the water cut and monthly oil production versus cumulative oil produced plots for State 32-36
and State 42-36 (Figures 12 and 13), the ultimate oil recovery from the gross swept area was
estimated to be 253,250 to 257,000 barrels of oil from State 32-36 plus 339,450 to 388,800
barrels of oil plus 34,500 barrels of oil from State 31-36 during primary production. Total oil
production from the Unit gross swept area is estimated to be 627,250 to 680,300 barrels of oil or
0.484 to 0.525 PV at an economic limit water cut of approximately 92%. Oil saturation in the
Unit gross swept area after completion of the project is estimated to be 0.165 to 0.206 PV. The
resulting swept volume E, in the oil recovery equation is 0.701 to 0.761.

The Kottabra 25-15 well started production after chemical injection into the State 31-36 for 21
months. As a result, this well is a good comparison of the State 32-26 and State 42-36 wells
performance because the volume of alkaline-surfactant-polymer solution injected was a fraction of
the amount injected into the Unit area. The gross swept area of the Kottabra 25-15 has a pore
volume of 645,100 barrels. From September 1989 to December 1992, the area received
approximately 80,000 barrels or 0.12 PV of alkaline-surfactant-polymer and approximately
135,000 barrels of polymer or 0.21 PV. This compares with 0.33 PV of alkali-surfactant-polymer
and 0.15 PV polymer injected into the areas swept by State 32-36 and State 42-36. No primary
production occurred from the Kottabra 25-15. Total fluid produced at water break through was
72,643 barrels of fluid or 0.113 PV of which only 221 barrels was water. As of December 1993,
236,996 barrels or 0.367 PV of oil have been produced from the Kottabra 25-15 swept area.
Current water cut is 87%. Estimated ultimate oil production is 249,220 to 309,260 barrels of oil
from the Kottabra 25-15 plus 17,250 barrels of oil (2,742 m®) produced during primary by State
31-36 for a total of 266,470 to 326,510 barrels of oil or 0.413 to 0.506 PV. Figure 14 depicts the
Kottabra 25-15 water cut and monthly oil versus cumulative oil extrapolation. Oil saturation in
the gross swept area after completion of the project is estimated to be 0.209 to 0.303 PV. The E,
of the oil recovery equation calculates to be 0.577 to 0.707. Figure 15 and the following table
compare the oil recovery of the West Kiehl Unit with the Kottabra 25-15.

Comparison of Unit and Kottabra 25-15 Oil Recovery

West Kiehl Unit Kottabra 25-15

Volume Na,CO,-Petrostep B-100

-Pusher 700 Injected (PV) 0.33 0.12
Volume of Pusher Drive Injected (PV) 0.15 0.21
Estimated Total Oil Recovery (%OO0IP) 0.1 to 76.1 57.7t0 70.7
Final Residual Oil Saturation (PV) 0.165 to 0.206 0.209 to 0.303

The State 41-36 and the Kottabra 25-10 production performance was not evaluated because the
volume of fluid produced from both these wells is minimal. Also, the configuration of the
Kottabra 25-10 well relative to the State 31-26 and Kottabra 25-15 suggests a minimal impact by
the injected fluids on the Kottabra 25-10 performance. Cumulative oil production as of December
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1993 was 6,695 barrels of oil from the State 41-36 and 20,579 barrels of oil from the Kottabra
25-10.

To estimate the wateflood incremental oil due to alkaline-surfactant-polymer either the average
estimated final oil saturation of 0.403 PV of the 35 field emphasized in the "Geological and
Reservoir Analyses of Fields Surrounding West Kiehl" discussed beginning on page 19 or the
average of the estimated waterflood residual oil saturation of 0.339 PV from the South Prairie
Creek and Simpson Ranch analysis discussed later can be used. The later was used because these
fields were felt to be the best reservoir analogs to the West Kiehl of the fields studied. Assuming
the waterflood residual oil saturation at the West Kiehl if 0.339 PV, West Kiehl waterflood oil
production is 480,000 barrels from the State 32-36 and 42-36 gross swept area and is 238,900
from the Kottabra 25-15 gross swept area. Incremental oil from the State 32-36 plus State 42-36
gross swept area is 147,250 to 200,300 barrels. Incremental oil from the Kottabra 25-15 is
27,570 to 87,860 barrels. Total incremental oil is 174,820 to 288,160 barrels of oil.

West Kiehl Laboratory Evaluations

The initial laboratory evaluation was presented by Clark et. al.* The ion content of the Fox Hills
injection water and the produced water are listed in the following table. The produced water is
from a well drilled in 1992 outside the flood area and is believed to be indicative of the connate
water.

West Kichl Water Analyses
Fox Hills Kottabra 25-11
Water Produced Water
Ion Type Ion Concentration (mg/kg)

Calcium 14 537
Magnesium 0.4 92
Barium 0 59
Strontium 04 23
Sodium 240 1,490
Potassium 0 60
Iron 0 0

Chloride 15 1,474
Carbonate 37 66
Bicarbonate 446 272
Sulfate 280 4253
Total Dissolved Solids 838 9,686
pH 8.44 8.33

Resistivity at 21°C (ohm-m) 10.3 1.28

West Kiehl Crude oil is 24 degree API with a viscosity of 17.6 cp at 134°F.

The alkaline plus surfactant plus polymer solution injected into the West Kiehl field was 0.8 wt%
Na,CO, plus 0.1 wt% active Petrostep B-100 plus 1,050 mg/l Pusher 700. Interfacial tension
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measurements were repeated at the design concentration and half the design concentration for the
numerical simulation. The solutions were also diluted with produced water. The results are
summarized on the following tables.

Interfacial Tension between West Kiehl Crude Qil and Alkali Surfactant

Interfacial Tension at 134°F (mN/m)

0.05 wt% active 0.1 wt% active
Na,CO; wt% Petrostep B-100 Petrostep B-100
0.00 18.3 18.3
0.40 0.216 0.024
0.60 <0.001 <0.001
0.80 <0.001 <0.001
1.00 <0.001 <0.001

Produced Water Effect on Interfacial Tension

0.8 wt% Na,CO, plus Interfacial Tension at 134°F (mN/m)
0.1 wt% Petrostep B-100 0.05 wt% active 0.1 wt% active
to Produced Water ratio Petrostep B-100 Petrostep B-100

100:0 <0.001 <0.001

80:20 0.015 0.002

60:40 0.046 0.046

40:60 0.065 0.065

20:60 1.5 1.5

No core was taken at the West Kieh! Field. Therefore, core from near-by Minnelusa Lower "B"
reservoirs was used for the laboratory work. The core used were from the Wolf Draw Field, Well
Wolf Draw Federal 14-18, and the Guthery Field, Well Brehm #3. Two linear corefloods and
seven radial corefloods were completed. Relative permeability analysis indicated the Minnelusa
Lower "B" sand is water-wet and the mobility ratio for water-displacing oil averages 2.2. Figure
16 depicts the relative permeability curve. Oil saturation shifts were from 0.788 PV to 0.343 PV,
for a recovery of 56.5% of the initial oil saturation. Injection of polymer (Pusher 700) after the
waterflood recovered no additional oil. Injection of 0.8 wt% Na,CO, plus 0.1 wt% Petrostep B-
100 plus Pusher 700 reduced the oil saturation to 0.207 PV for an additional recovery of 0.136
PV of incremental oil or 39.7% of the waterflood residual oil. Dynamic retention of chemical
from the linear corefloods averaged 72,966 Ib/acre-ft for Na,CO,, 5,123 Ib/acre-ft for Petrostep
B-100, and 723 Ib/acre-fi for Pusher 700 injected with Na,CO, plus Petrostep B-100 and 314
Ib/acre-ft when injected dissolved in Fox Hills water prior to alkaline-surfactant-polymer solution.
When Pusher 700 dissolved in injection water was injected after the alkaline-surfactant-polymer
solution, an additional 49 Ib/acre-ft was retained by the Minnelusa sand. Based on resistance
factor and chemical retention data of these linear corefloods, an injection concentration of 1,050
mg/l Pusher 700 is sufficient for mobility control if 1 PV of polymer were injected.
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Chemical oil recoveries of the radial coreflocds using 4 inch radial discs are summarized in the
following table. The chemical floods were performed with no waterflood prior to chemical
injection with the excepticn of two corefloods. This is because the West Kiehl Field alkaline-
surfactant-polymer project was performed in a secondary application.

Radial Coreflood Waterfiood and Chemical Flood Oil Recovery

Chemical
Waterflood Flood Combined
Recovery Recovery  Recovery

Chemical Injected %Sy %S, %Sy
Waterflood followed by 37% PV ASP 454 12.6 58.0
Waterflood followed by 13% PV ASP  47.7 55 53.2
29% PV ASP - 10% PV Polymer - 61.2 -—--
13% PV ASP - 26% PV Polymer - 52.7 -
94% PV ASP - no Polymer ———- 65.9 -
43% PV Polymer ——-- 40.0 -
35% PV Polymer -— 457 ——

The average polymer flood performed no better than the average waterflood, 42.8% S versus
46.6% S, respectively. However, injection of 0.8 wt% Na,CO, plus 0.1 wt% Petrostep B-100
plus 1,050 mg/l Pusher 700 recovered an additional 15% S,,. Additional oil was recovered when
more ASP slug was injected. Reducing the volume of alkaline-surfactant-polymer slug injected to
13% PV lowered the incremental oil production to 5.5% S,

Numerical Simulation

The West Kiehl alkaline-surfactant-polymer flood area was modeled using the GCOMP reservoir
simulator. This simulator provides black-oil, compositional, pseudo miscible, or chemical
matching and forecasting capabilities. The chemical phase of the simulator accounts for in-situ
surfactant generation or saponification of oil by alkali, the partitioning of surfactant into the oil
and water phases, the adsorption and desorption of chemicais onto rock surfaces, increased
aqueous phase viscosity by polymer addition based on resistance factor data, and the shift in the
residual oil saturation dependant upon contact with the alkaline-surfactant solution and the
concentration of each species in solution.

Numerical Simulation - West Kiehl Radial Coreflood History Match

The coreflood history match is performed to verify values for chemical adsorption, resistance
factor and capillary number response that result in the oil recovery observed during the coreflood.

Three radial corefloods were matched to calibrate the chemical portion of the model. The first

was a waterflood followed by chemical injection and the second and third were polymer and alkali
plus surfactant plus polymer injection after injection of 0.043 PV of water. The chemical systems
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injected were 1,050 mg/l Pusher 700 and 0.8 wt% Na,CO; plus 0.1 wt% Petrostep B-100 plus
1050 mg/1 Pusher 700.

The coreflood simulation consists of 5 uniform thickness layers of 5 radial grid blocks each of
equal porosity. The permeability of the bottom layer is about 1/10® that of the top 4 layers. The
core dimensions, pore volume, and porosity are the same as the average values for radial
corefloods.

The coreflood matches are depicted in Figures 17 through 19. Polymer rheologic parameters and
alkali plus surfactant capillary number parameters were identical for all three corefloods. The
overall oil recovery and oil cut matches of the radial corefloods were good. The comparative oil
recovery data are listed in the following table.

Numerical Simulation and Coreflood History Match

Initial Final Total
Saturation  Saturation Qil Recovery
Source of Data Pv) V) %S,
coreflood 3
Waterflood - actual 0.588 0.321 45.4
Waterflood - simulation 0.589 0.323 451
coreflood 3
ASP - actual 0.321 0.247 58.0
ASP - simulation 0.323 0.244 58.6
coreflood 5
ASP - actual 0.673 0.261 612
ASP - simulation 0.674 0.282 58.1
coreflood 8
Polymer - actual 0.733 0.398 45.7
Polymer - simulated 0.733 0.400 45.4

Oil recovery in the layers varied from 40% OOIP to 70% OOIP for the alkaline-surfactant-
polymer floods and 30 to 55% for the polymer flood.

Figures 17 through 19 also depict the produced chemical concentrations. No Na,CO, was
produced in either coreflood and Petrostep B-100 was only produced at low concentrations in
coreflood 5.

Numerical Simulation - West Kiehl History Match
Data Used for Simulation - The basic reservoir description for the West Kiehl Field was

determined by geological and reservoir engineering interpretation as described earlier. Other data
were obtained from various reports and data about the West Kiehl. These include:
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® the "Secondary Recovery Feasibility Study" Engineering Committee Report for the
West Kiehl Field dated October 1986

®  well testing reports for the following wells

State 31-36 State 32-36 State 42-36
State 41-36 Kottabra 25-10 Kottabra 25-15
Kottabra 25-11

®  well logs and log analyses providing depth, porosity, water saturation and
completion intervals for the following wells

Argentine 33-25 Flo State 21-36
Kottabra #1 Kottabra 25-10
Kottabra 25-15 Kottabra 32-25
State 31-36 State 32-36
State 41-36 State 42-36
Waliszek 25-14 Kottabra 25-11

®  monthly oil and water production from all producing wells through December
1993

®  daily injected volume, pressure, and chemical concentration for State 31-36
®  isopachs including the following

top of structure gross sand
net porosity foot hydrocarbon pore volume

®  Routine core analysis from other Minnelusa lower B reservoirs in the vicinity of
the West Kiehl field

® reservoir fluid study for State 42-36

Fluid Properties - The properties of the West Kiehl reservoir oil and gas were obtained
from the "Reservoir Fluid Study for Terra Resources, Inc. State 42-36 Well Wildcat."’
These data are compiled in Table 2. Figure 20 shows the crude oil viscosity versus
pressure and Figure 21 depicts the oil density and volume factor versus pressure. The
reservoir oil is essentially a dead oil. A reservoir water viscosity of 0.635 cp with a
density of 1.023 g/ml and a compressibility of 2.95 x 10 vol/vol/psi were used.

The physical properties of the chemical solutions injected at West Kiehl were also required
for the simulation. The resistance factor and residual resistance factor data and non-
newtonian rheological solution properties are used to calculate the viscosity of the
polymer solution during the simulation. The viscosity data for the polymer solutions
injected at the West Kiehl Field are depicted in Figure 22.
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Relative Permeability - The relative permeability data were developed in the linear
corefloods as depicted in Figure 16. Wolf Draw core was used. A compilation of 18
relative permeability evaluations conducted on Minnelusa Lower "B" core shown in Figure
23 indicates that the relative permeability using the West Kiehl fluids is typical. The
relative permeability data in Figure 23 was used for the reservoir model.

Permeability and Porosity - No core was available from the West Kiehl Field. In order
to provide permeability information for numerical simulation, data from an adjacent lower
"B" Minnelusa field were used. The permeability for the simulator was obtained from a
cross-plot of permeability versus porosity. The data, representing measurements from 5
Minnelusa routine core analyses using a 10% porosity cut-off, are presented in Figure 24.
The line shown is the correlation used in the models.

Grid Data - The study area was divided into a grid spacing of 13 by 33 with 3 layers for a
total of 1,287 grid blocks. Figure 25 shows the grid system and well locations. The three
zones included in the numerical model are shown in the diagrammatic structural cross
section shown in Figure 26.

Various properties were assigned to each grid block. The porosity for each layer was
obtained by estimating porosity for each zone from the logs and averaging the porosity
tabulated for the interval. The resulting porosity maps can be seen as Figures 27 through
29. The greatest porosity for the reservoir was seen for layer 3 and was the greatest
around well Kottabra 25-15. Note layer 2 has very low porosity and represents ineffective
porosity.

The permeability for each grid block was initially derived from the permeability versus
porosity data of Figure 24. Permeability is the parameter for which there is the least
information and, as a consequence, is the value that is most manipulated to provide a
history match.

Because the model takes into account gravitational forces, the orientation of the structure
was also needed. The elevation (sub-sea) of each grid block is determined from the top of
structure, and the sum of the thickness of layers for overlain grids.

Initial Conditions - The initial oil and water saturation conditions were obtained by
determining an oil-water contact. From the individual well log analyses, the depth of the
oil-water contact averaged 2,255 ft sub-sea. The oil saturation below this depth was then
set to zero and above this depth at the endpoint of the relative permeability curve, 0.718
PV. Because of the orientation of the structure and the occurrence of an oil water
contact, much of the northwest portion of the reservoir is underlain by water. Drilling of
the Kottabra 25-11 into this area in October 1992 verified the area to be wet.

Drill stem testing on well State 31-36 indicated an initial reservoir pressure of about 2,200
psi, which was used for the numerical simulation.
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West Kiehl Field History Match

The performance of the alkaline-surfactant-polymer flood is matched through December 1993.
During the history match, the actual injection rates and oil plus water production rates are the
limiting criteria for the simulation. The proportions of water to oil are dictated by the relative
permeabilities, the chemical model parameters, and grid saturations. The pressure within a grid
block is dictated by the pressure in adjoining grid blocks and the transmissivity between grid
blocks. The transmissivity is a function of the thickness, porosity, and effective permeability of
the grid blocks. The effective permeability of the fluids depends upon the grid saturation. The
pressure of a grid block containing a well depends upon the rate at which fluids are injected or
withdrawn from the well, the pressure of adjoining grid blocks and the transmissivity between grid
blocks.

To facilitate a history match and honor the oil saturation calculated from the logs, the pore
volume of the West Kiehl had to be increased from 3.1 million barrels to 3.7 million barrels. The
net pay was increased in layers 1 and 3 between Kottabra 25-15 and State 42-36 to the east of
State 31-36.

Three key wells for the history match are State 32-36 and State 42-36 which are in the West Kiehl
Unit and Kottabra 25-15. Figure 30 compares the actual cumulative oil, cumulative water, and oil
cut for each of the three wells, the combination of 32-36 and 42-36, and the total field. The
history match of 32-36 water break through was delayed while 42-36 was early. The combination
of 32-36 and 42-36 history match was essentially exact as is the Kottabra 25-15 and the total
field.

West Kichl Chemical Flood Predictions

Predictions were made to extend the current water injection after the alkaline-surfactant-polymer
flood and to simulate a waterflood, an alkaline-surfactant flood and a mobility control polymer
flood. For the mobility control polymer flood, polymer was injected at the same concentration
and over the same time period as the alkaline-surfactant-polymer flood. The alkaline-surfactant
flood injection volume was equal to the actual alkaline-surfactant-polymer injection volume.
Water was injected after the alkaline-surfactant solution as a drive fluid.

The chemical injection periods for the polymer flood and alkaline-surfactant flood were identical
to the corresponding chemical injection of the alkaline-surfactant-polymer flood history match.
The injection rates for each quarter year were identical to actual injection rates through December
1993 for the waterflood and polymer flood predictions. Injection into State 31-36 and Kottabra
25-11 after December 1993 for each of the predictions were at a pre-set level equal to the average
of 1993 with the actual rate dictated by a pressure limit equal to parting pressure. The chemical
flood predictions were:
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West Kiehl Numerical Simulation Chemical Consumption

-—-Cumulative Pounds—

—Chemical Injected x 10°—
Petrostep Pusher
Flood Description Dates of Injection Na,CO; B-100 700
Alkali-surfactant-polymer January 1988-July 1990 1,547 193 254
polymer drive July 1990-December 1991
Alkali-surfactant January 1988-July 1990 1,362 170 —-e-
Polymer January 1988-December 1991  ----- e 207

Time at which wells were put on production were identical to the actual occurrence.

Figure 31 depicts the cumulative oil, cumulative water and oil cut prediction for the total field of
continued injection of the water injection behind the alkaline-surfactant-polymer and polymer
drive. Each well was produced to an economic limit of 12 oil bbls/day per well. Figure 32 shows
the predicted production for the combination of 32-36 and 42-36. Figure 33 depicts the Kottabra
25-15 predictions. Figures 31 through 33 also depict the waterflood, polymer flood, and alkaline-
surfactant-polymer flood predictions. The volume of incremental oil is summarized in the
following table.

West Kiehl Numerical Simulation Predicted Oil and Water

Cumulative Cumulative Incremental Project

Oil Water Oil Ending
Flooding Process MSTB MSTB MSTB Date
Total Field
Waterflood 726 1,332 eeeee- 4-1998
Mobility Control Polymer 885 1,287 159 10-2000
Alkaline-Surfactant 850 1,119 124 7-1997
Alkaline-Surfactant-Polymer 1,017 1,683 291 10-2002
West Kiehl Unit (Combination of 32-36 and 42-36)
Waterflood 412 397 eeee-
Mobility Control Polymer 538 419 126
Alkaline-Surfactant 498 404 86
Alkaline-Surfactant-Polymer 609 653 197
Kottabra 25-15
Waterflood 218 896
Mobility-Control Polymer 273 879 55
Alkaline-Surfactant 248 684 30
Alkaline-Surfactant-Polymer 312 989 94

The majority of incremental oil was produced from the West Kiehl Unit. This is due to volume of
alkaline-surfactant-polymer and polymer injected into the Unit versus toward the Kottabra
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25-15 well to the North. Based on the simulation pore volume, 0.12 PV of ASP was injected into
the area swept by Kottabra 25-15 and 0.23 PV was injected into the area swept by the State 32-
36 and 42-36 wells.

Incremental oil was produced by mobility control polymer flooding and alkaline-surfactant
flooding. Again, the West Kiehl Unit produced the greatest amount of incremental oil due to the
volumes of chemical injected into the respective swept areas. Incremental oil due to the mobility
control polymer portion of the solution and the interfacial tension reduction portion of the
solution are additive.

In Figures 31 through 33 ¢ (bottom) plots, notice the delay in water break through for the
chemical floods relative to the waterflood. The 32-36 plus 42-36 combination showed a delay of
water break through of approximately 100,000 bbls. Kottabra 25-15 difference is less than
25,000 barrels. The difference between alkaline-surfactant-polymer flood and either the polymer
flood or the alkaline-surfactant flood is the rate of oil cut decline after water break through. This
is especially noticeable for the 32-36 plus 42-36 combination which received a larger volume of
alkaline-surfactant-polymer injection.

Figure 34 shows the incremental oil over waterflood for the total field, the combination of 32-36
plus 42-36, and for Kottabra 25-15 when different volumes of alkaline-surfactant-polymer
solution were injected. For these predictions, the total volume of mobility control fluid injected
was kept constant by altering the polymer drive volume. Zero alkaline-surfactant-polymer
injection is the mobility control polymer flood. Actual injected volume was 565,000 bbls of
alkaline-surfactant-polymer. Kottabra 25-15 production began after 412,000 bbls of alkaline-
surfactant-polymer injection. Figure 34 indicates the following:

®  Incremental oil due to alkali and surfactant addition to a polymer flood is not significant
until sufficient quantity of chemical has been injected to satiate chemical adsorption.

®  Kottabra 25-15 produced oil beyond a polymer flood when alkaline-surfactant-polymer
solution injection was terminated prior to the well being turned on due to injection of
alkaline-surfactant-polymer to the north of State 31-36.

Figure 35 shows the incremental oil over waterflood for the total field, the combination of 32-36

and 42-36, and Kottabra 25-15 if the polymer drive had been continued. In each case, the volume
of alkaline-surfactant-polymer injected was 565,000 bbls. Actual polymer drive injection volume
was 296,000 bbls. Lengthening the polymer drive would have benefitted the Kottabra 25-15 but

not the wells in the West Kiehl Unit.

Figure 36 shows the predicted produced chemical concentrations for continuation of the current
chemical flood. -Actual produced chemical concentrations are also shown. As of December 1993,
only polymer has been produced at the different wells and the simulation prediction suggests
polymer will be the only chemical produced in measurable quantities for the remainder of the
project life. Predictions of produced chemical indicate that peak chemical concentrations will be
produced at State 42-36 and Kottabra 25-15. Predicted peak polymer production will be 8 mg/l,
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peak Na,CO, production will be 0.04 wt% and peak Petrostep B-100 production will be less than
0.01 wt%.

Geological and Reservoir Analyses of Fields Surrounding West Kiehl

A study area around the West Kiehl field, located in Sections 25 and 36, Township 53 North,
Range 68 West, Crook County, Wyoming, was selected to encompass a number of productive
Minnelusa oil fields. The area selected includes:

Twp 52N - Rge 67TW
Twp 51N - Rge 68W
Twp 51N - Rge 69W
Twp 52N - Rge 67TW
Twp 52N - Rge 68W
Twp 52N - Rge 69W
Twp S3N - Rge 67TW
Twp 53N - Rge 68W
Twp 53N - Rge 69W
Twp 54N - Rge 67W
Twp 54N - Rge 68W
Twp 54N - Rge 69W
Twp 5SN - Rge 67TW

Sections 4 to 9

Sections 1 to 12

Sections 1to 5 & 8to 17

Sections 410 9, 16 to 21 & 28 to 33

All

Sections 1to 3, 10 to 15, 22 t0 27 & 34 to 36
Sections 4 t0 9, 16 to 21 & 28 to 33

All

Sections 1to 3, 10 to 15, 22 to 27 & 34 to 36
Sections 4 t0 9, 16 to 21 & 28 to 33

All

Sections 1 to 3, 10 to 15, 22 to 27 & 34 to 36
Sections 28 to 33

Twp 55N - Rge 67.5W Sections 25 & 36
Twp 55N - Rge 68W  Sections 25 to 36
Twp 55N - Rge 69W  Sections 25 To 27 & 34 to 36

Over 1,600 Minnelusa penetrations have been drilled in this 275 square mile study area at depths
ranging from 2,000 feet in the northeast to over 7,000 feet in the southwest. Seventy-two
separate Minnelusa oil fields have been developed within this area from 1960 through 1993 with
projected ultimate recoverable oil reserves ranging from 2,100 to 6,632,600 barrels. Log suites
for the Permian section (top Minnekahta formation through Upper Minnelusa formation) were
retrieved from the Denver Earth Resources Library on all of the 1,600 plus wells. These log
suites consisted of an induction and a sonic log covering the interval from the top of the Permian
Minnekahta formation to total depth or 500 feet below the top of the Minnelusa, which ever is
less. In the absence of sonic logs, density or micro logs were substituted, if available. On a few
wells, the only available log was a gamma ray-neutron.

An east-to-west and north-to-south stratigraphic cross section grid of the Permian Minnekahta,
Opeche and Upper Minnelusa formations was constructed on an approximate two mile grid
spacing (ten east-to-west and four north-to-south). The system boundary lines as defined by
Fryberger® were incorporated into this correlation grid with some modification. Fryberger
utilized a designation system which subdivided the Upper Minnelusa into the A, B, C, and D units,
each representing an episode of off-shore progradation of eolian sand dunes into the evaporitic
carbonate sedimentary province of the Lusk Embayment. Within this study area, the B zone was
further subdivided into an Upper B and a Lower B, each representing a separate episode. The
marine dolomite which overly the A, Upper B, Lower B and C zones and represent the final
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stages of transgression were designated by the name of the underlying sand. Thus, the dolomite
separating the Lower B and the C sand is designated the C dolomite. The top of the Minnelusa C
dolomite was utilized as a datum for the regional cross sections.

With the cross sections as a reference, sequence boundaries, stratigraphic unit tops and porous
intervals within the productive portion of the Upper Minnelusa formation were determined and
tabulated for all 1,600 wells. The Minnelusa D sequence was penetrated in a few wells with no
indication of hydrocarbons. No attempt was made to map this zone. A data table was prepared
for all of the retrieved reservoirs (Table 3). The data table includes the subsea tops and bases of
all the correlated sand units, the porous intervals, drill stem tests, completion results and current
production history through January 1992. Figure 37 is a regional map depicting the field and well
locations.

A series of geological work maps and correlation sections were constructed utilizing the data
table over all seventy-two Minnelusa oil fields to clearly define the sequence boundaries and the
reservoir geometry of each productive unit. The geomorphic trap is the principal type of oil trap
in the Upper Minnelusa within the 275 square mile study area. Each of the four members
mapped, the A, Upper B, Lower B and C represents an episode of progradation of eolian sand
dunes and each episode is terminated and separated by the deposition of a marine dolomite
reflecting the maximum marine transgression of the sea to the north and west over the dune
deposits. Within the study area, the thickness of the complex within each of the four members
varies from less than 20 feet to over 100 feet. The dune complexes have an areal extent ranging
from 160 to over 640 acres. A period of regional uplift followed the deposition of the Upper
Minnelusa eolian sands. A series of non-marine erosional channels, conforming roughly to the
depositional topography of the underlying eolian deposits were incised into the Upper Minnelusa.
These varied in width from a few hundred feet to several miles and reached a depth of over 100
feet. The channels were filled with the non-marine Opeche shale, which was subsequently
overlain by the Minnekahta dolomite during a period of widespread marine transgression.

The sand dune complexes within the Upper Minnelusa Formation provide the reservoir for oil
entrapment. Within the 275 square mile study area, most of the Minnelusa oil accumulations were
the result of relatively simple geomorphic traps where the depositional topography of the dune
complex was the primary factor controlling oil accumulation. The regional structural setting
within the study area consists of a simple monocline with little or no structural closure. Either the
conformably overlying marine shale or the unconformably overlying Opeche shale formed the
upper seal and the underlying marine shale the lower seal for most productive traps. A few of the
oil accumulations were controlled by diagenic facies changes or a combination of facies and
geomorphology.

From the data tabulated and the maps and sections constructed for the 72 separate Minnelusa
fields, 35 fields, including the West Kiehl, were selected for more rigorous and thorough reservoir
analysis. Table 4 lists the 35 fields. The selection process involved eliminating smaller fields with
fewer than two producing wells and more complex fields with multiple facies traps.

For the 35 selected fields, net oil pay isopachous maps were constructed for each of the
productive eolian sands within the field boundary. Net pays were determined from sonic (or
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density) logs using a porosity cutoff of 10 per cent. Field oil-water contacts, if present, were
established using a combination of conventional log analysis and analysis of drill stem, completion
and production tests. The oil columns for each reservoir were planimetered and a reservoir
volume (acre-ft) was calculated using the average of three methods. A weighted field average for
porosity and true resistivity within the productive zone was calculated by analyzing the logs of all
wells penetrating the producing zone. Water resistivities were generally determined from water
analyses obtained from early drill stem or production tests. Water resistivities were also "backed
out” by analyzing the logs of water-wet Minnelusa sand sections well below the established field
oil water contacts. Irreducible field water saturations were then calculated using a Schlumberger
nomograph.'® These calculated values for water saturation probably represent the most sensitive
aspect of determining original oil in place. The method used should result in a maximum value for
water saturation with the resulting oil in place estimates representing a conservative value.

Field production histories for each of the 35 fields were retrieved from Dwight's Energydata, Inc.
production data file. Decline rates were extrapolated for both primary and waterflood portion of
the field decline history. Water injection history was retrieved from the State of Wyoming Oil and
Gas Commission hard copy production files in Casper, Wyoming and was incorporated into the
field production analysis. All of the 35 fields selected are mature enough to provide established
decline rates within a margin of error of only a few per cent.

Data tables were prepared for each of the thirty-five selected fields incorporating the data from
both the reservoir analyses and the production decline analyses. The table of each field as well as
a plot of oil and water production versus time are included with the net pay and well location
Figures in the Appendix of the First Annual Report of this study." These select summary tables
were utilized to establish ranges of oil recovery from analogous Minnelusa oil fields as a function
of stratigraphic interval, primary drive mechanism, and secondary drive mechanism.

The range of pore volume of the 35 selected fields is 1,5400,600 to 30,250,00 barrels while the
range of projected ultimate oil recoveries in terms of pore volume ranges from a low of 0.070 PV
to a high to 0.379 PV. The weighted average estimate remaining oil in place after primary and
waterflood (including waterflood) is 0.403 PV with a range of 0.303 to 0.626 PV.

The breakdown of fields by stratigraphic interval is as follows:

Minnelusa A and Upper B Zones (combined) 4
Minnelusa Upper B Zone 15
Minnelusa Lower B Zone 14
Minnelusa C Zone 2

The breakdown by primary drive mechanism is as follows:

Solution Gas Drive (or rock and fluid expansion) 20
Partial Water Drive 4
Water Drive 11
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The breakdown by secondary drive application is as follows:

Waterflood 16
Polymer Augmented Waterflood 10
ASP Augmented Water Flood 2
No secondary recovery 7

Analysis of the 35 fields categorized by either stratigraphic producing horizon or by secondary
drive mechanism indicate comparable ranges of reservoir and fluid properties and of recovery
factors in terms of oil in place and pore volume. Neither the stratigraphic interval nor the
secondary drive mechanism appears to provide any criteria for subdivision or classification of the
reservoirs as a function of recovery efficiency. Projected ultimate oil recovery in terms of original
oil in place ranges from a low of 10.2% to a high of 50.7% or in terms of pore volume from a low
of 0.027 PV to a high of 0.315 PV. Estimated remaining oil in terms of pore volume ranges from
0.303 PV to 0.626 PV. These wide ranges of variation in recovery factors appear to be
independent of the stratigraphic reservoir or the secondary drive mechanism, nor do they appear
to be a function of reservoir and fluid properties such as pay thickness, average porosity, oil
gravity or water salinity.

A primary drive mechanism was assigned to each of the 35 fields based on reservoir geometry and
the primary decline history. Solution gas drive (or rock and fluid expansion) reservoirs are
defined as reservoirs where the ratio of the volume of oil column to water column is less than 1.0.
A plot of the monthly oil rate versus cumulative oil in terms of pore volume for solution gas
reservoirs shows a steep, almost linear decline to a maximum of 0.08 PV. Oil to water ratio are
characteristically high throughout the primary production history and a plot of total fluid
produced also shows a steep, almost linear decline during the primary phase. Nineteen of the 35
selected reservoirs have solution gas (rock and fluid expansion) primary drive mechanisms using
these criteria. Of the fields currently being waterflooded, 10 have polymer augmentation and 2
have alkaline-surfactant-polymer augmentation. Water drive primary production reservoirs are
defined as reservoirs where the ratio of the volume of the oil column to the water column is less
than 0.33. A plot of monthly oil rate versus cumulative oil production in terms of pore volume
for water drive reservoirs shows a gradually decreasing decline projected to 0.28 to 0.50 PV with
a corresponding decrease in oil cut. A plot of total fluid produced levels out to virtually no
decline after the first two or three years. Ten of the 35 fields have water drive primary producing
mechanisms using these criteria. Three of these fields are being waterflooded. Reservoirs with a
ratio of the volume of the oil column to the volume of the water column is between 1.0 and 0.33
are designated as partial water drives. The plot of monthly oil rate versus cumulative production
in terms of pore volume for partial water drive reservoirs shows an initial steep decline with a
gradual flattening to about 0.18 PV with a correspondingly gradual decrease in oil cut. Six of the
35 reservoirs are classified as having partial water drive primary production mechanisms. Four of
the partial water drive reservoirs are being waterflooded and 1 is being polymer flooded.

In terms of reservoir geometry and the ratio of oil column to water column and the shape of the
monthly oil rate versus cumulative oil recovery in pore volumes curve, the West Kiehl field shows
all the characteristics of a typical solution gas drive primary production mechanism. Two
additional fields were selected for reservoir simulation from the solution gas primary drive
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reservoirs. The first field, Prairie Creek South, was selected from the waterflooded solution gas
reservoirs. The second field, Simpson Ranch, was selected from the solution gas reservoirs
among the 10 polymer augmented water floods. The reasons for selecting these fields were
similarities in reservoir size and well density and spacing as well as primary drive mechanism. All
three field are relative simple geomorphic traps representing a single dune sand complex.
Calculations of original oil in place for the three fields ranges from 2,005,200 to 3,106,000
barrels. West Kiehl field has 4 oil producers and 2 water injectors over 145 acres. The second
water injector was completed in 1993 and did not play an integral role in the alkaline-surfactant-
polymer project. Prairie Creek South has 2 oil producers and 1 water injector over 94 acres and
Simpson Ranch has 3 oil producers and 1 water injector over 172 acres.

Prairie Creek South Analyses
Geological and Reservoir Analyses Prairie Creek South

Prairie Creek South Field is located in Section 16 Township 53N Range 68W and produces from
the Minnelusa Upper B Zone. As at West Kiehl, the productive zone is subdivided into three
units on the basis of stratigraphic correlation. Oil water contacts were determined and the
respective isopachous maps were planimetered to calculate the rock volumes. Again porosity
variations were defined on separate maps for each unit. Figure 38 depicts the Prairie Creek South
net pay isopach and shows the well locations.

The effective porosity (over 10%) is developed and preserved in three mappable and conformable
horizontal zones. Zones 1 through 3 are oil bearing and are labeled on Figure 39 which depicts
the cross section. The zonation is based on the sonic log correlation and porosity variations. A
oil-water contact exists at 2,559 ft subsea which was determined from log analysis, drill stem tests
and completion results. Figures 40 through 42 show the net thickness isopachous map for each of
the three layer layers.

The primary drive mechanism is entirely solution gas, rock and fluid expansion with no apparent
natural water drive. There is no discernable gas cap.

Prairie Creek South has a pore volume of 2,682 Mbbls. The initial oil saturation is 77.0% or
2,005,000 bbls. The reservoir and production data are summarized in Table 5.

Classical Engineering Prairie Creek South Project Performance

Prairie Creek South was discovered in September 1985 with the drilling of State #1 Prairie Creek.
Initial production was 85 barrels of oil per day and 40 barrels of water. Prairie Creek B-1 drilled
in November 1985 was the first offset drilled and was located due north of the discovery well.
Initial production was 81 barrels oil per day. The final productive well in the field, Prairie Creek
A-1, was drilled in December 1985 to the east of Prairie Creek B-1 with initial production of 290
barrels of oil per day and 15 barrels of water per day.

A waterflood began in May of 1988 with injection into the State #1 Prairie Creek.
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Figures 43 through 45 depict the barrels of oil per day versus cumulative oil produced for the
entire field and Wells A-1 and B-1. Oil rates increased rapidly to levels close to initial production
rates, typical of Minnelusa reservoirs.

Extrapolating the actual production to 12 barrels of oil per day using oil rate and water cut plot,
the ultimate production at Prairie Creek South is:

Classical Engineering Prairie South Ultimate Oil Recovery Projection

--Ultimate Cumulative Qil Production—-

Well BOPD Extrapolation Water Cut Extrapolation
State #1 Prairie 15,667 15,667
A-1 662,800 625,700
B-1 136,400 123,500
Total Field 814,867 764,867

Monthly oil and water cut regression plots of Wells A-1 and B-1 are depicted in Figures 46 and
47. Total oil production as of December 1993 is 694,561 barrels of oil.

The gross swept volume of the Prairie Creek South field is 1,621,000 barrels, as determined by
Slider.® Original oil in place is 1,248,200 barrels within the gross swept area. Estimated ultimate
waterflood oil recovery varies between 52.4 and 56.4% OOIP from the gross swept area. Final
waterflood residual oil saturation varies between 0.335 to0 0.366 PV.

Numerical Simulation - Prairie Creek South History Match

Data Used for Simulation - The basic reservoir description for Prairie Creek South was
determined by geological and reservoir engineering interpretation as described earlier. Reservoir
fluid properties and rock properties were from "South Prairie Creek Minnelusa Unit, Crook
County, Wyoming, Waterflood Feasibility Study and Unitization Parameters" dated October 15,
1986. Monthly production data was from Dwight's Energydata, Inc. Monthly water and oil of
Well B-1 were altered to match current production values and to correct obvious errors in
reporting.

The same composite of 18 Minnelusa relative permeability effective permeabilities curve shapes
and ending values used for West Kiehl, shown in Figure 23, were used for Prairie Creek South.
The immobile water saturation was shifted to 0.23 PV. Porosity for each layer was contoured
from log derived values. Permeability was derived from the same cross-plot of permeability
versus porosity used in the West Kiehl analysis (see Figure 24).

Grid Data - The study area was divided into a grid spacing of 9 by 3 with 3 layers for a
total of 351 grid blocks. The three zones included in the numerical model are shown in
the diagrammatic structural cross section shown in Figure 48. Figure 49 shows the grid
system and well locations with the net thickness of layer 1.
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Initial Conditions - The initial oil and water saturation conditions were obtained by
determining an oil-water contact. From the individual well log analyses, the depth of the
oil-water contact averaged 2,559 ft sub-sea. The oil saturation below this depth was then
set to zero and above this depth at the endpoint of the relative permeability curve, 0.770
PV. Some bottom water was placed around Prairie Creek South State #1.

Drill stem testing on well State #1 indicated an initial reservoir pressure of about 2,581
psi, which was used for the reservoir model.

Prairie Creek South Field History Match

The performance of the alkaline-surfactant-polymer flood is matched through December 1993.
During the history match, the actual injection rates and oil plus water production rates are the
limiting criteria for the simulation with proportions of water to oil determined in an identical
manner as the West Kiehl. Permeability changes were all that was required to facilitate a history
match and honor the oil saturation calculated from the logs.

The history match of the two producing wells and the total field is shown in Figure 50. Well
B-1 history match is not as close due to the poor quality of the available production data.

Prairie Creek South Chemical Flood Predictions

Predictions were made to extend the current waterflood and to simulate an alkaline-surfactant-
polymer flood and a mobility control polymer flood. For the alkaline-surfactant-polymer flood
and the mobility control polymer flood, chemical solutions were injected for approximately the
same pore volume as the West Kiehl. Chemical solution injection for the predictions began in
May 1988. Injection rates were identical to the actual waterflood through December 1993.

Figure 51 depicts the cumulative oil, cumulative water and oil cut prediction for the total field of
continued water injection, injection of an alkaline-surfactant-polymer solution and a mobility
control polymer flood. Each well was produced to an economic limit of 12 oil bbls/day per well.
Figure 52 shows the predicted production for Well A-1 and Figure 53 shows Well B-1. The data
are summarized in the following table.
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Prairie Creek South Numerical Simulation Predicted Oil and Water

Cumulative Cumulative Incremental Project

Oil Water Oil Ending
Flooding Process MSTB MSTB MSTB Date

Total Field

Waterflood 790 1,144 ————— 12-1998

Mobility Control Polymer 919 1,090 129 2-2005

Alkaline-Surfactant-Polymer 1,100 1,075 310 11-2002
Well A-1

Waterflood 635 936 @ -

Motbility Control Polymer 866 1,088 231

Alkaline-Surfactant-Polymer 948 892 313
Well B-1

Waterflood 139 207 eemee-

Mobility Control Polymer 37 1 -101

Alkaline-Surfactant-Polymer 137 182 -3

Total oil recovery predicted by the numerical simulator is 25,000 barrels more than the
ultimate predicted by the water cut regression and is 25,000 barrels less than the oil rate
extrapolation. Well A-1 is the dominant well in the field and as a result has all the incremental oil
production. Adding mobility control to the injected solutions reduced the fluid flow to Well B-1.

Plots ¢ of Figures 51 through 53 also demonstrate a difference in water break through. Water
break through is earlier for the waterflood than the chemical floods. The rate of oil cut decline is
less for polymer flood than a waterflood and the alkaline-surfactant-polymer flood is less than the
polymer flood.

Numerical simulation predictions of produced chemical suggest that peak polymer production at
A-1 will be 23 mg/l, peak Na,CO, production will be 0.1 wt% and peak Petrostep B-100
production will be .02 wt%.

Simpson Ranch Analyses
Geological and Reservoir Analyses Simpson Ranch

Simpson Ranch is located in Section 15 Township SIN Range 69W and produces from the
Minnelusa Upper B Zone. The productive zone is subdivided into five units on the basis of
stratigraphic correlation. The bottom three zones are not productive. No oil water contact exists.
Figure 54 depicts the Simpson Ranch net pay isopach and well locations.

The effective porosity (over 10%) is developed and preserved in eight mappable and conformable

horizontal zones. Zones 1 through 5 are oil bearing and are labeled on Figure 55 which depicts
the cross section. The zonation is based on the sonic log correlation and porosity variations.
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Figures 56 through 60 show the net thickness isopachous map for each of the five layer layers, the
well locations and the simulation grid.

The primary drive mechanism is entirely solution gas, rock and fluid expansion with no apparent
natural water drive. There is no discernable gas cap.

Simpson Ranch has a pore volume of 3,682 Mbbls. The initial oil saturation is 65.0% or
2,280,000 bbls of stock tank oil. The reservoir and production data are summarized in Table 6.

Classical Engineering Simpson Ranch Project Performance

Simpson Ranch was discovered in June 1977 with the drilling of the #1 Hilda. Initial production
was 460 barrels of oil per day with no water. The second well in the productive zone was the #1
Hamm Twin Federal which was drilled in October 1977. Initial production was 160 barrels/day of
oil with no water. The third well in the field was the #3 Hilda drilled in April 1978 with an initial
production of 27 barrels of oil per day with no water. The last well drilled in September 1984

was the #4 Simpson Ranch Unit. Initial production was 54 barrels/day of oil and 1 barrel/day of
water. #1 Hilda was shut-in August 1985. Figure 61 shows the total field monthly oil and water
production.

Water was initially injected into Hilda #3 beginning in February 1979. A total of 36,074 barrels of
water was injected prior to beginning a polymer flood. A Cat-An® polymer flood began in
Simpson Ranch in June 1979.% A total of 2,500 Ibs of cationic polymer was injected in June and
July 1979 in 25,513 barrels of water. In July 1979, anionic polymer-aluminum cross link agent
injection sequence began. 61,700 Ibs of anionic polymer and 74,500 Ibs of aluminum citrate were
injected in 612,579 barrels of water ending in October 1983. Water injection continues to the
present.

The injection of water into Hilda #3 resulted in a immediate increase in oil production in both the
Hilda #1 and the Hamm Twin Federal #1 before polymer injection. The Hilda #1 oil production
increased from 1,585 barrels of oil in January 1980 to 3,210 barrels by June of 1979. It reached
the peak production level of over 7,000 barrels of oil a month in December of 1979. Hamm Twin
Federal #1 showed a similar response reaching the peak production level of about 4,000 barrels of
oil a month in December 1979. Figures 62 and 63 depict the barrels of oil per day versus
cumulative oil produced for the two wells. Figure 64 shows the monthly production for the
Simpson Ranch South Well - Unit #4.

Extrapolating the actual production to 12 barrels of oil per day using oil rate and water cut plot,
the ultimate production at Simpson Ranch is:
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Classical Engineering Simpson Ranch Oil Recovery Prediction

—Ultimate Cumulative Oil Production—
Well BOPD Extrapolation Water Cut Extrapolation

Hilda #1 334,934 334,934
Hilda #3 4,864 4,864
Hamm Twin Fed #1 354,300 323,200
Unit #4 226,300 204,000
Total Field 920,398 866,998

Monthly oil and water cut regression analysis are shown in Figures 65 and 66 for the Hamm Twin
Federal #1 and Simpson Ranch Unit #4. Hilda #1 and Hilda #3 are not shown because the former
was shut-in and the later converted to an injector. Actual production through December 1993 is
812,041 barrels of oil.

The gross swept volume of the Simpson Ranch field is 2,264,000 barrels, as determined by
Slider.® Original oil in place is 1,471,200 barrels. Estimated ultimate waterflood oil recovery
varies between 58.0 and 61.7% OOIP from the gross swept area. Final waterflood residual oil
saturation varies between 0.249 to 0.281 PV.

Numerical Simulation - Simpson Ranch History Match

Data Used for Simulation - The basic reservoir description for the Simpson Ranch was
determined by geological and reservoir engineering interpretation as described earlier. Reservoir
fluid properties and rock properties were from a proprietary study performed by Surtek, from the
data developed for the West Kiehl and from a prior publication discussing Simpson Ranch.2
Monthly production data was from Dwight's Energydata, Inc.

The same relative permeability effective permeabilities curve shapes and ending values used for
West Kiehl, shown in Figure 23, were used for Simpson Ranch. The immobile water saturation
was changed to 0.35 PV. Porosity for each layer was contoured from log derived values.
Permeability was derived from the same cross-plot of permeability versus porosity used in the
West Kiehl analysis, see Figure 24.

Grid Data - The study area was divided into a grid spacing of 9 by 12 with 5 layers for a
total of 540 grid blocks. The five zones included in the numerical model are shown in the
diagrammatic structural cross section shown in Figure 67. Figure 68 shows the grid
system and well locations. To give the grid and well locations meaning, the grid is shown
with the net thickness of layer 2.

Initial Conditions - The initial oil and water saturation conditions were obtained by from
the relative permeability curve. The oil saturation was set at the endpoint of the relative
permeability curve, 0.650 PV. No oil-water contact was present and the initial reservoir
pressure was 3,050 psi.
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Chemical Characteristics and Volume of Chemical Injected - For the Cat-An® flood
polymers adsorption and rheological data were from proprietary information from a variety of
Minnelusa flood studies performed by Surtek. The actual chemical injection sequence was
obtained from Chemical Oil Recovery Program Progress Reports.”* The sequence of injection
and volume of chemical injected in the simulation run was:

Simpson Ranch Chemical Injection

Cumulative Pounds x 10°

—-Polymer Injected—

Dates of Injection Injected Fluid Cationic  Anionic
February 1979-June 1979 Water ——- -—-
June 1979-July 1979 Cationic Polymer 2.73 -

July 1979-October 1983 Anionic Polymer -— 62.48

Water was injected after October 1983.
Simpson Ranch Field History Match

The performance of the Cat-An® polymer flood is matched through December 1993. During the
history match, the actual injection rates and oil plus water production rates are the limiting criteria
for the simulation with proportions of water to oil determined in an identical manner as the West
Kiehl. Permeability changes were all that was required to facilitate a history match and honor the
oil saturation calculated from the logs.

The history match of the four producing wells and the total field is shown in Figure 69. History
match is close for all the wells as well as the total field.

Simpson Ranch Chemical Flood and Waterflood Predictions

Predictions were made to extend the current polymer flood and to simulate an alkaline-surfactant-
polymer flood and a waterflood. For the alkaline-surfactant-polymer flood, chemical solutions
were injected for the same volume as the West Kiehl. Chemical adsorption, interfacial tension,
and rheological characteristics were identical to the West Kiehl data. For the Cat-An® flood
polymer's extension, data were consistent with the history match information.

Chemical solution injection for the polymer flood history match and prediction and the alkaline-
surfactant-polymer prediction began in June 1979. Injection rates were identical to the actual
polymer flood through December 1993.

Figure 70 depicts the cumulative oil, cumulative water and oil cut prediction for the total field of
continued water injection after the polymer flood, injection of an alkaline-surfactant-polymer
solution and a waterflood. Each well was produced to an economic limit of 12 oil bbls/day per
well. Figure 71 shows the predicted oil production for Hilda #1. Hamm Twin Federal #1
prediction oil production is shown in Figure 72 and Simpson Ranch Unit #4 is shown in Figure
73.
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Simpson Ranch Numerical Simulation Predicted Oil and Water

Cumulative Cumulative Incremental Project

Oil Water Oil Ending
Flooding Process MSTB MSTB MSTB Date
Total Field
Waterflood 745 2,544 ————— 3-1996
Cat-An Polymer 831 1,090 86 3-1996
Alkaline-Surfactant-Polymer 1,095 - 2,175 350 3-2003
Well Hilda #1
Waterflood 320 379 ——
Cat-An Polymer 335 262 15
Alkaline-Surfactant-Polymer 501 184 181
Well Hilda #3
Waterflood 5 0 e
Cat-An Polymer 5 0 0
Alkaline-Surfactant-Polymer 5 0 0
Well Hamm Twin Federal #1
Waterflood 278 1,082 -
Cat-An Polymer 319 1,228 41
Alkaline-Surfactant-Polymer 385 950 107
Well Simpson Ranch Unit #4
Waterflood 142 1,082 ——
Cat-An Polymer 173 1,014 31
Alkaline-Surfactant-Polymer 203 1,041 61

Total oil recovery predicted by the numerical simulator is 36,000 barrels less than the ultimate
predicted by the water cut regression and is 89,400 barrels less than the oil rate regression.

Plots ¢ of Figures 70 through 73 demonstrate a difference in oil cut decline. The oil cut declines
more rapidly for the waterflood and for the Cat-An® polymer flood than for the alkaline-
surfactant-polymer flood. The Cat-An® polymer flood oil cut decline is slightly delayed relative
to the waterflood.

Numerical simulation indicates some polymer will be produced during the Cat-An® polymer
flood. Peak polymer concentration is predicted to be 1 mg/l with a total of 350 Ibs of polymer
produced. Peak chemical concentrations during the alkaline-surfactant-polymer flood are
predicted to occur in Hamm Twin Federal #1 fluids. Peak chemical concentrations will be 12
mg/l for polymer, 0.08 wt% for Na,CO; and 0.01 wt% for Petrostep B-100. Total chemical
produced is 357,000 Ibs of Na,CO,, 56,740 lbs of Petrostep B-100, and 5,280 Ibs of Pusher 700.
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Application of Alkaline-Surfactant-Polymer
to Mature Minnelusa Floods

Numerical Simulation after Waterflood and Polymer Flood

To estimate the amount of incremental oil an alkaline-surfactant-polymer project will recover in
mature Minnelusa reservoirs, the injection of an alkaline-surfactant-polymer solution after a
waterflood was numerically simulated for West Kiehl, Prairie Creek South and Simpson Ranch.
Conditions for each reservoir were identical to the prior numerical simulations. Waterfloods and
polymer floods had reached the 12 barrel per day economic limit prior to alkaline-surfactant-
polymer injection. The volume of alkaline-surfactant-polymer solution injected was
approximately equal to that injected in the West Kiehl project.

Mature Minnelusa Alkaline-Surfactant-Polymer after Waterflood
Numerical Simulation Predicted Oil and Water

Cumulative Cumulative Incremental Additional

Oil Water Oil Project
Flooding Process MSTB MSTB MSTB Years
Total Field
West Kiehl
Waterflood 726 | U X 77— 0
Alkaline-Surfactant-Polymer 1,047 4,465 321 19.25
Prairie Creek South
Waterflood 790 1,144 - 0
Alkaline-Surfactant-Polymer 1,062 2,739 272 10.25
Simpson Ranch
Waterflood 745 2544 ee-- 0
Alkaline-Surfactant-Polymer 1,068 5,647 323 15.5

West Kiehl incremental oil recovery due to alkaline-surfactant-polymer injection after waterflood
increased by 20,000 barrels. The change in incremental oil production is due to an increase in
incremental oil at Kottabra 25-15 of 37,000 barrels (349,000 versus 312,0000 barrels) and a
decrease in oil production at the State 32-36 and State 42-36 wells of 9,000 barrels (600,000
barrels versus 609,000 barrels). The incremental oil production change is due to the Kottabra 25-
15 well being on production for the entire alkaline-surfactant-polymer injection period. In the
actual flood, the Kottabra 25-15 was on production for only 6 months of alkaline-surfactant-
polymer injection.

Simpson Ranch and Prairie Creek South show a 23,000 and 38,000 barrel respective decrease in
oil recovery compared to injecting the alkaline-surfactant-polymer solution in a secondary mode.
From an ending waterflood oil cut of about 95% (12 barrels per day), peak oil cuts increased to
12% ,20% and 25% due to alkaline-surfactant-polymer injection for West Kiehl, Simpson Ranch,
and Prairie Creek South, respectively.
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Estimated Ultimate Recovery Potential

Incremental oil produced from the combination of West Kiehl, Simpson Ranch, and Prairie Creek
South was 906,000 barrels after waterflood and 951,000 barrels in a secondary mode from
10,000,000 barrels of pore space. The Minnelusa trend has approximately 120 reservoirs with an
estimated total pore space of 1.4 billion barrels. If the oil recovery efficiency of the West Kiehl is
applied to all these fields, the incremental oil recovery potential is 130 million barrels of 0il. Since
the alkaline-surfactant-design technology has advanced considerably since 1985 (date of the West
Kiehl design), this number may be low.
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Economic Evaluation

At the West Kiehl, $376,119 was spent for chemicals and $81,986 was spent for a laboratory
feasibility study and incremental facilities cost. Incremental oil production of 291,000 barrels of
oil predicted from the numerical simulation for alkaline-surfactant-polymer injection in a
secondary mode gives an incremental cost per barrel of oil of $1.57.

1994 costs for chemicals are higher than the actual purchase price at West Kiehl. 1994 costs for
chemicals delivered to the Minnelusa area are: Polyacrylamide polymer $1.35/1b, Petrostep B-100
$0.95 per active pound, and Na,CO, $0.065 per pound. Incremental facilities cost is estimated to
be $100,000 and laboratory feasibility cost and numerical simulation cost are estimated to be
$125,000. When these costs are applied to the incremental oil recovery due to alkaline-
surfactant-polymer in the West Kiehl, Prairie Creek South, and Simpson Ranch, the cost per
incremental barrel of oil are calculated in the following table.

Cost per Incremental Barrel of Qil for Alkaline-Surfactant-Polymer Minnelusa Projects

Numerical Incremental Incremental
Simulation Oil Produced Cost per Barrel
Fields Name Chemical Cost (barrels) ($/barrel)
West Kiehl
Secondary $ 884,500 291,000 $3.03
after Waterflood $ 904,948 321,000 $2.82
Prairie Creek South
Secondary $1,157,600 310,000 $3.73
after Waterflood $ 886,700 272,000 $3.25
Simpson Ranch
Secondary $ 994,550 350,000 $2.84
after Waterflood $1,032,400 323,000 $3.19
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Conclusions

1. Incremental oil was produced at the West Kiehl due to injection of an alkaline-surfactant-
polymer solution. Estimated ultimate incremental oil is 291,000 barrels of oil produced at
a cost of $1.57 per incremental barrel.

2. Incremental oil can be produced at similar Minnelusa oil reservoirs if the alkaline-
surfactant-polymer technology is applied. Incremental oil potential by the alkaline-
surfactant-polymer technology is approximately 10% PV based on numerical simulation
analysis of West Kiehl, Prairie Creek South and Simpson Ranch Fields.

3. Incremental oil can be produced by implementing an alkaline-surfactant-polymer flood
from Minnelusa oil reservoirs which have been waterflooded and are approaching their
economic limit.

4, Estimated 1994 chemical costs per incremental barrel is $3.00 or less using the alkaline-
surfactant-polymer technology.

5. If the alkaline-surfactant-polymer technology can be applied to the other Minnelusa
reservoirs, a potential 130,000,0000 barrels of incremental oil can be produced.

Future Research

Logical extension of this work would be to apply the alkaline-surfactant-polymer technology to a
Minnelusa field which is either at or close to the waterflood economic limit.
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Kiehl West Field — Data Summary

Table 1

Producing Zone: Minnelusa Lower B Oil Gravity 24.0
Location: Crook County, Wyoming Qil Viscosity, cp 19.5
TWP 53 — RGE 68W Water Viscosity, cp 0.6
Sections 25 & 36 Depth, feet 6,671
Drive Mechanism:  ASP Waterflood Formation Temperature, degrees F 134
Discovered: 1985 Rw @ Formation Temperature 0.25
Unitized: 1987
Reservoir Properties
Current Production — 1/1 to 12/31/92 Volume, acre feet 2,086
Oil, bbls 76,000 Area, acres 145
Water, bbls 126,075 Average Net Pay, feet 14.4
Average Porosity 19.1%
Cumulative Production — thru 12/31/92 Average Sy 27.5%
Oil, Mbbis 783 FVF Factor 1.030
Water, Mbbls 242
Injection, Mbbis 1,073 Pore Volume, Mbbls 3,084
Oil in Place, Mbbls 2,170
Current Rates Est. Ult. Recovery Factor, %OO0IP 46.2%
Qil, bopd 208 Current Recovery Factor %00IP 36.1%
Qil Cut, % 37.6% Current Depletion Factor % 78.0%
Watertlood Decline Analysis Primary Deline Analysis
Economic Cutoff Economic Cutoff
Oil, bopd 40 Oil, bopd 20
Oil Cut End of Primary Decline 08/87
Estimated Decline 25.0% Estimated Decline 35.0%
Proj. Ultimate Recovery, Mbbls 1,003 Projected Uit. Recovery, Mbbls 96
Proj. Remaining Reserves, Mbbis 220 Primary Recovery Factor %OOIP 4.4%
Estimated Remaining Life, Years 5.3
(from 1/93) Cumulative Oil: Pore Volume 0.254
Cumulative Water: Pore Volume 0.079
OOIP: Pore Volume 0.704 Cumulative Injection: Pore Volume 0.348
Ultimate Recovery: Pore Volume 0.325 Production — Injection Difference: PV 0.015
Remaining O.1.P.: Pore Volume 0.379
——————— t01/93 ————————

Production Location Name Cum Qil, bbls Cum Wtr, bbls Status
NWSE 25-53-68 Kottraba #10 14,542 6,625 Pump-0Qil
SWSE 25-53-68 Kottraba #15 214,805 139,580 Pump-0il
NENE 36-53-68 State #41 6,551 4,911 SI-Qil
NWNE 36—-53—-68 State #31 69,071 33 Injection
SWNE 36-53-68 State #32 176,043 53,381 Pump-OQil
SENE 36-53-68 State #42 303,171 37,871 Pump-O0il

1992 Year to 1/93

injection Location Name Curr Inj, bbls Cum Inj, bbls Status

NWNE 36-53-68 State #31 220,821 1,072,540 Injection




West Kiehl Oil PVT Properties

PRES
PSIA

114.7

514.7

1010.7

2014.7

3014.6

4014.6

5514.6

RS
CF/sB

----SATURATED OI L ~----
COMPOSITION

FVF
RB/STB

1.0800

1.0550

1.0540

1.0520

1.0493

1.0445

1.0393

1.0346

1.0210

VISC
cp

9.96

9.86

10.03

10.50

1.21

12.61

14.62

16.48

18.35

DENS
LB/CF

53.42

53.52

53.66

53.92

54.19

54.44

55.17

5.6

5.3

4.7

8.9

GAS

0.000

0.001

0.001

0.001

0.002

0.004

0.006

0.007

0.008

ST-OL

1.000

0.999

0.999

0.999

0.998

0.996

0.994

0.993

0.992

Table 2

----RESERVOIR OIL----
COMPOSITION

FVF
RB/STB

1.0800

1.0550

1.0540

1.0519

1.0493

1.0440

1.0388

1.0336

1.0259

VIsC
cp

9.96

9.86

10.03

1.0

12.23

14.70

17.16

19.62

23.31

DENS
LB/CF

53.42

53.53

53.66

53.93

54.20

54.47

54.88

co

5.0

5.0

5.0

5.0

5.0

GAS

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

ST-OL

0.999

0.999

0.999

0.999

0.999

0.999

0.999

0.999
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Table 5

Prairie Creek South Field — Data Summary

Producing Zone: Minnelusa Upper B Oil Gravity 21.2
Location: Crook County, Wyoming Oil Viscosity, cp 22.0
TWP 53N — RGE 68W Water Viscosity, ¢cp 0.6
Section 16 Depth, feet 6,992
Drive Mechanism:  Waterflood Formation Temperature, degrees F 120
Discovered: 1986 Rw @ Formation Temperature 0.09
Unitized: 1988
Reservoir Properties
Current Production — 1/1 to 12/31/92 Volume, acre feet 1,651
Oil, bbis 50,772 Area, acres 94
Water, bbis 115,159 Average Net Pay, feet 17.6
Average Porosity 20.9%
Cumulative Production — thru 12/31/92 Average Sy, 23.0%
Oil, Mbbis 653 FVF Factor 1.030
Water, Mbbis 135
Injection, Mbbls 878 Pore Volume, Mbbls 2,682
Oil in Place, Mbbis 2,005
Current Rates Est. Ult. Recovery Factor, %OO0IP 38.2%
Oil, bopd 139 Current Recovery Factor %OOIP 32.5%
Oil Cut, % 30.6% Current Depletion Factor % 85.1%
Waterflood Decline Analysis Primary Deline Analysis
Economic Cutoff Economic Cutoff
Oil, bopd Oil, bopd 20
Qii Cut 5.0% End of Primary Decline 07/90
Estimated Decline 30.0% Estimated Decline 35.0%
Proj. Ultimate Recovery, Mbbls 766 Projected Uit. Recovery, Mbbls 133
Proj. Remaining Reserves, Mbbis 114 Primary Recovery Factor %OOIP 6.6%
Estimated Remaining Life, Years 4.3
(from 1/93) Cumulative Qil: Pore Volume 0.243
Cumulative Water: Pore Volume 0.050

OOIP: Pore Volume 0.748 Cumulative Injection: Pore Volume 0.327
Ultimate Recovery: Pore Volume 0.286 Production — Injection Difference: PV 0.034
Remaining O.L.P.: Pore Volume 0.462

——————— 101/93 —=——=———

Production Location Name Cum Oil, bbls Cum Wir, bbls Status
NWNE 16-53-58 State A #1 532,080 113,099 Pump-0il
NENW 16-53-58 State B #1 104,757 19,507 Pump-0Qil
SENW 16-53-58 Prairie Creek #1 15,667 2,780 Injection

1992 Year to 1/93

Injection Location Name Curr Inj, bbls Cum Inj, bbls Status

SENW 16—-53-68 Prairie Creek #1 174,861 878,231 injection




Simpson Ranch Field — Data Summary

Table 6

Producing Zone: Minnelusa Upper B Oil Gravity 21.0
Location: Campbell County, Wyoming  Oil Viscosity, cp 15.7
TWP 51 — RGE 69W Water Viscosity, cp 0.4
Section 15 Depth, feet 7,883
Drive Mechanism:  Polymer Waterflood Formation Temperature, degrees F 120
Discovered: 1977 Rw @ Formation Temperature 0.20
Unitized: 1978
Reservoir Properties
Current Production ~ 1/1 to 12/31/92 Volume, acre feet 2,633
Oil, bbls 21,741 Area, acres 183
Water, bbis 242,655 Average Net Pay, feet 14.4
Average Porosity 18.0%
Cumulative Production — thru 12/31/92 Average Sy, 35.0%
Qil, Mbbis 792 FVF Factor 1.050
Water, Mbbis 1,891
Injection, Mbbls 2,749 Pore Volume, Mbbis 3,682
Oil in Place, Mbbis 2,280
Current Rates Est. Uit. Recovery Factor, %00IP 38.2%
Oil, bopd 60 Current Recovery Factor %00IP 34.7%
Oil Cut, % 8.2% Current Depletion Factor % 90.9%
Waterflood Decline Analysis Primary Deline Analysis
Economic Cutoff Economic Cutoff
Qil, bopd Oil, bopd 20
Oil Cut 5.0% End of Primary Decline 04/79
Estimated Decline 10.0% Estimated Decline 45.0%
Proj. Ultimate Recovery, Mbbls 871 Projected Ult. Recovery, Mbbis 130
Proj. Remaining Reserves, Mbbis 79 Primary Recovery Factor %0OIP 5.7%
Estimated Remaining Life, Years 7.6
(from 1/93) Cumulative Qil: Pore Volume 0.215
Cumulative Water: Pore Volume 0.514
OOIP: Pore Volume 0.619 Cumulative Injection: Pore Volume 0.747
Ultimate Recovery: Pore Volume 0.236 Production - Injection Difference: PV 0.018
Remaining O.1.P.: Pore Volume 0.383
——————— 101/93 ~——=———-

Production Location Name Cum Qil, bbis Cum Witr, bbis Status
SENW 15-51-69 Hilda #3 4,864 72 Injection
SWNE 15-51-69 Hilda #1 334,934 365,241 TA-0Oil
NWSE 15-51-69 Hamm Twin—Fed #2 310,581 854,022 Pump-0Qil
NENWSE 15-51-69 Unit #4 145,056 675,447 Pump-Oil

‘ 1992 Year to 1/93

Injection Location Name Curr Inj, bbis Cum Inj, bbls Status

SENW 15-51-69 Hilda #3 243,195 2,676,909 Injection




Figure 1

West Kiehl Net Pay Isopach with Well Locations
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West Kiehl Unit and Kottrabra 25-15
Comparison of Cumulative Oil Recovery
versus Pore Volume Produced Fluids

Figure 15
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Figure 17

West Kiehl Cumulative Oil Recovery, Oil Cut
and Chemical Production versus Produced Fluids
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West Kiehl Cumulative Oil Recovery, Oil Cut
and Chemical Production versus Produced Fluids
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Composite Minnelusa Relative Permeability Curve
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Figure 24

Permeability versus Porosity

Five Minnelusa Wells
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West Kieh! Numerical Model Grid Figure 25
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Net Porosity: Layer 1 Figure 27
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Net Porosity: Layer 2 Figure 28




Net Porosity: Layer 3 Figure 29
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West Kiehl Cumulative Oil, Cumulative Water, and Qil Cut versus
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Figure 31

West Kiehl Cumulative Qil, Cumulative Water, and Oil Cut versus

Cumulative Qil plus Water

Cumulative Oil plus Water Production (MSTB)
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Figure 32

West Kiehl Cumultive Oil, Cumulative Water, and Qil Cut versus
Cumulative Qil plus Water
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Figure 33

West Kiehl Cumulative Oil, Cumulative Water, and Oil Cut versus
Cumulative Qil plus Water
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West Kiehl Incremental Oil Recovery by Alkali-Surfactant
Added to Polymer Injection Volume

Figure 34
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Figure 35

West Kiehl Incremental Oil Recovery by Alkaline-Surfactant-Polymer

versus Volume of Polymer Drive Injection
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Figure 36

Predicted and Actual Chemical Concentrations
of Alkaline-Surfactant-Polymer Flood at West Kiehl
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Figure 38

Prairie Creek South Isopach with Well Locations
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Figure 50

Prairie Creek South Cumulative Oil, Cumulative Water, and Oil Cut
versus Cumulative Oil plus Water

Cumulative Qil plus Water Production (MSTB)
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Figure 51

Prairie Creek South Cumulative Oil, Cumulative Water, and Oil Cut

Total Field

versus Cumulative Oil plus Water
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Figure 52

Prairie Creek South Cumulative Oil, Cumulative Water, and Qil Cut

State A 1

versus Cumulative Qil plus Water
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Prairie Creek South Cumulative Oil, Cumulative Water, and Oil Cut

versus Cumulative Oil plus Water

State B 1
a
/-—:-_' -
4 <
g’ /
b
/ / -
_FT
/ = — — - Waterflood Forecast
e Actual Waterflood
—— Alkaline-Surfactant-Polymer Forecast
\\ — — Polymer Flood Forecast
- A)Y\\ X
~— T ———— —
- ——— T -~ - c
0] 100 200 300 400 500

Cumulative Qil plus Water Production (MSTB)



Figure 54

Simpson Ranch Isopach with Well Locations
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Figure 68

Simpson Ranch
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Figure 69

Simpson Ranch Cumulative Oil, Cumulative Water, and Oil Cut

versus Cumulative Qil plus Water
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Figure 70

Simpson Ranch Cumulative Oil, Cumulative Water, and Oil Cut

versus Cumulative Oil plus Water
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Figure 71

Simpson Ranch Cumulative Oil, Cumulative Water, and Oil Cut
versus Cumulative Oil plus Water
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Figure 73

Simpson Ranch Cumulative Qil, Cumulative Water, and Oil Cut

versus Cumulative Qil plus Water
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