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""POST WATERFLOOD CO, MISCIBLE FLOOD IN LIGHT OIL FLUVIAL
DOMINATED DELTAIC RESERVOIR"

DE=-FC22-93BC14960
Abstract

The "Post Waterflood CO, Miscible Flood in Light 0il Fluvial
Dominated Deltaic Reserv01r" is a Class I DOE-sponsored field
demonstration project of a CO, miscible flood project at the Port
Neches Field in Orange County, Texas. The project will determine
the recovery efficiency of CO, floodlng a waterflooded and a
partial waterdrive sandstone reservoir at a depth of 5800'. The
project will also evaluate the use of a horizontal CO, injection
well placed at the original oil-water contact of the waterflooded
reservoir. A. PC-based reservoir screening model will be
developed by Texaco's research lab in Houston and Louisiana State
University will assist in the development of a database of
fluvial-dominated deltaic reservoirs where CO, flooding may be
applicable. This technolegy will be transferred throughout the
oil industry through a series of technical papers and industry
open forums.

Major work necessary to establish results from the project have
been accomplished, with the initiation of CO, injection into the
waterflooded fault having began on September 22, 1993, 8Six
producing wells and four CO, injection wells have been worked
over and made ready for CO operatlons. The six producing wells
(stark #8, Kuhn #6, #14, #15-R #33, and #38) are all currently
shut-in whlle Co, 1nject10n into the four injection wells (Stark
#7, #10 and Kuhn #17, #36) at a total rate of 4 MMCFPD is
pressuring the Marglnullna reservoir to 3400 psi, a pressure
above the minimum miscibility pressure (MMP) of 3310 psia. Only
one workover which was scheduled to be performed to date, the
Polk "B" #2, has been delayed until further justification is
obtained from project response. The horizontal CO, injection
well will be drilled during November, 1993 and productlon from
the producing wells should resume prior to January 1, 1994. The
workover of Polk "B" #5 and the drilling of a vertical CO,
injection well, the Polk "B" #39, will take place during 1994.

Facility construction is nearing completion, with flowline hookup
of the producing wells being one of the last items to be
completed. New high pressure fiberglass flowlines are being
installed from each wellhead to the production manifold on the
new compressor barge. This compressor barge has been equipped
with a low pressure (80 psi) compressor, an intermediate pressure
(500 psi) injection compressor, a CO, injection pump, and a CO,
injection manifold on the upper deck to handle purchased and
produced CO, volumes. The lower deck has been equipped with low
pressure and intermediate pressure test and working separators
and flow measurement equipment. The CO, is currently bypassing
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the CO, injection pump and flowing directly into the injection
wells at a wellhead pressure of 1100 psig. This CO, injection
pump will be started in the very near future as wellhead
pressures and the CO, pipeline pressure of 1150 psig equalize.
Texaco is currently purchasing 4 MMCFPD, 233 tons/day, of CO,
from the supplier Cardox, a Division of Liquid Air Corporation.

The initiation of CO, injection required that all regulatory and
environmental concerns be addressed and strictly adhered to. The
installation of a 4-1/2 mile 4" CO, pipeline through a coastal
wetland area required an Army Corps of Engineers permit and a
categorical exclusion to N.E.P.A. regulations. This line was
installed parallel to a number of other pipelines and in
accordance to landowner requests, thus minimizing surface
damages. The initial project area of the reservoir also required
unitization proceedings to satisfy all mineral interest owners.
The successful initiation of injection was a team effort between
Texaco, DOE, Texas Parks and Wildlife, U.S. Fish and Wildlife
Service, Texas Railroad Commission, Texas Air Quality Control
Board, and many other regulatory bodies.

The project is being monitored by periodic bottomhole pressure
surveys and compositional. reservoir simulation runs. The
reservoir pressure was at 2450 psig at the start of CO, injection
and is currently 2700 psig after one month of CO, injection. The
compositional model developed for the project area closely
matches this performance and everything is looking favorable for
a January 1, 1994 initiation of production. Close management
supervision and reservoir simulation results indicate that
injection of water into the Kuhn #17 well may be advantageous to
increasing the response from the project. This will allow for
wells to be opened prior to this January 1, 1994 date.

An additional compressor barge is being equipped for other wells
in the Port Neches Field not related to the CO, project under a
separate Texaco initiative to consolidate tank batteries in the
field. Upon this barge however, the third and final proposed CO,
compressor has been set. This additional compressor is an
intermediate pressure injection compressor identical to the one
on the other barge, capable of compressing CO, from 500 psig to
injection pressures of 2200 psig. All three compressors are used
compressors which Texaco transferred to the project at book value
and then repaired. New stainless steel air coolers and state-of-
the-art emission control equipment were placed on each of these
compressors.

Technology transfer of the results of this project began with a
presentation in Houston at an Improved Oil Recovery luncheon and
was documented by a writer of the 0il and Gas Journal who
attended the meeting. DOE's Contractor Review meeting held July
19-22, 1993 also gave Texaco the opportunity to share our project
with other industry participants. Texaco also presented an SPE
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paper at the Annual SPE convention in Houston earlier this month?
documenting the development of the PC-based CO, screening model.
Two papers involving this project have also been selected by the
1994 Improved 0il Recovery Symposium committee and will be
presented April 17-20, 1994 in Tulsa. At this meeting Texaco's
project design will be discussed and the PC-based screening
program will be released.

Executive Summary

The Port Neches (Marg. Area 1) Unit consists of 235.1 acres of
the tertiary age Marginulina sandstone reservoir in Orange
County, Texas. This Anahuac reservoir sand was deposited in a
fluvial-dominated near shoreline deltaic environment in the late
Oligocene, early Miocene, series of the Houston Embayment system.
It is a fining upward sequence of highly permeable sand
interbedded and surrounded by calcareous shales. The reservoir
trap was formed when the sandstone was uplifted by salt after
deposition, thus forming a complex array of faulting.

The reservoir was, initially divided into five fault blocks with
similar reservoir properties of 30% porosity and 3000 md
permeability. Upon investigation of this reservoir for potential
enhanced oil recovery, it was seen that three of these five fault
blocks experienced pressure declines equivalent to that of the
producing fault block, thus indicating communication between the
blocks. This information was provided to a gedlogist who then
reviewed the data and developed a different interpretation of the
reservoir compartmentalization. The 235.1 acre Port Neches
(Marg. Area 1) reservoir thus became one large fault block. With
the acquisition of further data in the field, however, a fault is
indeed seen to be running through the center of the first project

.area. Structure maps and reservoir simulation gridding is

currently being modified to, accomodate for this fault.

This faulting is seen to be important due to its possible effects
upon the flow of CO, through the reservoir. The pro;ect was
designed with the located fault being considered, thus insuring
that injection and production occurs on both s1des of the fault.
The integrity of surrounding faults has been demonstrated by the
depletion of reservoir pressure below 100 psig prior to the
initiation of waterflood operations during 1965, but a
determination as to whether or not the new fault identified is
sealing or that pressures are simply being equalized somewhere at
the northern limits of the fault, has yet to be determined. A
radioactive tracer placed in the Kuhn #36 on July 22, 1993 will
provide valuable information concerning this gquestion.

Results from the Port Neches (Marg. Area 1) CO, flood offers a
great opportunity to the petroleum industry to evaluate the
economics of CO, floods and the potential tertiary reserves of

3




their producing fields. The reservoir has been extensively
waterflooded and is currently at an average oil saturation of
31%, only 1% above the residual oil saturation to waterflood of
30%. The core data from the Stark "B" #10 has provided much
needed absolute and relative permeability data.which has now been
incorporated into the reservoir simulator. Using this new data
into the reservoir simulator, the following concerns and possible
solutions exist:

(1) As a result of the average oil saturation being very
close to the residual o0il saturation, the peak in oil
production is delayed from 1996 to 1997 due to limited
amounts of moveable oil and limited availability of
co,.

(2) The injection of saltwater into the Kuhn #17 at a rate
of 2000 BWPD will allow for an additional 2000 BFPD to
be pulled out of the northern portion of the reservoir,
thus accelerating the peak in oil production.

As a result of these observations, a large slug of CO, will be
injected into the Kuhn #17 well during.the next month and then
the well will be converted to water injection. With these
changes made, it is felt that the production forecast previous
shown in the Project Management Plan of July, 1993 can be
obtained. These projections shown as Figures 1-4 to 1-7 are
included within this text to serve as a guide for project
performance tracking.

Introduction

The Port Neches COZ'PrOJect will concentrate upon the tertiary
0il recoveries which can be obtained from two sections of a
reservoir which are at different stages of depletion. The large
waterflooded fault block has an average remaining oil saturation
of 31% while the small partial waterdrive fault block: has an oil
saturation of 43%. A summary of reservoir properties is as
follows: i}

Waterflooded Area 1 Partial Waterdrive Area 2
Acreage 235.1 30.0
Orig. 0il sat. 80 % 80 %
Curr. 0il Ssat. 31 % 43 %
Orig. Oil-in-place 10.5 MMBO 1.4 MMBO
Cumulative Prod. 5.7 MMBO 0.6 MMBO
Orig. Solution Gas 450 scf/bbl 450 scf/bbl
Curr. Solution Gas 11 scf/bbl 325 scf/bbl
Orig. Res. Press 2700 psi 2700 psi
Final Primary Press. 100 psi 1800 psi
Orig. FVF 1.28 RB/STB 1.28 RB/STB
Curr. FVF 1.08 RB/STB 1.23 RB/STB
Estimated Tertiary 2.0 MMBO 0.3 MMBO
Project Initiation 1993 1994



As a result of the Project Area 1 being near residual oil
saturation, project response will be delayed until a point where
the CO, contacted oil bank beglns to produce. Higher withdrawals
can be made in the reservoir by applying water injection away
from the major producers. As Co, breaks through to the produ01ng
wells, a continuous CO, injection can then be initiated in these
remote areas. Proper management of the flood by the appllcatlon
of CO, and/or water at specified points in the reservoir based
upon project performance, can reduce the overall CO, utlllty from
20 MCF/BO to a number approaching 7 MCF/BO. This conversion of
wells from CO, to water injection wells will be an easy field
procedure, as both water and CO, injection lines have been hooked
up to each of the 1n]ectors. The dynamic nature of CO,
breakthrough will require that the reservoir model be run
throughout the project, with updates and adjustments made based
upon the project performance. .

It is anticipated that the smaller fault block will produce at a
higher yield (barrels oil per MMCF CO,) than the larger fault
block due to its higher initial oil saturation. This yield
factor is an important parameter in CO, floodlng operations
because it is what determines the economics of the project. This
Project Area 2 will be initiated durlng 1994 after the interpre-
tation of recently acquired 3-D seismic data allows for proper
placement of the vertical CO, 1njectlon well to be drilled. The
Polk "B" #39 will be drllled in this fault block at a point where
injection can be optimized. The single producer, Polk "B" #5,
will then be capable of producing at high rates without the fear
of a drop in reservoir pressuré below the minimum miscibility
pressure.
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Port Neches CO, Project Management Plan
Section | - Planned Accomplishments

Effective Date: 793 ...veecnscccscvancscecces Revised Date: June 29, 1993

Figure 1-5
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Port Neches CO, Project Management Plan
Section | - Planned Accomplishments

EffectiveDate: 7-93 ....cceeceectcccncccccces

Revised Date: June 29, 1993

Figure 1-6
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Port Neches CO, Project Management Plan
Section | - Planned Accomplishments

EHective Date: 793 +.vueeeeeeeeenenencnsnns Revised Date: June 29, 1993

Figure 1-7
Short Term CO, Production Forecast
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PORT NECHES FIELD

HET. time map (MARG. faulting projected)

(Based on brute stack data 3D-workmap)
Geoscientist: R. McKeever, D. Kuhfal
Sept 1993
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Port Neches Marginulina Sandstone Relative Permeability

Sw

0.133
0.315
0.355
0.396
0.458
0.532
0.597
0.635
0.656
0.674
0.680
1.000

Swi,obs
0.133
0.133
0.133
0.133
0.133
0.133
0.138

<==Draw Graph
on Semi—log
to get Sw,obs
at each Krw
below

Sw,ad]
0.200
0.285
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0.377
0.446
0.494
0.559
0.603
0.652
0.705
0.746

Lab
Krw(oil) Krw(air)
0.00000 0.00000
0.02700 0.01868
0.03500 0.02421
0.04200 0.02905
0.05500 0.03804
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1.00000
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Krw Sw,obs
0.001 0.133
0.005 0.225
0.010 0.265
0.020 0.325
0.030 0.400
0.040 0.452
0.050 0.522
0.060 0.570
0.070 0.623
0.080 0.680
0.090 0.725
0.100 0.755

0.774

Lab
Kro(oil)

1.00000
0.36800
0.28900
0.22000
0.13600
0.06100
0.01900
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0.00200
0.00034

Swor,obs
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0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
0.654
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0.080
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0.706
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0.273
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Port Neches Marginulina Sandstone Relative Permeability

Sg

0.000
0.035
0.054
0.076
0.105
0.138
0.184
0.225
0.268
0.299
0.337
0.357
0.384
0.412
0.430
0.445
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0.532

INPUT DATA
Swi(field) 0.200
Swi(lab) 0.133
Sor(field) 0.300
Sor(lab) 0.346
Kair 3730
Koil 2580
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0.00450| 0.00311
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Kro(air)

0.69169
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0.42885
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0.11136
0.07747
0.05810
0.04012
0.03320
0.02490
0.01798
0.01383
0.01107
0.00968
0.00553
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File: DAL-93040

SIMULATED FORMATION BRINE

nstituen
Sodium Chloride (NaCl)
Potassium Chloride (KCl)

Calcium Chloride (CaCl,)
Magnesium Chloride (MgCl,*6H,0)

*y

19

ncentration m

60,000
5,000
10,000
5,000
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Texaco, Inc.
Stark "B" No. 10 Well

Initial Conditions

Water Effective
Permeability Saturation, Permeability
Sample Depth, to Air, Porosity, percent to Qil,

1.D, feet millidarcies percent pore space millidarcies

24 5983.8 3730 31.4 13.3 2580

*Relative to the effective permeability to oil at initial water saturation.

SUMMARY_OF GAS:OIL RELATIVE PERMEABILITY, RESULTS

Page: 2 of 14
File: DAL-93040

Port Neches Field
Orange County, Texas

Terminal Conditions

Qil Effective Relative
Saturation, Permeability Permeability Oil Recovered,
percent to Gas, to Gas,* percent percent oil

pore space millidarcies fraction pore space _in place
33.6 1230 0.477 53.2 61.4
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GAS-O!L RELATIVE PERMEABILITY TEST RESULTS

Unsteady-State Method
Temperature: 71°F

Texaco, Inc. Sample 1.D.: 24

Stark "B" No. 10 Well Depth: 5983.8 feet

Port Neches Field Permeability to Air: 3730 md

Orange County, Texas Porosity: 31.4 percent
Initial Water Saturation: 13.3 percent

Effective Permeability to Oil
at Initial Water Saturation: 2580 md

Gas Gas-0il Relative Relative
Saturation, Relative Permeability Permeability
percent, Permeability to Gas,* to Oil,*
pore space Ratio fraction fraction

0.0 0.0000 0.0000 1.000

3.5 0.0062 0.0045 0.730

5.4 0.013 0.0082 0.620

7.6 0.025 0.013 0.520
10.5 0.050 0.021 0.420
13.8 0.095 0.030 0.320
18.4 0.213 0.047 0.223
22.5 0.414 0.067 0.161
26.8 0.800 0.090 0.112
29.9 1.30 0.109 0.084
33.7 2.38 0.139 ‘ 0.058
35.7 3.20 0.155 0.048
38.4 5.21 0.185 0.036
41.2 8.33 0.220 0.026
43.0 11.9 0.240 0.020
44.5 16.7 0.270 0.016
45.5 20.8 0.290 0.014
47.8 41.7 0.335 0.0080
53.2 0.477

*Relative to the effective permeability to oil at initial water saturation.
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Gas-Oll Relative Permeabiflity Ratio

GAS - OIL RELATIVE PERMEABILITY
Unsteady-State Clean Sample

Texaco, Inc. Sample I.D.: 24
Stark "B" No. 10 Well Depth, fest: 5983.8
Port Neches Field Permeabillity to Air, md: 3730
Orange County, Texas Porosity, percent: 31.4
Inttial Water Saturation, percent: 13.3

Effective Permsabllity to Ol at Swi, md: 2580
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File: DAL-93040
GAS - OIL RELATIVE PERMEABILITY
Unsteady-State Clean Sample
Texaco, Inc. Sample I.D.: 24
Stark "B" No. 10 Well Depth, feet: 5983.8
Port Neches Field Permeabillity to Air, md: 3730
Orange County, Texas Porosity, percent: 31.4
Inttial Water Saturation, percent: 13.3
Effective Permeabllity to Ol at Swi,md: 2580
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Gas Saturation, percent pore space
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Texaco, Inc.

Stark "B" No. 10 Well

Initial Conditions

Page: 6 of 14
‘File: DAL-93040

Port Neches Field
Orange County, Texas

Terminal Conditions

Sample Depth,

1.D,

24

*Relative to the effective permeability to oil at initial water saturation.

Permeability
to Air,
feet millidarcies
5983.8 3730

Water Effective
Saturation, Permeability
Porosity, percent to Oil,
percent pore space millidarcies
31.4 13.3 2580

Oil Effective Relative
Saturation, Permeability Permeability Qil Recovered,
percent to Water, to Water,* percent percent oil
pore space millidarcies fraction pore space _in_place
32.0 299 0.116 54.7 63.1




Page:
File:

WATER-OIL RELATIVE PERMEABILITY TEST RESULTS

Unsteady-State Method
Temperature: 71°F

Texaco, inc.

Stark "B" No. 10 Well
Port Neches Field
Orange County, Texas

Water Water-0il
Saturation, Relative
percent, Permeability
pore space_ __Ratio
13.3 0.000
31.5 0.072
35.5 0.121
39.6 0.191
45.8 0.405
53.2 1.19
59.7 4.79
63.5 18.2
65.6 55.3
67.4 332
68.0

Sample I.D.:

Depth:

Permeability to Air:
Porosity:

Initial Water Saturation:

7 of 14
DAL-93040

24
5983.8 feet
3730 md
31.4 percent
13.3 percent

Effective Permeability to Oil

at Initial Water Saturation: 2580 md
Relative Relative
Permeability Permeability
to Water, * to Qil,*
fraction fraction
0.000 1.000
0.027 0.368
0.035 0.289
0.042 0.220
0.055 0.136
0.073 0.061
0.090 0.019
0.103 0.0057
0.110 0.0020
0.114 0.00034
0.116

*Relative to the effective permeability to oil at initial water saturation.
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WATER - OIL RELATIVE PERMEABILITY

Unsteady-State Clean Sample
Texaco, Inc. Sample I.D.: 24
Stark "B" No. 10 Well Depth, feet: 5983.8
Port Neches Fisld Permeabliity to Air, md: 3730
Orange County, Texas Porosity, percent: 31.4
Initial Water Saturation, percent: 13.3
Effective Permeabliity to Ol at Swi, md:- 2580
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Water Saturation, percent pore space
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WATER - OIL RELATIVE PERMEABILITY
Unsteady-State Clean Sample
Texaco, Inc. Sample LD.: 24
Stark *B" No. 10 Well Depth, feet: 5083.8
Port Neches Field Permeability to Air, md: 3730
Orange County, Texas Porostly, percent: 314
initial Water Saturation, percent: 133
Effective Permeabllity to Oll at Swi, md: 2580
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Texaco, Inc.
Stark "B" No. 10 Well

Initial Conditions

SUSCEPTIBILITY ULTS

Page: 10 of 14
File: DAL-93040

Port Neches Field
Orange County, Texas

Terminal Conditions

Water Effective
Permeability Saturation, Permeability
Sample Depth, to Air, Porosity, percent to Qil,
I.D. feet millidarcies percent  pore space  millidarcies
N 23 5982.8 3380 30.1 10.9 2550
24 5983.8 3730 31.4 7.5 2800

*Relative to the effective permeability to oil at initial water saturation.

Oil Effective Relative
Saturation, Permeability Permeability Qil Recovered,
percent to Water, to Water,* percent percent oil

pore space millidarcies fraction pore space _in place

34.6 305 0.120 54.5 61.2

36.6 258 0.092 55.9 60.4
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WATERFLOOD SUSCEPTIBILITY TEST RESULTS

Temperature: 71°F

Texaco, Inc.

Stark "B" No. 10 Well
Port Neches Field
Orange County, Texas

Cumulative Qil

Water Input, Recovery,
pore volumes percent pore space
0.511 51. 1%+
0.683 52.4
1.15 53.4
1.70 53.7
2.76 54.1
4.89 54.4
9.69 54.5

Sample 1.D.:

Depth:

Permeability to Air:
Porosity:

Initial Water Saturation:
Effective Permeability to

11 of 14
DAL-83040

23
5982.8 feet
3380 md
30.1 percent
10.9 percent
Qil

at Initial Water Saturation: 2550 md

Average Oil
Recovery*,

percent pore space

51.7
52.9
53.6
53.9
54.3
54.5

* Calculated for mid-point of incremental throughput
** Calculated from incremental throughput volumes

**% Breakthrough recovery

29

Average
Water Cut*®,

percent

92.0
97.9
99.3
99.6
99.86
99.98
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Water-Cut, percent

WATERFLOOD SUSCEPTIBILITY
Unsteady-State Clean Sample
Texaco, Inc. Sample 1.D.: 23
Stark *B* No. 10 Well Depth, feet: 5982.8
Port Neches Fisld Permeabiiity to Air, md: 3380
Orange County, Texas Porostty, percent: 30.1
Initial Water Saturation, percent: 10.8
Effective Permeabilily to Ol at Swi,md: 2550
100 10.0
q
80 8.0
4
60 60 §
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g
11] =
o
=
40 4.0 %
2
1]
20 20
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1]
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0 B & 0.0
o 20 40 60 80 100
Cumulative Oil Recovery, percent pore space
Water-Cut Water Input

Core Laboratories

30



Page: 13 of 14

WATERFLOOD SUSCEPTIRILITY TEST RESULTS

Temperature: 71°F

Texaco, Inc.

Stark "B" No. 10 Well
Port Neches Field
Orange County, Texas

Cumulative Qil

Water Input, Recovery,

pore volumes percent pore space
0.539 53.6
0.749 54.3
1.15 54.8
2.12 55.4
4.02 55.8
8.52 55.9
17.1 55.9

File: DAL-93040
Sample 1.D.: 24
Depth: 5983.8 feet
Permeability to Air: 3730 md
Porosity: 31.4 percent
Initial Water Saturation: 7.5 percent
Effective Permeability to Oil
at Initial Water Saturation: 2800 md
Average Oil Average
Recovery*, Water Cut**,
percent pore space percent
53.6 -
53.9 96.6
54.6 98.7
55.1 89.4
55.6 99.8
55.8 99.97
55.9 99.996

* Calculated for mid-point of incremental throughput
** Calculated from incremental throughput volumes

««+ Breakthrough recovery’
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Water-Cut, percent

Unsteady-State Clean Sample
Texaco, Inc. Sample L.D.: 24
Stark "B" No. 10 Waell Depth, feet: 5983.8
Port Neches Field Permeability to Air, md: 3730
Orange County, Texas Poroslty, percent: 31.4
Initial Water Saturation, percent: 75
Effective Permeabliity to Ol at Swi, md: 2800
100 gy 10.0
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Cumulative Oil Recovery, percent pore space
Water-Cut Water input

Core Laboratories
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TEXACO, INC.

Stark "B" No. 10
Port Neches Field
Orange County, Texas
CL File No. 57161-11236

Core No. 2
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Texaco

DATE: May 17, 1993
TO: Mr. Joseph Babineaux, Jr.
FROM: M. D. Hogg

SUBJECT: PRO - Lithologic Description of Conventional Core, Port Neches Field
Analysis of Marginulina sand to Prepare for Horizontal Drilling

In 1993 the East Region Sour Lake Asset Management Team will drill a horizontal CO,
injection well within the Marginulina sand (Oligocene) reservoir at Port Neches Field.
Horizontal displacement through the Marginulina sand will be approximately 1500 feet.
Net sand ranges from 20 to 35 feet along the proposed horizontal well bore course, which
approximates the trend of the original oil-water contact. Since the well will serve as a CO,
injector for a miscible EOR project, it is important to maintain vertical control during drilling
through the productive interval to insure the well bore remains in-zone to maximize
injection sweep efficiency.

Stratigraphic control at the wellsite will be based largely on bit cuttings collected during
horizontal drilling. The primary purpose of this study is to establish lithologic
characteristics of the Marginulina sand, the intervals immediately above and below the
reservoir, and describe the vertical succession within the reservoir and confining beds.
The vertical succession will be used to provide stratigraphic control within the proposed
horizontal well. Well log curves and profile permeameter data (measured at Core Labs)
is included as Attachment 2. The profile permeameter data is intended to assist
Schlumberger in modeling MWD resistivity anomalies associated with out-of-zone wellbore
excursions.

Lithologic characterization of overlying and underlying intervals was made using bit
cuttings from the Texaco Stark "B" No. 10. Examination of these cuttings indicates that
intervals enclosing the reservoir are similar and, therefore, have no diagnostic vertical
patterns of lithology. Consequently, it is not possible to differentiate the shales and very
fine-grained sandstones occurring above the reservoir from those below. Conventional
cores of the reservoir recovered from the Stark "B" No. 10 were described to obtain
representative and continuous sampling of the objective interval.

Sixty-seven feet of conventional core were cut in the Stark "B" No. 10 with 48 feet of
recovery incorporating the Marginulina sand and overlying and underlying units. Analyses
performed include core description, binocular microscope examination of core plugs, and
micropaleontolgy (Total Biostratigraphic Services, Inc.). Attachment 1 is lithelogic
descriptions of the cored intervals including porosity and permeability data,
micropaleontology sample points, and interpreted depositional environments. To assist
wellsite personnel, sets of cuttings comparators from overlying and underlying intervals
(from Stark "B" No. 10 samples) have been prepared for microscopic examination of
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bit cuttings while drilling. In addition, photographs of reservoir core plugs have been
mounted adjacent to SP-gamma ray logs annotated with core plug location. The cuttings
and core plug photographs should be used for real-time comparison with bit cuttings
obtained during horizontal drilling.

Core examination indicates that three lithologies should be identifiable with drill cuttings.
These key lithologies are: 1) unconsolidated medium-grained sand within the Marginulina
sand proper, 2) homogengous dark gray lignitic shales within the upper portions of the
sand, and 3) calcareous and fossiliferous bioturbated shale and shaly very fine-grained
sand above and below the Marginulina sand. Micropaleontology confirms the marginal
marine depositional environments of confining units interpreted from core examination.

The only clearly distinctive zone within the reservoir consists of dolomite-cemented
nodules at 5975.5 feet (see Attachment 1). It is unknown whether this nodular zone is
widespread and confined to a specific stratigraphic position. However, cuttings of this
material can be differentiated from the calcite-cemented sand of confining zones by slower
effervescence of dolomite in dilute HCl compared to calcite and/or not taking a stain
when immersed in a standard solution of alizarin red-S'. In addition, shale beds in the
upper portion of the reservoir are only slightly calcareous with minor effervescence in
dilute HCI whereas the calcareous shales in confining beds effervesce vigorously.

In summary, salient features of beds penetrated in the proposed horizontal CO, injection
well are:

OVERLYING BEDS: (cuttings comparator)

e gray calcareous shale and mottled shaly bioturbated very fine-grained
glauconitic sand; vigorous effervescence in dilute HCI

e pyrite

e marine fossils; forams, molluscs, echinoid fragments

e extremely finely interlaminated sand and shale

MARGINULINA SAND: (core plug photographs)

e nearly all unconsolidated medium-grained sand

e [ocal tight dolomitic zone(s); slow effervescence in dilute HCI

e dark gray slightly calcareous shale beds near top of reservoir

e no fossils, calcite, or pyrite (continued)

'In contrast to dolomite, calcite takes on a pink to light red stain when treated with alizarin red-S. Iron-
rich dolomite may develop a mottled royal blue stain.
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UNDERLYING BEDS: (cuttings comparator)

e gray calcareous shale and mottled shaly bioturbated very fine-grained
glauconitic sand; vigorous effervescence in dilute HCI

o pyrite

o marine fossils; forams, molluscs, echinoid fragments

o extremely finely interlaminated sand and shale

/7%/ D /»4%/

cc: Darrell Davis
Dennis Kuhfal
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STARK "B" No. 10 COMPARATOR CHART - BELOW MARGINULINA SAND

DEPTH

BULK

COARSE

COMMENTS

SAMPLE

5980/990

Tr.* glauconitic sand, pyrite-cemented
sand, lignite, forams, very finely
interlaminated silt and shale, fine
lignitic plant debris. Mottled

sand/shale. ¢ arc48b00s

5990,/000

Tr. * glauconitic sand, quartz-
cemented sand, lignite, forams,
mollusc fragments, fine lignitic plant
debris on bedding surfaces. Mottled
sand/shale. c4LeABRE2¢S

6000/010

Tr. * glauconitic sand, pyrite-cemented
sand, very finely interlaminated silt and
shale, lignite, forams, mollusc
fragments. Mottled sand/shale.

CALeAREOLS

6010/020

Tr. * glauconitic sand, pyrite-cemented
sand, mollusc fragments. Mottled
sand/shale.

CALCAREDES

6028/BU

Tr. * glauconitic sand, pyrite-cemented
sand. Mottled sand/shale.

CALCAREOVS
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STARK "B" No. 10 COMPARATOR CHART - ABOVE MARGINULINA SAND

DEPTH |

BULK

COARSE

COMMENTS

SAMPLE

5890/900

Tr. * glauconitic sand, forams,
echinoid spines, limestone, lignite,
pyrite-cemented sand, very finely
interlaminated shale and silt.
OALLABEDYS

5900/910

Tr. * glauconitic sand, pyrite-cemented
sand, very finely interlaminated shale
and silt, limestone, mottled
sand/shale.

CALCAREI/S

5910/920

Tr. * glauconitic sand, pyrite-cemented
sand, formams, mollusc fragments,
lignite, mottled sand/shale.

CALLAREOYS

5920,/930

Tr. * glauconitic sand, pyrite-cemented
sand, mottled sand/shale.

CALe AREOYS

5930/940

Tr. * glauconitic sand, pyrite-cemented |

sand, lignite, mollusc fragments, very
finely interlaminated silt and shale,
mottled sand/shale.

CAICAREOVS
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SEDIMENTARY
STRUCTURES

GRAIN. SIZE

REMARKS

LITHOLOGY
o
CORE
DEPTH
POROSTTY (X)
DEPOSTTIONAL
ENVIRONMENT

MED
FIE
FiNE
ST
SUT/CLAY
CAY
_. PERMEABLATY MD

03

IS

I Q

i

|
e

(g

hl

2

2l
1| &l
2 ||

I

sssecccssns

coensensssenns

P TR IR T T T Y RN

eoesccssevnrsescccscncasfionns

eeesessssssasste

eesescssasseasts

YY) xx R LRI R

cesesecrrcna

- 50

~ 55

ceasessesesssssssssshraanale

Teesdeessrersasttasrasnccarvavonfasaef

TN ey yys RERR] 0

Tiereccsccesssssssssesssssasncesheasal

.
.

cecescne

ecserresena

Shallow bay/shelf

2\
M
g

Variably bioturbated laminated
shale, siltstone, and vfg sand.
Calcareous W/ no recognizable
fossils.

fDark gray shale with plant
impressions and pedogenic
slickensides. Inactive channel
fill.

T

Distributary channel/point bar

Interbedded 1light gray-brown
homogenecus mg sandstone and
laminated slightly calcareous
dark gray coaly shale with
plant impressions.

ceeranne

cesesvans

teessssssssassanesrerereasssnnes

ceesaseseserans

IR IREEE EER RN

‘cUT 27’ (5940~5967)
REC 21’ (5940-5961)
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SEDIMENTARY
STRUCTURES

GRAIN SIZE

LITHOLOGY

V. FINE
SLT
SLY/QAY

QLAY

CORE
DEPTH

MEASURED

POROSTTY (%)

30

. PERMEABLITY MD

07

DEPOSITIONAL

ENVIRONMENT

REMARKS

10

TOC #2 | . - & - g ¢ =
5967 8858 8¢8 Do -
Ay B EREEN B EEEY b as above
sy OO SRR e
- - : S Lt Gradually fining-up mg to Lmg
PG I 5 8 3 5 trough and planar x-bedded
e i AESEEEEEAN ol IR : light brown _friable sand
0 midr oo r g g . interspersed with gray zones
AN § IR - : along bedding surfaces.
- - AR Occasional dark gray mudclasts
AP I G RSN s . : u and coaly laminations.
0 2.2.° B 8888 L 2 ¢ : 2
femtettd et : u {Finely laminated silt and
52888381 5 5 f[shale. contorted from loading
T 9 jiof overlying sand.
3 T =
: 1 s o
. M =1
S 3 IS
g T <
: . 5 |-
S : L R Light brown mg trough and
: i g ¥ |planar x-bedded friable sand
: B : '8 |with abundant gray forset
: L g :1| 2 |laminations. Zone of dolomitic
IR S :11 8 I[nodules (slow effervescence in
A E s ﬁ ‘dilute HCl) .
PO o o u
EEREN : ja
S og e B | T —ORIGINAL QIL-WATER CONTACT _
2888 | H I Light gray mg friable sand;
g A 3 S otherwise similar to above.
: L RS Trace of convolute bedding.

=1 il B
gggség B EENER: CUT 30’  (5967-5997)
. E E : : ' REC 18.5’ (5967-5985.5)
TOC #3 P L NN
5997 32 88 8.8 3 881l3 88
RV e IR EN W N
V=i Sehde (] |Fii]iis
V== Samplew O :
St L B 288118
7~ PR L PP . 44 . . q
e - S8 88588 ‘3 |Bioturbated <finely laminated
— ] : i s fel:::]: £ |green-gray shale and siltstone
fc—oe—= 2 9 & sl 8 jwitn homogeneous silty
e —=] ¢ ! : :r 283138 8 3 g* mudstone. Burrows are mostly >
— —] i r $ i :f:: ] a |horizontal circular forms;
—_—] i i I S t 12 ]: % i 2 |frequently sand filled. Shale j
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Field Implementation

The horizontal well will be drilled in November along the
original oil-water contact of the waterflooded fault block. The
well will have 1500' of horizontal displacement and will have
prepacked screens run within the section to control sand. The
drilling of this well will be controlled by Schlumberger
Anadrill's GeoSteering tool which will provide a resistivity
measurement at the bit. An additional resistivity reading will
be taken by the MWD tool 60' above the bit. This will allow for
drilling to be maintained within the 30' sand.

Photographs are included in this section to show the work which
was performed during the 1993 fiscal year. A description of
photographs is as follows:

Photograph Description
3-A This is the producing well Kuhn #14. Notice

the actuated wing valve used to control flow
in case a downstream failure occurs.

3-B This is the injection well Kuhn #36. This
well is equipped with a hookup for both CO,
and water injection. All wellheads are
stainless steel trimmed to handle the
corrosive CO, service.

3-C Construction of.the tank battery platform
required pile driving and marsh work.

3-D After the foundation of the tank battery was
completed, new water and oil storage tanks
were constructed.

3-E Steel line pipe was cut and welded to hookup
the various production equipment items.

3-F Fiberglass flowlines were hooked to the
production platform.

3-G At a shop in Harvey, Louisiana an on-hand
compressor barge was stripped clean and the
new equipment was installed. Notice that the
upper deck of the barge was removed to allow
for clearance while piping was installed.

3-H A production manifold was constructed which
allowed for all wells to be hooked to the low
pressure test and working separators and the
intermediate pressure test and working
separators.
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After completing all work on both decks of
the compressor barge, the upper deck was
lowered onto the lower deck.

The compressor barge was then complete and
ready to be floated over to the Port Neches
Field.

A total of three compressors were overhauled
and equipped with corrosion resistant parts.

A glycol dehydration tower was installed to
removed free water from the CO, stream being
produced from the wells.

A CO, injection pump capable of handling 250
tons per day (4.3 MMCFPD) of CO, purchased
from Cardox was installed on the upper deck
of the compressor barge.

The completed barge and tank battery facility
is in place at Port Neches. An additional
barge will be floated in next to the CO,
compressor barge to handle other field
production. On this barge will be an
additional CO, injection compressor.

0il and water production gathered on the

compressor barge is piped to the gunbarrel,
0il, and water tanks.
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PowerPak
PDM

Surface adjustable
Bent-housing

NBS with Bit Resistivity,
Azmuthal Resistivity,.
Gamma Ray, Inclination, RPM

.
ke

Gamma Ray —~——

3/4° Fixed Bent-housing .

Stabilizer
+
Bearings
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4 Driling
=~ Eva.]uation Schiumberger
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Photograph 3—A

—B

Photograph 3:
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Photograph 3—-C

Photograph 3—-D
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Photograph 3-G

Photograph 3—H
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Photograph 31




Photograph 3—-K
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Photograph 3—M

Photograph 3—N
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Photograph 3-0
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€O0,/CO, Pipeline

A 4-1/2 mile 4" (I.D.) pipeline was installed from a Cardox Co,
pipeline tie-in point to the Port Neches Field. Purchases began
on September 22, 1993 at a rate of approximately 4 MMCFPD.

The attached photographs indicate the complexity of some of the
work. After burying the pipe along the high elevation levels of
the right-of way, the pipe was jetted in place in the marsh area
after being welded on ground. Unfortunately there are no
pictures of this operation, as it took only 1-1/2 days to pull
the pipe into the jetted area of the marsh.

Photographs included are:

Photographs Description
4-A 4% steel pipe is delivered to

locations set up along the CO,
pipeline right-of-way.

4-B After offloading the pipe, it is
- layed along .the right-of-way and
made ready for welding.

4-C The pipe is welded and buried a
minimum of 3°'.

4-D Certified welders hand weld the
pipe and then x~-ray it for signs of
any defective welds.

4-E While the pipeline was parallel to
many other pipelines, some major
pipeline crossings were performed.

4-F Most all crossings required that

the pipe be placed beneath the
other pipelines.
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Photograph 4—A
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Photograph 4—-C
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Photograph 4—E

Photograph 4—F
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Environmental

One the major items which was addressed from an environmental
standpoint was that of the environmental liability of the co,
pipeline. An Army Corps of Engineers permit was received after
Texaco met all reporting requirements. A public notice was
issued by the Army Corps of Engineers and several meetings with
the Texas Parks and Wildlife and the U. S. Fish and Wildlife
Service were held. DOE also handled all necessary paperwork to
allow for a categorical exclusion to N.E.P.A. regulations.
Attached is a copy of the pipeline route.
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TEXACO U.S.A.
EASTERN E & P REGION

ONSHORE PRODUCING DIVISION
NEW ORLEANS, LOUISIANA

PROPOSED 4" CARBON DIOXIDE PIPELINE TO
SERVE PORT NECHES FIELD

LOCATED APPROX. 8.5 MILES EAST OF
BEAUMONT, TEXAS IN ORANGE COUNTY, TEXAS.

CLARK SURVEYING COMPANY
1315_SHERWOOD FOREST DRIVE
HOUSTON, TEXAS 77043
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CLARK SURVEYING COMPANY
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CLARK SURVEYING COMPANY
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PIPE uvata:

Nome of Product: CARBON DIOXIDE
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Technology Transfer

The PC-based model developed by Texaco's research lab in Houston
for this project has been tested against other compositional
simulators and is found to be very reliable. A draft by our
research center documents these results and will be presented at
the Improved 0il Recovery Symposium in Tulsa during April, 1994.

An SPE paper documenting the theory behind the model was also
recently presented at the Annual SPE meeting in Houston.
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DRAFT

This report compares the CO, flood performance predicted by PC-Prophet with the
predictions of COMP III and VIP-EXEC(COMP). The objective is to provide users of PC-
Prophet with information on how the predictions of PC-Prophet compare to those of the
compositional simulators which are now used within Texaco.

INTRODUCTION

An additional issue discussed is what option for the solvent phase relative permeability in
PC-Prophet gives results closest to those of the compositional simulators.

Three variations of the CO, flooding process were compared:
Tertiary with a waterflood, CO,/WAG flood, and chase water
Tertiary with a waterflood, single continuous CO, slug, and chase water

Secondary with immobile water

The comparative cases which were simulated were based on a five-spot pattern using
Roberts Unit data.

CONCLUSIONS

The following conclusions result from the comparative study of PC-Prophet and the
compositional simulators.

1. The predictions of PC-Prophet for waterflood and CO, flood performance in a five
spot were found to be very close to those of COMP III and VIP-EXEC(COMP) for
oil recovery. The predictions during WAG were especially close.

2. The similarity is expected to hold for other cases with simple reservoir descriptions
(homogeneous layers without crossflow).

3. For most cases, the saturation weighted average method of calculating relative
permeability for the miscible phase in PC-Prophet produced results closest to those
of VIP-EXEC(COMP) and COMP III. Under some circumstances, the option in
which the miscible phase relative permeability is set equal to that of the oil produced
results closer to a compositional simulator.

PC-Prophet predicted much too high an oil recovery during the chase water drive period
under some special circumstances. This problem has been corrected. ' The runs in this
report were done with the corrected version. The correction will be included in the next
general revision. Users who want a version of PC-Prophet now which includes this
correction can contact John Prieditis (Texnet 659-6168) or John Dobitz (Texnet 659-6080).
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FUTURE WORK
There are no additional comparative studies of PC-Prophet planned at this time.
DISCUSSION
This study compares the predictions of PC-Prophet, COMP III, and VIP-EXEC(COMP).

First, some background information on the comparison cases is provided, and then results
of the comparisons are discussed.

Background

Model Background

COMP III and VIP-EXEC(COMP) are both grid-based finite difference compositional
simulators which model the miscibility of CO, and oil by using equation-of-state flash
calculations.

PC-Prophet is a simulator which does finite difference calculations along streamtubes. The
miscibility of CO, and oil is modeled by using a modified Todd and Longstaff mixing
parameter approach. Miscibility is modeled by the calculation of effective fluid viscosities
and effective relative permeabilities.

The effective fluid viscosities are adjusted with the mixing parameter, omega. The
mixing parameter can be set between 0.0 and 1.0. As the parameter is set closer to
1.0, the effective CO, and oil viscosities are made closer at the CO,-oil contact.

For all the PC-Prophet runs, the mixing parameter, omega, was set to 0.666.
This can be considered a standard value. The results of PC-Prophet were
close to those of the compositional simulators with omega set to 0.666.
Adjustment of the mixing parameter was not needed.

Effective miscible phase relative permeabilities are calculated te model the
miscibility between CO, and oil. PC-Prophet can do this in three different ways.
The ways are discussed in detail in Appendix A. The miscible phase relative
permeability can be calculated as

a saturation weighted average of the solvent and oil relative permeabilities
(This method is unique to PC-Prophet.)

a simple average of the oil and gas relative permeabilities (This method
corresponds to the documentation for COMP III)
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equal to the oil relative permeability (This is the standard method for mixing
parameter models.)

One objective of this study was to investigate which of these methods gave results
closest to those of the compositional simulators.

Basic Approach

The approach was to create the same input data for. PC-Prophet and the compositional
simulators, run the simulators, and compare the results. There was no attempt to adjust
parameters within PC-Prophet to match the results of the compositional simulators.

The comparative simulations were based on a five spot pattern using data from an earlier
Roberts Unit simulation”.

First, the pattern characteristics and input data are outlined. Then, the results of the
simulations are discussed.

Input Data

Reservoir description - Four homogeneous layers with no vertical permeability or
cross-flow. No difference between the X and Y direction permeabilities in each layer.
Fairly high permeability variation among the layers with a Dykstra-Parsons coefficient
of 0.75.

Pattern - Five-spot

Fluid properties - Same fluid viscosities in PC-Prophet and the' compositional
simulators.

Relative permeabilities - Same relative permeabilities in PC-Prophet and the
compositional simulators. No miscible residual oil saturation for PC-Prophet (i.e.,
Sorm = 0.0).

The vertical permeability in the compositional models was set to zero to eliminate cross-flow
between the layers.

A typical input data set (i.e., an INDATA file) is provided in Appendix B.
Recoverv Processes and Injection Sequences

Three types of recovery process were compared, including a tertiary WAG, a tertiary single
CO, slug, and a secondary process.
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Tertiary WAG. The stages in the flooding process for the tertiary WAG were:

Waterflood - starting with 11.8% OOIP already recovered
CO,-WAG - 0.31 HCPV CO, with 1.17:1 WAG ratio (water:CO,)
Water chase

The 0.31 HCPV CO, is computed based on the original oil in place prior to the
primary period. "The WAG period ends at 0.67 total (CO,+water) HCPV injected.

Tertiary Continuous CO, Slug. The stages in the flooding process for the tertiary
CO, slug were:

Waterflood - starting with 11.8% OOIP already recovered
CO, slug - 0.31 HCPV CO, with no water
Water chase '

Secondary. The secondary injection sequence was the injection of CO, into an oil-
filled pattern starting at the connate water saturation. The water was immobile in
this case; only the CO, and oil were flowing.

Gas Relative Permeability Variations

A strong test of how closely PC-Prophet compares with the compositional simulators, is to
run comparative cases over as broad a range of gas permeabilities as might be expected.
This is a much more thorough test than a comparison in which the gas and oil relative
permeabilities are the same.

When the gas relative permeability is changed in compositional simulators, there is a
difference in the predicted CO, flood performance, both for oil recovery and for CO,
production. This is because, to a large degree, the CO, follows the gas relative permeability
curve.

PC-Prophet can use different gas relative permeability curves, unlike most mixing parameter
models. This is done by using the saturation weighted method in PC-Prophet and treating
thé solvent relative permeability curve as if it were the gas relative permeability curve. In
contrast, most mixing parameter models cannot match predicted CO, flood performance
differences that are the result of differences in the gas relative permeability. This is because
they do not even use the gas relative permeability curve. They instead define the miscible
phase relative permeability as equal to the oil relative permeability.

The predictions of PC-Prophet were compared with those of the compositional simulators

for three values of the gas relative permeability. Three levels of the endpoint gas (or CO,)
to oil relative permeability ratio were investigated. The ratios were 3.4, 0.34, and 0.034.

124




For example, the 0.034 ratio represents an endpoint CO, relative permeability which is only
3.4 percent of that for the oil.

The following shows the relationship between the gas relative permeability endpoints
(krgew) and the gas to oil endpoint relative permeability ratios that were used:

Endpoint gas rel perm Endpoint gas rel perm

krgew Endpoint oil rel perm
1.0 3.4

0.1 0.34

0.01 0.034

The oil endpoint relative permeability was 0.295.

Adjusting the gas relative permeability curve is one of the few ways of trying to match CO,
flooding performance without affecting the waterflood history match.

Simulation Results

CO, flood predictions using PC-Prophet, VIP-EXEC(COMP), and COMP III were
compared. The format of the results is discussed first followed by conclusions about the PC-
Prophet options. The comparison of the results is divided into discussions of the waterflood,
the CO,-WAG process, the single CO, slug followed by chase water, and secondary recovery.

Table and Ficure Format of Results

The results presented in the figures and table show tertiary recovery after the end of the
initial waterflood as a function of HCPV. These are not incremental tertiary recoveries as
usually defined, because they do not exclude the oil which would have been recovered just
by the continued waterflood. Instead, these values are additional amounts recovered after
the end .of the waterflood (i.e., the recovery at the end of the waterflood has been
subtracted). The injected HCPV (hydrocarbon pore volume) is the HCPV injected after the
end of the waterflood (i.e, the water injected during the waterflood has been subtracted).
The injected HCPV includes both the injected water and CO,.

Miscible Phase Relative Permeability Option in PC-Prophet

The three options available for the miscible phase relative permeability were listed
previously and are discussed in more detail in Appendix A. In short, these options are the
saturation weighted method, the simple average method, and the equal to oil method.
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Saturation Weighted. Except under special circumstances, the saturation weighted
method in PC-Prophet produced predictions closer to the compositional sitnulators
than the other two options. This was especially true for the cases in which the gas
relative permeability was smaller than that of the oil. This method is unique to PC-
Prophet, but it is similar to Amoco’s solvent relative permeability (SRP) model.?

Equal to Qil. The standard formulation, in which the miscible phase relative
permeability is set equal to the oil relative permeability k_,, gives only a single result
for all values of the gas relative permeability. CO, or gas relative permeabilities are
not included in any calculation. “This method, however, gave results closest to those
of a compositional simulator under some conditions. There were two conditions that
had to be met:

the process had to be a CO, slug (followed by water) or secondary recovery
the CO, relative permeability had to be greater than that of the oil

Simple Average. The simple averaging method was taken from the documentation for
COMP III. However, it did not produce results closer to those of COMP III than the
other two methods. Instead, it produced results very close to those of the method
in which the miscible phase relative permeability is set equal to that of the oil. For
cases of very small gas relative permeability, the oil recovery was actually slightly
reduced. This is contrary to what should happen.

Situation in which option choice does not matter. All three methods of defining the
miscible phase relative permeability in PC-Prophet produce essentially identical results when
the gas and oil endpoint relative permeabilities are very similar. For many (perhaps even
most) previous simulations, the gas and oil endpoint relative permeabilities have, in fact,
been very similar. Consequently, all three options for the miscible phase relative
permeability would have resulted in very similar predictions for these simulations.

In the absence of any information about the gas relative permeability, the standard method,
in which the solvent relative permeability is set equal to that of the oil, is recommended.

Waterflood Results

All three simulators produced essentially identical results for the waterflood. As indicated
previously, there was no special attempt to make PC-Prophet match the compositional
simulators. The objective was to make the input data sets as similar as possible and then
compare the results.

Figure 1 shows the waterflood comparisons.
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Comparisons are also provided in Table 1. It should be noted that the primary recovery of
11.8% has been added to the end of waterflood recovery reported in the table. The
waterflood was initiated with 11.8% HCPV already recovered.

CO,-WAG

The predicted recoveries during the WAG period were remarkably close for all three
simulators and for all three values of the gas relative permeability. The WAG period was
from 0.0 to 0.67 HCPV and included 0.31 HCPV CO,. There was as much difference
between the two compositional simulators as there was between PC-Prophet and either of
the two compositional simulators. PC-Prophet predicted somewhat higher recoveries during
the subsequent chase water period for all values of the gas relative permeability.

A revised version of PC-Prophet was used for these cases. The revision has the following
change:

For cases in which the CO, mobility is greater than the brine mobility, the relative
fluid injection ratios for each stream tube remain constant during the water chase
period. These constant values are the values that occurred just at the end of the
period during which CO, was injected.

Prior to this revision, PC-Prophet predicted an even higher recovery during the chase water
period.

Figures 2.3, and 4 show the cumulative HCPV oil recovery for the three values of
the gas relative permeability. The saturation weighted method was used in PC-
Prophet for these cases.

Figure 5 includes the PC-Prophet result for the case in which the miscible phase
relative permeability is set equal to the oil phase relative permeability. As might be
expected, this method produced a result between that for the high and intermediate
values of the gas relative permeability.

Figures 6,7, and 8 show the predicted oil production rates. Again the results are very
similar for all the simulators and cases.

For a WAG process, the saturation weighted method produces the best results for all values
of the gas relative permeability.

Single Continuous CO, Slug Followed by Chase Water

For these comparisons, only COMP III and PC-Prophet were used. PC-Prophet again
predicted recoveries very close to those of the COMP III compositional simulator. The
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qualification is that different PC-Prophet options for the miscible phase relative permeability
must be used for different values of the gas relative permeability.

Gas Relative Permeability Higher than that for Oil. For a case in which the gas
relative permeability endpoint is higher than that for the oil, the PC-Prophet option

which makes the miscible phase relative permeability equal to that for the oil gives
results closest to those of COMP IIl. The example for this case is shown in Figure
9; the gas endpoint relative permeability, krgew, is 1.0 while that for the oil is 0.295.

Gas Relative Permeability Smaller than that for Qil. For cases in which the gas
relative permeability endpoint is smaller than that for the oil, the saturation weighted
option gives the closest results.

For the case in which the gas relative permeability is higher than that of the oil, it is not
certain whether PC-Prophet with the saturation weighted method or COMP III is actually
more accurate.

Secondary Recovery

The results for secondary-recovery were analogous to those for the previous case of a
continuous CO, slug followed by chase water. As before, only COMP III and PC-Prophet
were used. PC-Prophet and COMP III had very similar predictions. As before, the
qualification is that the PC-Prophet option which sets the miscible phase relative
permeability equal to that for the oil must be used when the gas relative permeability is
larger than that of the oil.

Figures 12, 13, and 14 show the predicted cumulative HCPV oil recoveries for the
three different values of the gas relative permeability in the secondary CO, recovery
process.

The results for secondary recovery are analogous to those of a continuous (tertiary) CO,
slug followed by a chiase water drive.

Gas Relative Permeability Higher than that for Oil. The PC-Prophet option which
makes the miscible phase relative permeability equal to that for the oil gives results

closest to those of COMP III for a case in which the gas relative permeability
endpoint is higher than that for the oil. The example for this case is shown in Figure
12.

Gas Relative Permeability Smaller than that for Oil. For cases in which the gas

relative permeability endpoint is smaller than that for the oil, the saturation weighted
option gives the closest results.
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Summary_of Option Performance

The following is a summary of which PC-Prophet options produce results closet to the
compositional simulators and under what circumstances.

CO,-WAG - Saturated weighted in all cases

Tertiary Continuous CO, slug followed by Chase Water
or
Secondary Recovery

Gas endpoint relative permeability higher than that of oil - miscible
phase equal to oil

Gas endpoint relative permeability smaller than that of oil - miscible
phase equal to oil

Additional Observations

Hysteresis Effects. Water and oil hysteresis tend to occur in San Andres carbonates. The
current commercial compositional simulators cannot effectively include the hysteresis effects.
The typical effect of water hysteresis is an increased residual water saturation. An increased
residual water saturation tends to make predicted CO, breakthrough earlier as well as
increase the predicted early oil and CO, production.

The inability to include water and oil hysteresis may make it difficult for compositional
simulators to effectively model CO, breakthrough.

Gas Relative Permeability Effects.. There are some important effects of the gas relative
permeability shown in Table 1.

1. The predicted oil recoveries increased as the gas/oil endpoint relative permeability
ratio was decreased. The oil recovery increase was greatest for VIP-EXEC(COMP)
and least for COMP III. VIP Comp is thus the most sensitive to the gas relative
permeability. PC-Prophet had an intermediate increase.

N

The predicted CO, production decreased more than the oil production increased
when the gas relative permeability was decreased. Predicted CO, production is more
sensitive to the gas relative permeability. Although not directly shown, the predicted
CO, injectivity is also significantly reduced by large reductions in gas relative
permeability. ’
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APPENDIX A

The miscible phase relative permeability, k., can be represented as

a saturation weighted average of k,, and k

S-S S
k = (4 orm k . + F4 k (1)
m 1-§,-S,. " 1-8,-S,"°

w orm

where k_,, is the oil relative permeability and k is the solvent relative permeability

an average of k,, and k,

K, = 050k, +k,) @

row

where k_, is the gas relative permeability

equal to k.,

k., =k 3)

The first option, which makes k,_, a saturation weighted average, can incorporate a reduced
CO, relative permeability. This method is unique to PC-Prophet. When the CO, saturation
is at a maximum (with an immobile oil saturation at S, the miscible residual oil
saturation), the miscible phase relative permeability equals the endpoint CO, relative
permeability.

The second option makes the miscible phase relative permeability a simple average of the
gas and oil relative permeabilities. This method corresponds to COMP III documentation.

The third option, in which the miscible phase relative permeability is set equal to that of the
oil, is the standard formulation which is used in mixing parameter models. However, it
cannot incorporate a reduced CO, relative permeability.

The solvent and oil are tracked separately even though they are miscible. This is done by
dividing the miscible phase relative permeability and assigning to the solvent and oil the
correct fractions. The correct fractions are based on saturation. Under miscible conditions,
the gas relative permeability is
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—f—F. “4)
l;Sw-Soi'm "
and the oil relative permeability is
Sb-Sorm , (5)
I_SW—SDI'III "

In some formulations the miscible residual is left out of the denominator. However, when
this is done, the non-aqueous phase permeability is not completely distributed between the
CO, and oil.
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APPENDIX B

'ROBERTS UNIT - COMP IIIl COMPARISON’

2Kk %k K XK XK KK XK KK WELL AND PATTERN DATA % KKK X %k X)
'"PATTERN’

’SS,

'NWELLS  NOINJY

2, 1

'WELLS WELLY WELLQ

o 0 1

1, 1, -1

'NBNDPT’

5

'BOUNDX BOUNDY’

0, 0

0, 1

1L, 1

1, 0

0, 0

Il K A Mok Xk k KKKk K PROGRAM CONTROIS X K Kk K ¥R K?
LWGEN  OUTTIM’

N, 0.3

»»*%+ RELATIVE PERMEABILITY PARAMETERS ***’
'SORW SORG SORM’

040, 025,  0.001

'SGR  SSKR’
0.05, 0.05
'SWC  SWIR’
0.15, 0.15

'KROCW KWRO KRSMAX KRGCW
0.295, 0.27, 0.1, 0.1

'EXPOW EXPW EXPS EXPG EXPOG
2.36, 2.10, 3.17, 3.17, 1.49

'KRMSEL W’

0, 0.666

IARKAKKEEXXRREXN KK X FLUID DATA XK ¥ ¥ KKKk K kKNK%
'VISO  VISW’

1.23, 0.7

'BO RS API SALN CcsSG’

1.22, 600, 32, 50000, 0.8

THEREKEKEE KKK KKK RESERVOIR DATA % %k % & Xk %k kK ¥ XK
'TRES P MMP

114, 2000, 1500

'DPCOEF PERMAV THICK POROS NLAYERS
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0.75, 6, 1200, 01028, 4
'SOINIT ~ SGINIT ~ SWINIT

075, 0, 025

'AREA  XKVH’

1742400, 0.0

TERRXEXRERXEX KR INJECI‘ION PARAMETERS EEXL KR XX
'NTIMES WAGTAG’

3, W

'HCPVI WTRRAT SOLRAT TMORVL’
0.58, 200, 0, 1

031, 368, 0688, 054

1.05, 3600, 0, 1
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PROPHET

Process Qil Recoverv, % OOIP
Waterflood & Primary

CO, WAG

Chase Waterflood, 0.75 HCPV water
Maximum Oil Rate, BOPD

CO, Produced, End of WAG, %
Maximum GOR, SCF/STB

VIP COMP

Process QOil Recovery, % OOIP
Waterflood & Primary

CO, WAG

Chase Waterflood, 0.75 HCPV water
Maximum Oil Rate, BOPD
Maximum GOR, SCF/STB

COMP3

Process Oil Recovery, % OOIP
Waterflood & Primary

CO, WAG

Chase Waterflood, 0.75 HCPV water
Maximum Oil Rate, BOPD

CO, Produced, End of WAG, %
Maximum GOR, SCF/STB

TABLE 1

K ol Koo

32.6 32.6 32.6
15.7 17.1 17.8
6.1 8.2 8.8

14 13 12

51 34 21

8590 5250 3260
32.8 32.8 32.8
15.3 174 18.8
4.7 4.6 5.7
15.3 15.7 14.3

8487 6577 2966

34 034 0.034

324 324 324
154 16.5 16.9
5.6 6.2 7.1

18 16 13
43 23 8.5

8580 5500 2400
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ABSTRACT

Results from laboratory tertiary CO, flooding studies
conducted at representative reservoir conditions are
becoming available. Predicted CO, flood performance
can be significantly changed by using this data in
reservoir models. The laboratory data includes water
and oil relative permeabilities when the water satura-
tion is decreasing, residual oil saturations to a miscible
flood, residual CO, saturations, and CO, relative
permeabilities. Predicted oil recovery, CO, production,
and breakthrough times are.all influenced.

Unfortunately, much of this data cannot be used in
most presently available commercial reservoir simula-
tors. Additionally, there is uncertainty about the
proper form for the relative permeability of the misci-
ble {non-aqueous) phase. For example, should-the
miscible phase relative permeability be based on the
gas, oil, or solvent relative permeability or some
combination? Texaco has developed a mixing parame-
ter based reservoir simulator that not only uses the
new relative permeability data but also incorporates
different forms for the miscible phase relative perme-
ability.

This paper describes how the recently available

laboratory data and the form of the miscible relative -
permeability formulation affect predicted CO2 flood .

performance. Results presented show the importance
of using the laboratory data and show what changes
in existing simulators may be advisable.

References and illustrations at end of paper

INTRODUCTION

The rodeling and prediction of tertiary CO, flood
performance can be improved if the results from
recently reported laboratory CO, displacement tests at
representative reservoir conditions are used.

Reported results from such tests are still somewhat
rare, but some tertiary CO, flooding studies have
recently been reported™*346, Data from these studies
include water and oil relatlve permeabilities measured
when the water saturation is decreasing (often called
hysteresis curves), residual oil saturations to miscible
CO, floods, CO, relative permeabilities, and residual
CO, saturations.

Results from these studies have shown that CO,

-relative permeabilities can be very small in representa-

tive -west Texas carbonates®®. Work reported by
Shyeh-Yung® and Stern? demonstrates that the end-
point relative permeabilities of CO, can be as much as
100 times smaller than the oil endpoint relative
permeabilities in west Texas .carbonates. Reduced
CO, relative permeabilities would be expected to
improve oil recovery while simultaneously reducing
CO, production.

- Residual oil saturations to miscible CO, floods have

been measured. The presence of miscible residuals
would be expected to reduce oil recovery by reducing
the effectively available oil. Shyeh-Yung® and Stern?
report miscible residuals as large as 15%. However,
the presence of miscible residuals also reduces CO,
relative permeability?®. The largest reductions in CO,




EFFECTS OF RECENT RELATIVE PERMEABILITY

DATA ON CO, FLOOD MODELING

relative permeability occur for the largest residual oil
saturations. Consequently, miscible residuals may
increase sweep efficiency even though they reduce
the effectively available oil.

An additional characteristic is the presence of a
residual CO, saturation that is much larger than the
typically very small critical gas saturation. The
residual CO, saturation is typically about the magni-
tude of the residual oil saturation to a waterflood in
representative west Texas rock material'. The pres-
ence of large residual CO, saturations affects both ail
recovery and CO, production.

Hysteresis in the water and oil relative permeability
curves has also been observed'®'°, In particular, the
water saturation may not be reduced to the original
connate level following an oil flood or a CO, flood.
Furthermore, the oil relative permeability curve may
shift in a water drainage process. An increase in the
residual water saturation has a large potential effect in
the early part of a CO, flood because it influences
how fast CO, and oil move through the reservoir.

QOBJECTIVES

This study investigates the importance of several
relative permeability parameters for predicting CO,
flood performance and examines how they can be
incorporated into simulation models.

Specifically, -the following parameters are examined:
- reduced relative permeability of CO,

- residual oil saturation to a miscible
flood

- residual CO, saturation

- relative permeability curve hysteresis
including an increase in the residual
water saturation and a shift in the oil
relative permeability

In addition, there is uncertainty about the proper
formulation for the relative permeability of the miscible
phase that is formed between the CO, and oil. For
example, the formulation could be based on the gas,
oil, or CO, relative permeability or some combination.
Consequently, another issue that is investigated is
how the predicted CO, flood performance changes for
-different formulations of the miscible phase relative
permeability.
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DESCRIPTION OF METHODS

The characteristics of the simulation model are out-
lined before the effects of the relative permeability
parameters and formulations are discussed.

Description of the Simulator

Much of the recent CO, relative permeability data
cannot be directly used in commercially available
miscible flood simulators. Consequently, a Texaco
developed CO, flood simulator was used for the
present study. It incorporates the required relative
permeability relationships.

A simplified miscible flood simulator has been devel-
oped at Texaco as an alternative to the U.S. Depart-
ment of Energy’s CO, miscible flood predictive model,
CO2PM. The simulator was partially developed as
part of the DOE’s Class | cost share program. In
particular, it was part of the project entitled "Post
Waterflood, CO, Flood in a Light Oil, Fluvial Dominat-
ed Deltaic.Reservoir."”

Texaco's simulator generates streamlines for fluid flow
between user specified injection and production wells
and then does displacement and recovery calculations
along the streamtubes. A finite difference routine is
used for the displacement calculations along streamtu-
bes. A special advantage of the streamtube method
is the avoidance of grid orientation effects.

The mixing parameter approach proposed by Todd and
Longstaff® is used for simulation of the miscible CO,
process. The model can simulate both waterfloods
and CO, floods.

Three-dimensional flow is modeled by displacement in
areally homogenous layers. However, there is no
crossflow between the layers, and the effect of
gravity is not incorporated.

There are 3 components and 3 potential flowing
phases in the model, solvent (gas), water, and oil.
The solvent (i.e., CO,) is treated as the gas. Howev-
er, in fully miscible flow there are effectively only two
flowing phases, the solvent-oil phase and water. All
the phases are treated as incompressible.

Accuracy and Limitations of the Simulator

The simulator used in the present work was compared
against available simulation results. It was found to
give accurate results both for waterfloods and CO,
floods under the assumptions of areal homogeneity
and the absence of both gravity and crossflow. The
results are presented in Appendix A.
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The simulator used in the study is based on the mixing
parameter approach, and there may be some differ-
ences with the way relative permeabilities influence
results in the compositional simulators which are often
used.

Relative Permeability Relationshi

The analytical relative permeability relationships. used
in the simulator are presented in detajl. The reason
for doing this is to identify exactly how and where the
relative permeability parameters investigated in the
current study are used in the model.

Kew

The equation for the two-phase water relative perme-
ability, k., is

sw' swir

_SwSw Y Tt
"o\ -8,y Som

k

(1 4

where S, is the water saturation, n,, is the water
equation exponent, S, is the irreducible water satura-
tion, S..., is the residual oil to waterflood, and k,,,, is
the endpoint {(maximum) relative permeability of water
at the residual oil saturation.

A simplified form of water curve hysteresis is used.in
the model. Water hysteresis is represented by chang-
es in the irreducible water saturation, S,,,. During the
initial waterflood (i.e., before hysteresis), S, is set

equal to the connate water saturation, S,,.. After the

start of CO, injection (i.e.,. after hysteresis would
occur), S,,, is reset, if desired, to a value greater than
Swc in locations where the water saturation is decreas-
ing. Several increased values of S, are investigated.

k

Tow

The equation for the two-phase oil relative permeabili-
ty in the presence of water, k.., is

e (1SS

3-Su=Sorw )™ 2)
PN 1-8,0=Sonw

K,

row

where S,, is the water saturation, n,,, is the oil equa-
tion exponent, S, is the connate water saturation,
S.w iS the residual oil to waterflood, and k.., is the
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endpoint {(maximum) relative permeability of oil at the
irreducible water saturation.

The effects of shifts (i.e., hysteresis) in the oil relative
permgability curve are also investigated with a simpli-
fied method. After the start of CO, injection (i.e.,
after hysteresis would occur), k.. is adjusted, if
desired, for locations in which the water saturation is
decreasing. The exponent n,,, could also be adjusted,
but this was not done.

k

g

The equation for the two-phase gas relative permeabil-
ity in the presence of oil, k, is

k =k S¢S V" (3)
w = Yo |75, -8,

where S, is the gas saturation, n, is the gas equation
exponent, S, is the connate water saturation, S is
the residual gas saturation to an oilflood, and k.., is
the endpoint {maximum) relative permeability of gas at
the connate water saturation.

The effects of changes in S, are investigated.

Kes

An equation specifically for the solvent relative perme-
ability, k,, can also be formulated to include features
required for CO, relative pérmeability.

k S,-S,,

My
(4)
e\ 'swfr' s:r" sorm

k

8

where S, is the gas (i.e.,solvent) saturation, n, is the
solvent equation exponent, S,,, is the irreducible water
saturation, S,, is the residual gas (i.e., solvent) satura-
tion, S, is the residual oil saturation to solvent, k,,, is
the endpoint (maximum) relative permeability of
solvent at the irreducible water saturation.

This formulation allows the inclusion of a miscible
residual S, and the setting of an appropriate endpoint
CO, relative permeability at the S,,,..

The effects of both k,,, and S_,,, are investigated.
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Miscible Flow Relationships

In a mixing parameter model under conditions of
completely miscible flow, there are conceptually only
two phases, water and a miscible phase composed of
solvent and oil. The water relative permeability is the
same as in immiscible flow and remains a function of
only the water saturation. However, the miscible
phase relative permeability, which is denoted k,,,, must
be computed since it is not measured.

There is no definitive way to compute or handle the
miscible phase relative permeability, and four formula-
tions are considered here. One of the primary objec-
tives of this study was to investigate the differences
in predicted CO, flood performance for these methods.
The miscible phase relative permeability, k., can be
represented as

a saturation weighted average of k,,,, and k,,

So=S,rm S,

= + A k (5)
krm 1 _sw_swm row 1 _sw_smn s
an average of k,,, and k,;
Ko = 0.5(K; otk (6)
equal to k.,
km = Keow (7)

either k,, or k,,,,
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The first option, which makes k,,, a saturation weight-
ed average, can incorporate a reduced CO, relative
permeability. When the CO, saturation is at a maxi-
mum (with dn immobile oil saturation at S.,), the
miscible phase relative permeability equals the end-
point CO, relative permeability.

The second option makes the miscible phase relative
permeability a .simple average of the gas and oil
relative permeabilities.

The third option, in which the miscible phase relative
permeability is set equal to that of the oil, is the
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standard formulation which is used in mixing parame-
ter models. However, it can not incorporate a reduced
CO, relative permeability, as pointed out by Stern2.
This is important because laboratory data show that
endpoint CO, relative permeabilities can be substan-
tially reduced '3,

The fourth option, the either/or method, was added
for completeness. The solvent relative permeability
could have been used instead of the gas relative
permeability.

The solvent and oil are tracked separately even though
they are miscible. This is done by dividing the misci-
ble phase relative permeability and assigning to the
solvent and oil the correct fractions. The correct
fractions are based on saturation. Under miscible
conditions, the gas relative permeability is

%k

—_— . (8)
1 "sw'swm

and the oil relative permeability is

S-S,

orm
1-S-Som

k., (9)

In some formulations the miscible residual is left out of
the .denominator. However, when this is done, the
non-aqueous phase permeability is not completely
distributed between the CO, and oil.

An oil residual due to water-blocking is not investigat-
ed because it would function the same way as S,,.
Remaining saturations due to water blocking are
probably indistinguishable from residuals due to
another mechanism.

Formulations for immiscible and partially miscible
conditions are provided in Appendix B.

The effective viscosities are calculated in the standard
fashion for mixing parameter models. The equations
are provided in Appendix C.

Basic Approach

The basic approach was to define a case which would
be representative of the CO, floods in west Texas and
then to modify the input relative permeability parame-
ters over reasonable ranges. The base input values

v
B
N
&
/]




SPE 26650

are described in Appendix D. The mixing parameter
was not varied and was set to 2/3 for all cases.

A quarter-five spot pattern was simulated. The basic
flooding sequence was a hybrid-WAG process which
included a 1.5 HCPV (hydrocarbon pore volume)
waterflood started at the connate water saturation,
followed by a 0.15 HCPV CO, slug, followed by a 1:1
WAG with 0.45 HCPV CO,, followed by 2.0 HCPV
water chase. The total HCPV CO, injected was 0.6
HCPV. Expressed in terms of total HCPV after the
initial waterflood, this sequence was

0.0 to 0.15 HCPV CO, slug
0.15 to 1.05 HCPV  1:1 WAG
1.05 to 3.056 HCPV  Water chase

The WAG process was actually modeled as simulta-
neous injection. An alternate simulated injection
method was continuous CO, injection of 0.60 HCPV
CO, followed by a water chase.
RESULT

The discussion of the results is organized to address
the objectives stated earlier. In particular, the objec-
tives were to investigate how predicted CO, flood
performance is affected by: a reduced CO, relative
permeability, the presence of a miscible residual oil
saturation, a large residual CO, saturation, and hyster-
esis in the oil and water relative permeability curves.
An additional objective was to investigate the effects
of different choices for the formulation of the miscible
phase relative permeability.

Table and Figure Format. The results present-
ed in the figures and tables show tertiary
recovery after the end of the initial waterflood
as a function of HCPV. These are not incre-
mental tertiary recoveries as usually defined,
because they do not exclude the oil which
would have been recovered just by the contin-
ued waterflood. Instead, these values are
additional amounts recovered after the end of
the waterflood (i.e., the recovery at the end of
the waterflood has been subtracted). The
injected HCPV (hydrocarbon pore volume) is
the HCPV injected after the end of the waterfl-
ood (i.e, the water injected during the waterfl-
ood has been subtracted). The injected HCPV
includes both the injected water and CO,.

CO, Relative Permeability

The main difference among the alternatives for formu-
lating the miscible phase relative permeability is how
the CO, (or gas) relative permeability is incorporated.
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Representative CO, endpoaint relative permeabilities are
probably about one-tenth (rather than equal to) the
magnitude of the endpoint oil relative permeabilities in
west Texas carbonates™?3,

A small CO, relative permeability would be expected
to affect predicted CO, flood performance in several
ways. Lower CO, injectivity, smaller CO, production,
and increased oil recovery would all be expected.

Cases were simulated to investigate whether the
expected effects of small CO, relative permeabilities
actually did occur and whether predicted CO, flood
performance varied for the different formulations. The
results can be interpreted in terms of a CO,/oil end-
point relative permeability ratio (R,). Situations were
considered in which this ratio was 1.0 (or almost 1.0)
and cases in which it was 0.1 and less. A summary
of the results is presented in Tables 1 and 2. An
overall conclusion is:

If there are large differences between the CO,
{or gas) and oil relative permeabilities, then the
different formulations produce differences in
predicted CO, flood performance. In contrast,
if the gas (or CO,) and oil relative permeability
curves are similar, then it is not important how
the, miscible relative permeability is defined
because the predicted CO, flood performance
is very similar for all the formulations.

The differences in predicted CO, flood performance
are summarized in the subsequent discussion. Only
two of the four methods, the "saturation weighted"”
and the "either/or® methods, can incorporate a re-
duced CO, relative permeability. These two methods
assign a low CO, relative permeability to high CO,
saturation locations.

NOT effective in using reduced CO, permeability

Equal to krow. [f the miscible phase relative
permeability is set equal to the oil relative
permeability k., (which is the standard formu-
lation), there can be no effect of the gas
relative permeability. CO, {(or gas) relative
permeability cannot be incorporated in this
method; consequently, reduced CO, relative
permeability data cannot be used in the stan-
dard method. This is a significant shortcom-
ing of this method when there is a large differ-
ence between the gas and oil relative permea-
bilities.

Average. Reduced CO, relative permeability in
the simple averaging method does not signifi-
cantly affect predicted recovery behavior
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during the WAG process or during a continu-
ous CO, slug injection. Figure 1 shows that
the oil recovery does not change much as the
endpoint CO,/oil relative permeability ratio is
changed from 2.0 to 0.2. In fact, a slight
decrease in oil recovery during the hybrid-
WAG process is predicted when the endpoint
CO, relative permeability is reduced. This is
contrary to what would be expected, and
means that the simple averaging method may
produce incorrect results.

Effective in using reduced CO. permeability

Saturation weighted. The saturation weighted

method permits the CO, relative permeability
-to have an effect. The trend is as might be
expected. The oil recovery is greater and the
CO, production is smaller for small values of
CO, relative permeability. The CO, relative
permeability must be made extremely small,
though, to produce large increases in predict-
ed oil recovery, especially for a WAG process.

Results are presented in Figures 2 through 6,
in addition to Tables 1 and 2. Figure 2 shows
diffarences in predicted oil recovery for a large
range of CO,/oil relative permeability ratios.
Figure 3 shows oil recovery histories. A
reduction in the CO./oil endpoint relative
permeability ratio by a factor of 10 (from 1.0
to 0.1) increases oil recovery at the end of the
WAG from 0.19 to 0.21 HCPV. An even
larger reduction in the ratio by a factor of 100
{from 1.0 to 0.01), increases the oil recovery
at the end of the WAG to 0.245 HCPV.

Reduced CO, relative permeability affects
predicted oil recovery and CO, production
more for continuous CO, injection followed by
chase water than for a WAG process (as can
be seen by a comparison of Figures 4 and 2).
When the endpoint CO,/oil relative permeabili-
ty ratio is reduced from 1.0 to 0.1, the oil
recovery at the end of CO, injection is in-
creased from 0.08 to 0.13 HCPV for the
continuous CO, injection process.

Reduced CO, relative permeability decreases
CO, production more than it increases oil
production in both the continuous CO, and
WAG processes {as can be seen in Figures 5
and 6).

Significant predicted differences in oil recovery
and CO, production occur in the early stage of
CO, injection. As the CO, relative permeabili-
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ty is reduced, the early oil banking effect is
increased; that is, the predicted early produc-
tion of oil as well as CO, is reduced even
though the ultimate oil recovery is increased.

Large differences also occur for predicted
injectivity if there are large differences in CO,
relative permeability. A normalized injectivity,
la, can be defined which is the injectivity at
the end of the initial CO, slug divided by the
injectivity at the end of the waterflood. This
injectivity can be compared for different val-
ues of R, (i.e., the endpoint CO, relative
permeability divided by the endpoint oil rela-
tive permeability). The results are as follows:

B, la

1. 2.9
0. 1.5
0. 1.1

O=0

1

The injectivity defined here is the injection rate
divided by the pressure drop between the
injection well and production well. Different
injectivities such as this cannot be predicted
with the standard formulation which defines
the CO, relative permeability as equal to the
oil relative permeability.

Either/Qr. The largest predicted effect of a
reduced CO, relative permeability occurs with
the option that the miscible phase relative
permeability is either that of the gas or oil
depending on the larger saturation. This
method, however, does not seem to be con-
ceptually as sound as the saturation weighted
method.

Miscible Residual Oil rati

All the methods of defining the miscible phase relative
permeability can include a miscible residual oil satura-
tion, S, and-the predicted oil recovery is reduced by
the presence of a miscible residual for all the methods.
In fact, predicted oil recovery is very sensitive to the
miscible residual. Moderate increases in the miscible
residual significantly reduce predicted recovery, and
the reduction begins early in a flood. These conclu-
sions also apply to water-blocked oil.

Figure 7 shows the effects of selected levels of the
miscible residual oil saturation. The oil recovery at the
end of the WAG period is 0.19 HCPV for the case of
no miscible residual. However, the recovery is re-
duced to 0.14 HCPV when the miscible residual is set
to 0.15. These particular results are for the simple
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averaging method of formulating the miscible phase
relative permeability. {The gas and oil relative permea-
bilities are aimost the same for this case}. Resuits for
the other formulations are similar.

Miscible Residual
Relative Permeability
Recent laboratory data show that the CO, relative
permeability is reduced at the same time that the
miscible residual oil saturation is increased®*. Shyeh-
Yung?® reports endpoint CO, relative permeabilities as
a function of the miscible residual oil saturation for
San Andres carbonates. The following is a relation-
ship derived from Shyeh-Yung’s work.

mbin Wi R d

S.m il_endpoin rmeabilit
ratio

0.0 1.0

0.05 0.4

0.10 0.1

0.15 0.04

0.2 0.01

When the saturation weighted-method is used for the
miscible phase relative permeability, there can: be a
simultaneous change in the CO, relative permeability
and the miscible residual. As pointed out-by Stern?,
this is not possible if the miscible phase relative
permeability is defined as equal to the oil phase
relative permeability.

Figure 8 shows the predicted oil recovery when the
CO, relative permeability to miscible residual relation-
ship derived from Shyeh-Yung’s work.is used. The
mixing parameter remained constant for all these
cases. If the CO, relative permeability is reduced at
the same time that the miscible residual saturation-is-
increased, the recovery is not decreased as much as
it would be without the change in relative permeabili-
ty. In fact, there is very little if any reduction in
recovery as the miscible residual is increased. For the
present case, the loss in microscopic displacement
efficiency is almost completely: compensated: by the
increase in sweep efficiency. This result is for a San
Andres carbonate; the same result might not occur in
a sandstone.

Although such a complete compensation cannot be
expected for all cases, the importance of including a
reduced CO, relative permeability along with a misci-
ble residual oil saturation is evident.

Using just a miscible residual oil saturation, may
reduce recovery too much. This also applies to
water-blocked oil, since the CO, relative permeability
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also would be expected to decrease because of water-
blocked oil.
Residual rati

Residual gas saturations, S, larger than critical gas
saturations occur both-in carbonates! and in sandston-
es’. Theresidual CO, saturation is typically about the

magnitude- of the: residual oil' saturation to a waterf-
lood in representative west Texas rock material®.

The presence of a residual gas saturation reduces the
recovery of both oil and CO,. The reductions occur
primarily during the chase water drive. Figure 9
shows the differences in predicted oil recovery for
different residual gas saturations. The largest predict-
ed oil recovery reductions occur for the largest residu-
al CO, saturations.

Hysteresis Effects
Description of Water Curve Hysteresis. The typical

water hysteresis effect for San Andres carbonates is
a new and higher irreducible water saturation®®%1°,
The water hysteresis effect occurs after CO, is
injected. Both the CO, which is injected and the oil
bank which is created reduce the water saturation
from the levels achieved during the waterflood.
However, the water saturation typically does not go
back all the: way to the original connate water satura-
tion (S,..). Instead, the water saturation reaches a
new minimum value which.is larger than the connate
water saturation and which is termed the irreducible
water saturation (S,,,).

Description.-of Qil Curve Hysteresis. There is also the
potential for hysteresis:in the oil relative permeability
curve'°, In the laboratory, it was found that for San
Andres cores the oil relative. permeabilities measured
during an oil flood (which followed a waterflood) were
larger than the oil relative permeabilities measured
during the initial waterflood'.

In particular, the new oil relative permeabilities could
be several times larger than the original values.

Results for Saturation Weighted Method. CO, and oil
move through the reservoir faster if there is a large
increase in the irreducible water saturation. Presented
in Figures 10 and 11 are results for the saturation
weighted miscible relative permeability method. When
water relative permeability curve hysteresis (in the
form-of a larger irreducible water saturation) is includ-
ed, the early production of both CO, and oil is in-
creased. The largest and most dramatic predicted
change is at the beginning.of the CO, flood. Effects
of an increase in irreducible water from 0.2 to 0.3 and
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0.4 are shown. The largest effects occur for the
largest irreducible water saturation S,

The predicted oil recoveries for the subsequent WAG
and brine chase periods are also increased. The
largest predicted increases -are for intermediate in-
creases in the irreducible water saturation.

When oil curve hysteresis {in the form of increased oil
relative permeability) is also included for the saturation
weighted method, the ultimate predicted oil recovery
is even larger, and the early behavior is not changed.
For the present case, the oil relative permeability was
set to equal one-half the original oil endpoint relative
permeability at S,,,. Specifically, S,, was set to 0.4
and k,,,, was made to equal 0.25 at S, rather than
0.11 (which would have been the value of k,,, with-
out hysteresis).

Other Formulations. Presented in Table 3 are resuits
for the other formulations of the miscible relative
permeability. All the formulations predict increased
early CO, and oil production when water hysteresis is
used. However, the predicted changes in the oil
recovery during.the subsequent WAG and water chase
periods are not as large as those for the saturation
weighted method. Also, oil hysteresis {in addition to
water hysteresis) has a smaller effect.

Qil Relative Permeability

The oil relative permeability was not one of the
parameters to be investigated. Actually, in CO, flood
simulation the oil curve is usually not adjusted; any
changes are typically made during a history match of
the waterflood. Howaever, to get a more complete
picture of the effact of relative permeabilities, the
effect of the oil relative permeability curve was
examined for the standard formulation in which the
miscible phase relative permeability is set equal to the
oil relative permeability.

Results are presented in Table 4 for cases of typical
and lowered endpoint oil relative permeabilities.
Reducing the oil endpoint relative permeability by a
factor of 10, greatly reduced oil recovery during the
waterflood but did not much affect recovery during
the WAG process.

For the continuous CO, injection process, the predict-
ed oil recovery was actually larger for smaller oil
relative permeabilities. The predicted oil recovery in a
1:2 WAG was also improved by reduced oil permeabil-
ity but not as much as for continuous CO, injection.

These results are contrary to what might be expected.
For the case of a continuous CO, slug in which the
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reservoir geology is held constant, the standard
formulation predicts that the best CO, flood oil recov-
ery will occur for cases of the worst waterflood
recovery. For a high ratio of water to CO, in the
WAG, the predicted recovery is independent of the
waterflood recovery.

neral Compari 7
An overview of the predicted CO, flood performance
is presented in Tables 5 and 6. The standard formula-
tion in which the miscible phase relative permeability
is equal to the oil relative permeability is used as the
base case. Results from the other formulations are
compared with this case.

The assumption is made that the maximum CO,
relative permeability is actually one-tenth that of the
oil. The reduced CO, relative permeability cannot be
incorporated into the standard formulation.

Simple Average. If the simple average formulation for
the miscible phase relative permeability is used, then
the recovery is about the same as for the base case if
the gas relative permeability is assumed to be close to
that of the oil. However, if the gas relative permeabili-
ty is assumed to be one-tenth that of the oil, then the
predicted recovery is slightly reduced. This result
does not seem valid. The simple averaging method
does not appear to give valid results when the gas and
oil relative permeabilities are substantially different.

R _Permeability. If the saturation weighted
method is used with the assumptions of no miscible
residual and a maximum CO, relative permeability one-
tenth that of the oil, then the predicted oil recovery at
the end of the WAG is increased. The recovery may
be increased too much because of the absence of a
miscible residual. The early oil recovery, however, is
delayed.’

Sorm. The reason for the reduced CO, relative perme-
ability could be the presence of a miscible residual. If
a miscible residual of 0.10 is used in the standard
formulation, then the predicted oil recovery is probably
reduced too much. If the same residual is used in the
saturation weighted method (with reduced CO,
relative permeability), predicted recovery at the end of
the WAG is still reduced but not by as much. The
early recovery, though, is delayed substantially.

All_Mechanisms. The best predictions are probably
obtained if all the mechanisms {water and oil hystere-
sis, a miscible residual of 0.10, and reduced CO,
relative permeability) are used in the saturation weig-
hted method. The early recovery is no longer so
small. Actually, the predicted oil recoveries are very
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close to those of the original base case. Howaever,
differences in predicted gas production and m;ectuvnty
are significant.

The interesting result is that the closest predictions for
oil recovery are from the initial base case and the final
case which includes all the mechanisms. Adding only
some features, such as only a miscible residual,
appears to make the predictions worse if no other
special features are added.

The predicted gas production and injectivity are much
more sensitive to the formulation which is used for the
miscible phase permeability. Predicted differences in
gas production are larger than predicted differences in
oil production for different formulations and for
different magnitudes of gas permeability. Predicted
differences in injectivity are also very large for differ-
ent magnitudes of the gas permeability.

If features such as a reduced CO, relative permeabili-
ty, an increased residual gas saturation, and hysteresis
are to be used to improve the predictions of CO, flood
performance, the standard method of defining the
miscible phase permeability (as equal to the oil phase
permeability} must be modified. A saturated welghted
method is one way of doing this.

CONCLUSIONS

The standard method of defining the miscible
phase relative permeability as equal to the oil
relative permeability in mixing parameter models
cannot incorporate laboratory data which indi-
cates CO, relative permeabilities can be very
small.

phase relative permeability as a saturated weig-
hted combination of CO, and oil relative perme-
ability can incorporate reduced CO, relative
permeabilities.

Reduced CO, relative permeabilities increase
predicted oil recovery and reduce predicted CO,
production. In general, the permeability reduc-
tion must be substantial to produce large ef-
fects. Gas production and injectivity are affect-
ed more than oil recovery by reduced CO,
permeability.

Without other changes, the presence of a
miscible residual oil saturation substantially
reduces predicted oil recovery.

Since the presence of a miscible residual proba-
bly reduces CO, relative permeability, these two

An alternate method which defines the miscible
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effects should be applied together. When they
are, they tend to cancel. Reduced recovery
from a miscible residual tends to be canceled by
increased recovery from lowered CO, mobility.
Use of just a miscible residual in simulation
studies may give pessimistic results.

The presence of a large residual CO, saturation
has a large effect on predicted CO, flood perfor-
mance during the final chase water drive.

Water hysteresis makes the predicted CO,
breakthrough earlier and increases the predicted
early oil and CO, production.

If characteristics such as a miscible residual,
reduced CO, relative permeability, water and oil
hysteresis, and an increased residual gas satura-
tion are to be effectively used to improve the
prediction of CO, flood performance, the stan-
dard mixing parameter formulation must be
modified.
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APPENDIX A
COMPARISON WITH PREVIOUS SIMULATION
RESULTS

Figure A-1 shows that the present model produces
results very similar to those of the Higgins-Leighton
method presented by Willhite'! for a waterflood in a
five-spot pattern. Similar agreement was also found
for other mobility ratios.

Figure A-2 shows a comparison with Todd and Longs-
taff’'s® results for secondary miscible_floods in a five-
spot. Again the results are very similar.
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APPENDIX B
COMBINED MISCIBLE AND IMMISCIBLE FLOW

The equations actually used in the mode! can handle
miscible, immiscible, and partially miscible flow.

The equation for the effective relative permeability of
oil, Kyousr is

So~Sorm k, (8-1)

Keowr = (1 a)kra*“‘.'-m

The equation for the effective permeability of the
solvent (i.e., gas), Koy, is

S
ka = (1 —a)k +a1—-s—%k (B'Z)

If complete miscibility exists and the reservoir pressure
is greater than the minimum miscibility pressure,
MMP, then

« =1.0 (B-3)

If complete immiscibility exists and. the reservoir
pressure is less than a specified pressure, then

« = 0.0 (B-4)

If a condition of partial miscibility exists and the
reservoir pressure, P, is less than the MMP but greater
than the specified pressure, then

00<a<1.0 (B8-5)
APPENDIX C
MIXING PARAMETER EQUATIONS

The mixing parameter © (Omega) is used to

adjust the viscosities of the solvent and the oil.
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The effective solvent viscosity p,, is given by
Be = (1-a)p, + ap,, (C-1)
The effective oil viscosity p,, is given by
Boo = (1-a), + apoy (C-2)

« is a parameter which adjusts the degree of

miscibility and is discussed in Appendix B.

B, is the solvent viscosity, and p, is the oil
viscosity. B,, is the mixed solvent viscosity and
is defined-by

Bem = By B !

Bon IS the mixed oil viscosity and is defined by

Mam = Bo "B dosh
The mixed viscosity u, is defined by
S, S,
:zs = 1.13 ( o.ozsf ogs) (C-5)
Bm ¥ Bo B

The mixing parameter, Omega, determines the effec-
tive viscosities of the solvent and oil. Omega can be
varied between 0.0 and 1.0. If the mixing parameter
is set to 0.0, then there is no mixing, and the solvent
and oil viscasities are equal to their individual immisci-
ble values. If the mixing parameter is set to 1.0, then
there is complete mixing, and the oil and solvent
viscosities are made equal. A typical value for Omega
is 2/3.
APPENDIX D
INPUT TO MODEL

The input values were selected to model a representa-
tive flood in west Texas.
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Fluid viscosities:
Oil viscosity 1.23 cp
Water viscosity 0.7 cp
CO, viscosity 0.065 cp
Reservoir parameters:
Dykstra-Parsons coeff. 0.75
Number of layers 5
Pattern type 5-spot
Relative permeability curve parameters:
S.. (residual oil to waterflood) 0.35
S, (residual oil to gas flood)  0.25
S, (residual gas saturation) 0.35
S, (residual solvent saturation) varied, 0.35
base
S,.. (connate-water saturation) 0.2
S, (residual water saturation) varied, 0.2
base
k... {endpoint oil rel perm) 0.5
k.., (endpoint water rel perm) 0.3
k.. {(endpoint solvent rel perm) varied, 0.05
base
Kk,qcwlendpoint gas rel perm) varied, 0.4
base
n,. (oil curve exponent) 2.5
n, {water curve exponent) 1.5
n, (solvent curve exponent) 2.5 and 2.0
n, ({gas curve exponent) 2.5
® {mixing parameter) 0.666

The relative permeability parameters represent an
intermediate to oil wet condition.

If an endpoint relative permeability of 0.05 is used for
the CO,, then the endpoint mobility ratios for all the
fluids are fairly close.

Fluid Pair En int__Mobili
, Ratio

CO, / water 1.8

Water / oil 1.0

CO, / ail 1.9
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TABLE 1

Dependence of Tertiary Oil Rocovery on CO/Oil Permeability Ratio

Tertiary Oil Recovery (HCPV)
Continuous CO, Hvbrid - WAG
015 HCPV  033HCFV 060 HCPV  Water CO, * Water
k. R, co, s, o, Chaso WAG Chase
Sat. 1.0 0.0230 0.0581 0.0801 0.2021 0.0230 0.1933 0.2808
Weight
Average 08 0.0223 0.0564 0.0812 0.2034 0.0223 0.1916 0.2891
Eq‘\:i .- 0.0231 0.0560 0.0801 0.2021 0.0231 0.1928 0.2904
to
hor 0.08 0.0228 0.0583 0.0857 0.2091 0.0228 0.1968 0.2944
Sat. 0.1 0.0191 0.0699 0.1295 0.2646 0.0191 0.2141 0.3141
Weight
Average 0.1 0.0182 0.0573 0.0870 0.2087 0.0182 0.1878 0.2828
ll::'or 0.1 0.0164 0.0709 0.1342 0.2845 0.0164 0.2174 0.3205
Sat. 0.01 0.0171 0.0729 0.1661 0.3191 0.0171 0.2451 0.3460
Weight
R, wEndpoint CO,/Oil relative permeability ratio
TABLE 3
Dependence of CO, Production on CO/01l Permeability Ratio
CO, P tion (HCPV)
Continuous CO, Hybrid - WAG
0,16 HCPV 033 HCPV 060 HCPV  Water CO, Water
e Bu CO, CO, O, Slug WAG Chase
Sat. 1.0 0.0156 0.1328 0.3568 0.4549 0.0156 0.3262 0.3780
Weight '
Average 0.8 0.0142 0.1285 0.3513 0.4518 0.0142 0.3249 0.3786
Equal o 0.0157 0.1327 0.3569 0.4551 0.0156 0.3281 03814
to kv
k,, or 0.8 0.0143 0.1248 0.3441 0.4478 0.0143 0.3170 0.3736
| -
Sat. 0.1 0.0076 0.0795 0.2374 0.3857 0.0076 0.2568 0.3416
Weight
Average 0.1 0.0086 0.1088 0.3234 0.4350 0.0086 0.3069 0.3690
Ik, or 0.1 0.0036 0.0508 0.2062 0.3640 0.0036 0.2340 0.3300
|
Sat. 0.01 0.0052 0.0482 0.1560 0.3248 0.0052 0.1951 0'.2979
Weight
R, mEndpoint CO/Oil relati bility ratio

K.
05
005

0.4077
02434

TABLE 3

Tertiary Oil Recoveries with Hysteresis

Testiary il Recovary (HCPV)
—Water Hysteresip Only __ _Watecand Oil Hrstereels
CO, Water CO, Water
LS. Seee Slug WAG Chase Slug wAQ Chase
Equal to
| S 02 0.0231 0.1928 0.2004 - -~ -
0.25 0.0244 0.1837 0.2910 0.0212 0.1859 02929
03 0.0263 0.1974 0.2938 0.0262 0.1963 0.2929
0.35 0.0290 0.1928 0.2880 0.0283 0.1960 0.2898
Sat,
Weight 02 0.0187 0.2065 0.3059 - — -
0.25 0.0201 0.2146 03115 0.0170 0.2069 0.3037
03 0.0230 0.2205 0.3143 0.0224 0.2192 03132
035 0.0266 0.2208 o3aMs 0.0288 0.2326 0.3210
04 0.0319 02124 0.3001 0.0317 0.2329 03167
Average
{R, = 0.8) 0.2 0.0223 0.1916 0.2891 - g -
03 0.0268 0.1974 0.2920 0.0288 0.1976 0.2932
035 0.0278 0.1935 0.2888 0.0276 0.1934 0.2878
Average
(R, =0.1) 02 0.0181 0.1878 0.2828 —_— - .
03 0.225 0.1931 02854 0.0229 0.1920 0.2845
0.35 0.0248 0.1030 0.2837 0.0242 0.1068 02871
R, = Endpoint Gas/Oil relative permeability ratio
TABLE 4
Dependence of Tertiary Oil Recovery on
Oil Relative Permeability (k,, = k,,.)
Tertiary Ol Recovery (HCPV)
Hybeid - WAG
Continuous CO, L1 WAQG 13 WAQ
0ISHCPY 033HCPV O0SOHCPV  Water CO, Water €O, Water
s A A Chase Slur WAG  Chase WAG  Chase
o231 0.0561 0.0801 02091 00231 01928 02004 00231 01811 03728
0.0197 0.0768 0.1212 02530 00197 01976 02904 00197 0.179 028%4
TABLE 5§
Comparison of Miscible Relative Permeability Formulations
Tertiary Oil Recovery (HCPV)
CO, Water
S B S Slug _WAG _~ Chase
Equal to k,,, ee 0.0 0.0231 0.1928 0.2904
Average 0.8 0.0 0.0223 0.1916 0.2891
Average 0.1 0.0 0.0181 0.1878 0.2828
Sat. Weight 0.1 0.0 0.0187 0.2065 0.3069
Equal to k., - 0.10 0.0207 0.1659 0.2539
Sat. Weight 0.1 0.10 0.0167 0.1876 0.2767
Sat. Weight 0.1 0.10 0.0203 0.2002 0.2840
{oil hysterosis
and water
hysteresis with
8., = 0.30)

R, = Endpoint CO, (or gas)/Oil Relative Permeability ratio.
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TABLE 6
Comparison of Miscible Relative P bility F Iations

CO, Production (HCPV)
COo, Water

I S . S Slug —WAG = Chmse
Equalto k. - 0.0 0.0166 0.3281 0.3814
Averags 0.8 0.0 0.0142 0.3249 0.3796
Average 0.1 0.0 0.0086 0.3069 0.3690
Sat. Weight 0.1 0.0 0.0071 0.2709 0.3611
Equal to k., - 0.10 0.0201 0.3505 0.4151
Sat. Weight 0.1 0.10 0.0092 0.2713 0.3544
Sat. Weight 0.1 0.10 0.0102 0.2856 0.3504
(il hystereeis
and water
hysteresis with
S, = 0.30)

R, = Endpoint CO, (or gasVOil Relative Permeability ratio.
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