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

DE-FC22-93BC14960 

A b s t r a c t  

The ''Post Waterflood CO, Miscible Flood in Light Oil Fluvial 
Dominated Deltaic Reservoir'' 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, flooding 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. 
oil industry through a series of technical papers and industry 
open fprums. 

This technology will be transferred'throughout the 

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. Six 
producing wells and four CO, injec.tion wells have been worked 
over and made ready for C02 operations. The six producing wells 
(Stark #8, Kuhn #6, #14, #15-R, #33, and #38) are all currently 
shut-in while CO, inje'ction into the four injection wells (Stark 
#7, #,lo and Kuhn #17, #36) at a total rate of 4 MMCFPD is 
pressuring the Marginulina reservoir to 3400 psi, a pressure 
above the minimum miscibility pressure (MMP) OE 3310 psia. Only 
one workover which was scheduled to be performed to date, the 
Polk I I B I )  #2, has been delayed until further justification is 
obtained from project response. The horizontal CO, injection 
well will be drilled during November; 1993 and production from 
the producing wells should resume prior to January 1, 1994. 
workover of Polk ttB88 #5 and the drilling of a vertical CO, 
injection well, the Polk llB1l #39, will take place during 1994. 

The 

Facility construction is nearing completion, with flowline hookup 
of the producing wells being one of the last items to be 
completed. 
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. 
pressure and intermediate pressure test and working separators 
and flow measurement equipment. 

New high pressure fiberglass flowlines are being 

The lower deck has been equipped with low 

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 Wildli'fe 
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 compyessor 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. 
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. 

Upon this barge however, the third and final proposed CO, 

Technology transfer of the results of this project began with a 
presentation in Houston at an Improved Oil Recovery lyncheon and 
was documented by a writer of the Oil 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 month2 
documenting the development of the PC-based CO, screening model, 
Two papers involving this project have also been selected by the 
1994 Improved Oil 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 Marginulha 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 biock, thus indicating communication-between the 
blocks. This information was provided to a geologist 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. 
designed with the located fault being considered, thus insuring 
that injection and production occurs on both sides 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 durhg 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 wiEl 
provide valuable information concerning this question. 

The project was 

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 
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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 llBtt #lo 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 oil 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 CO, Project will concentrate upon the tertiary 
oil 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 b1ock;has an oil 
saturation of 43%. A summary of reservoir properties is as 
follows : 

Acreage 235.1 30.0 
Orig. oil Sat. 80 % 80 % 
Curr. oil Sat. 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 

- 

Waterflooded Area 1 Partial Waterdrive Area 2 
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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 begins 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 producing 
wells, a continuous CO, injection can then be initiated in these 
remote areas. Proper management of the flood by the application 
of CO, and/or water at specified points in the reservoir based 
upon project performance, can reduce the overall CO, utility from 
20 MCF/BO to a number approaching 7 MCF/BO. 
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 injectors. 
breakthrough will require that the reservoir model be run 
throughout the project, with updates and adjustments made based 
upon the project performance. 

This conversion of 

The dynamic nature of CO, 

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, flooding operations 
because it is what determines the economics of the project. This 
Project Area 2 will be initiated during 1994 after the interpre- 
tation of recently acquired 3-D seismic data allows for proper 
placement of the vertical CO, injection well to be drilled. The 
Polk ltBrt #39 will be drilled in this fault block at a point where 
injection can be optimized. The single producer, Polk ItBtt # 5 ,  
will then be capable of producing at high rates without the fear 
of a drop in reservoir pressure.below the minimum miscibility 
pressure. 
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Port Neches CO, Project Managsment Plan 
Section I - Planned Accomplishments 

Effective Date: 7-93 . . . . . . . . . . . . . . . . . . . . . . . . . Revised Date: June 29,1993 
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Port Neches CO, Project Management Plan 
Section I - Planned Accomplishments 

Effective Date: 7-93 . . . . . . . . . . . . . . ... . . . . . . . . . Revised Date: June 29,1993 I 
Figure 1-5 

Short Term Production'Forecast 
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Port Neches CO, Project Management Plan 
Section I - Planned Accomplishments 

Effective Date: 7-93 . . . . . ... . . . . . . . . . . . . . . . . . . Revised Date: June 29,1993 
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Port Neches CO, Project Management Plan 
Section I - Planned Accomplishments 

Effectlve Date: 7-93 . . . . . . . . . . . . . . . . . . . . . . . . . Revised Date: June 29,1993 
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Figure 1-7 
Short Term CO, Production Forecast 
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TYPE LOG 
TEXACO NO. 33 KUHN 

\ 

perf 58413-!j864~ 
Pumped 59 BOPD 

COMPLETED 8/12/61 

PORT NECHES (MAR0 AREA 1) FIELD UNIT 
ORANGE COUNTY, TMAS 

Y 
DOCKET NO. 03-0200344 

EXHIBIT NO. G-1 
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Port Neches 

KW 
0.001 
0.005 
0.010 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.880 
0.090 
0.1 00 

sw 

0.133 
0.31 5 
0.355 
0.396 
0.458 
0.532 
0.597 
0.635 
0.656 
0.674 
0.680 
1 .ooo 

Sw,obs 
0.1 33 
0.225 
0.265 
0.325 
0.400 
0.452 
0.522 
0.570 
0.623 
0.680 
0.725 
0.755 

Swi,obs 
0.133 
0.133 
0.133 
0.133 
0.133 
0.133 
0.1 33 

Lab 
Ktw(oi1) 

0.00000 
0.02700 
0.03500 
0.04200 
0.05500 
0.07300 
0.09000 
0.10300 
0.1 1 000 
0.1 1400 
0.1 1600 

Marginul ina Sandstone Relative Permeability 
Kw(air) 

0.00000 
0.01 868 
0.02421 
0.02905 
0.03804 
0.05049 
0.06225 
0.071 24 
0.07609 
0.07885 
0.08024 
1 .ooooo 

:==Draw Graph 
on Semi-log 
to get Sw,obs 
at each Ktw 
below 

Water Curve Is Adiusted 

Sw,adj 
0.200 
0.285 
0.322 
0.377 
0.446 
0.494 
0.559 
0.603 
0.652 
0.705 
0.746 
0.774 

Lab 
Kro(oi1) 

1 .00000 
0.36800 
0.28900 
0.22000 
0.13600 
0.061 00 
0.01 900 
0.00570 
0.00200 
0.00034 

Swor,obs 
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 
0.654 

0.691 69 
0.25454 
0.1 9990 
0.15217 
0.09407 
0.0421 9 
0.01 314 
0.00394 
0,001 38 
0.00024 

0.00000 
I 

<==Draw Graph 
on Semi-log 
to get Sw,obs 
at each Ktw 
below 

Oil Curve Is Adiusted 

Kro 
0,001 
0.005 
0.01 0 
0.020 
0.030 
0.040 
0.050 
0.060 
0.070 
0.080 
0.090 
0.1 00 
0.200 
0.300 
0.400 
0.500 
0.600 
0.700 
0.800 
0.900 
1 .ma 

Sw,obs 
0.660 
0.630 
0.605 
0.578 
0.560 
0.540 
0.522 
0.501 
0.483 
0.470 
0.450 
0.440 
0.350 
0.300 
0.255 
0.200 
0.1 60 
0.1 2d 
0.080 
0.050 
0.000 

INPUT DATA 

Sw,adj 
0.706 
0.674 
0.648 
0.61 9 
0.599 
0.578 
0.559 
0.536 
0.51 7 
0.503 
0.482 
0.471 
0.375 
0.321 
0.273 
0.21 4 
0.171 
0.128 
0.086 
0.054 
o.Oo0 I 

! 

! 
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Port Neches Marginulina Sandstone Relative Permeability 
INPUT DATA 

Swi(lab) 0.1 33 
Sor(fie1d) 0.300 
Sor(lab) 

Koil 2580 

sg 

0.000 
0.035 
0.054 
0.076 
0.1 05 
0.1 38 
0.1 84 
0.225 
0.268 
0.299 
0.337 
0.357 
0.384 
0.41 2 
0.430 
0.445 
0.455 
0.478 
0.532 

Krg(oi1) 

o.aoo00 
0.00450 
0.008m 
0.01 300 
0.021 00 
0.03000 
0.04700 
0.06700 
0.09000 
0.1 0900 
0.13900 
0.1 5500 
0.1 8500 
0.22000 
0.24000 
0.27000 
0.29000 
0.33500 
0.47700 

Krg (air) 

0.00000 
0.0031 1 
0.00567 
0.00899 
0.01 453 
0.02075 
0.03251 
0.04634 
0.06225 
0.07539 
0.09614 
0.1 0721 
0.1 2796 
0.15217 
0.1 6601 
0.1 8676 
0.20059 
0.231 72 
0.32994 

: =Final Results= > 

Kro(oi1) 

1 .00000 
0.73000 
0.62000 
0.52000 
0.42000 
0.32000 
0.22300 
0.1 61 00 
0.1 1200 
0.08400 
0.05800 
0.04800 
0.03600 
0.02600 
0.02000 
0.01 600 
0.01 400 
0.00800 

Kro(air) 

0.691 69 
0.50493 
0.42885 
0.35968 
0.29051 
0.22134 
0.1 5425 
0.1 1136 
0.07747 
0.05810 
0.04012 
0.03320 
0.02490 
0.01 798 
0.01 383 
0.01 107 
0,00968 
0.00553 

e = =Must Match 
Kro @ Swi 
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Constituents 

Page: 1 of 14 
File: DAL-93040 

SIMULATED FORMATION BRINE 

Sodium Chloride (NaCI) 

Potassium Chloride (KCI) 
Calcium Chloride (CaCI,) 
Magnesium Chloride (MgCI2.6H2O) 

Concentration. m m  
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Texaco, Inc. 
Stark "B" No. 10 Well 

Port Neches Field 
Orange County, Texas 

Initial Conditions Terminal Conditions 

Permeability Saturation, Permeability Saturation, Permeability Permeability Oil Recovered. 
Water Effective Oil Effective Relative 

Sample Depth, t o  Air, Porosity, percent t o  Oil, percent t o  Gas, to Gas,* percent percent oil 
I.D. feet millidarcies oercent pore soace millidarcies pore mace  millidarcies fraction oore soace . in olace - 

0" 24 5983.8 3730 31.4 13.3 2580 33.5 1230 0.477 53.2 61.4 

Relative t o  the effective permeability t o  oil at initial water saturation. 
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FAS-OIL RELATIV- TEST RESULTS 

Unsteady-State Method 
Temperature: 71 OF 

Texaco, Inc. 
Stark "B" No. 10 Well 
Port Neches Field 
Orsnge County, Texas 

Gas Gas-Oil 
Saturation, Relative 
percent, Permeability 

pore m a c e  Ratio 

0.0 
3.5 
5.4 
7.6 

10.5 
13.8 
18.4 
22.5 
26.8 
29.9 
33.7 
35.7 
38.4 
41.2 
43.0 
44.5 
45.5 
47.8 
53.2 

0.0000 
0.0062 
0.01 3 
(3.025 
0.050 
0.095 
0.21 3 
0.41 4 
0.800 
1.30 
2.38 
3.20 
5.21 
8.33 

11.9 
16.7 
20.8 
41.7 

Sample I.D.: 24 
Depth: 5983.8 feet  
Permeability t o  Air: 3730 m d  
Porosity: 31.4 percent 
Initial Water Saturation: 13.3 percent 
Effective Permeability t o  Oil 
a t  Initial Water Saturation: 2580 m d  

Relative 
Permeability 

t o  Gas,* 
fraction 

0.0000 
0.0045 
0.0082 
0.01 3 
0.021 
0.030 
0.047 
0.067 
0.090 
0.109 
0.139 
0.1 55 
0.1 85 
0.220 
0.240 
0.270 
0.290 
0.335 
0.477 

*Relative t o  the effective permeability t o  oil a t  initial water saturation. 

Relative 
Permeability 
to Oil,* 
fract ion 

1 .ooo 
0.730 
0.620 
0.520 
0.420 
0.320 
0.223 
0.1 61 
0.1 12 
0.084 
0.058 
0.048 
0.036 
0.026 
0.020 
0.01 6 
0.014 
0.0080 
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GAS - OIL RELATIVE PERMEABILITY 
Unsteady-State Clean Sample 

Texaco, Inc. 
Stark%' No. 10 Well 
Port Neches Field 
Orange County, Texas 

1,000 

100 

10 

1 

0.1 

0.01 

Sample I.D.: 24 
Depth, feet: 5983.8 
Pemabllity to Air, md: 3730 
Porosity, percent: 31.4 
IMal Watw Muration, percent: 13.3 
Effective Pemabirrty to Ol at Swi, md: 2580 

Core, Laboratories 
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GAS - OIL RELATIVE PERMEABILITY 

Texaco, Inc. 
Stark 'E' No. 10 Well 
Port Neches Field 
Orange County, Texas 

1 
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.............. 't, .......... 

................ ................ 

................ 

................ 

................ 

............... ............... ............. .............. .............. 
I .............. i .............. 

.............. I 

Unsteady-State Clean Sample 
Sample I.D.: 
Depth, feet: 

24 
5983.8 

Permeability to Ak, md: 3730 
p-I per&: 31.4 
Initid Water sahration, percent: 13.3 
Effecthre Permeabllii to 011 at Swi, md: 2580 

20 40 60 80 
Gas Saturation, percent pore space 

100 
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SUMMARY OF WATER-OIL RELAmE-PERMEABILITY TEST RESULTS 

Texaco, Inc. 
Stark "B" No. 10 Well 

Port Neches Field 
Orange County, Texas 

Initial Conditions Terminal Conditions 
Water Effective Oil Effective Relative 

Permeability Saturation, Permeability Saturation, Permeability Permeability Oil Recovered I 

t 
t o  Air, Porosity, percent t o  Oil, percent t o  Water, t o  Water," percent percen; oil 1 

I 
h, Sample Depth, 
* 1.D. feet pillidarcies Dercent Dore sDace millidarcies pore mace millidarcies fraction Dore space in dace 

2 4  5983.8 3730 31.4 13.3 2580 32.0 299 0.1 16 54.7 63.1 

*Relative t o  the effective permeability t o  oil at  initial water saturation. 
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,WATER-OIL RELATIVE PERMEABILITY_TEST RESULTS 

Unsteady-State Method 
Temperature: 71 O F  

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

Water 
Saturation, 
percent, 

pore soac e 

13.3 
31.5 
35.5 
39.6 
45.8 
53.2 
59.7 
63.5 
65.6 
67.4 
68.0 

Water-Oil 
Relative 

Permeability 
Ratio 

0.000 
0.072 
0.1 21 
0.191 
0.405 
1.19 
4.79 

18.2 
55.3 

332 

Sample I.D.: 24 
Depth: 5983.8 feet  
Permeability t o  Air: 3730 md 
Porosity: 31.4 percent 
Initial Water Saturation: 13.3 percent 
Effective Permeability t o  Oil 
a t  Initial Water Saturation: 2580 m d  

Relative Relative 
Permeability Permeability 
t o  Water,' t o  Oil,* 
fraction fraction 

0.000 
0.027 
0.035 
0.042 
0.055 
0.073 
0.090 
0.1 03 
0.1 10 
0.1 14 
0.1 16 

*Relative t o  the effective permeability t o  oil a t  initial water saturation. 

25 

1 .ooo 
0.368 
0.289 
0.220 
0.1 36 
0.061 
0.01 9 
0.0057 
0.0020 
0.00034 
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24 
5983.8 

Texaco, Inc. 
stark 'B' No. 10 Well 
Port News  Field 
Orange County, Texas 

1,000 

IO0 

10 

1 

0.1 

0.01 

Pemablri to Air, md: 3730 
PorosHy, percent: 31.4 
Initial Watw sahrration, percent: 13.3 
Effective Permeability to 08 at Swi, md:. 2580 

20 40 60 80 
Water Saturation, percent pore space 

100 

Core Laboratories 
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WATER - OIL RELATIVE PERMEABILITY 
Unsteady-State Clean Sample 

Texaco, Inc. 
Stark 'B' No. I O  Well 
Port Neches Field 
Orange county, Texas 

1 

0.1 

0.0 

sample I.D.: 
Depth, feet: 
PermeabMy to Air, md: 
Porosity, percsnt: 

24 
5983.8 
3730 
31.4 

Initial waters-, percent: 13.3 
Effective PemabRity to oil at Swi, md: 2580 

0.001 
0 20 40 60 80 

Water Saturation, percent pore space 
Krw KrO 
0 e 

100 

Core Laboratories 
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Texaco, Inc. 
Stark "B" No. 10 Well 
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&JMMA&OF W A T E R F L O O ~ T I B I L I T ~  

Initial Conditions 
Water Effective 

Permeability Saturation, Permeability 
Sample Depth, t o  Air, Porosity, percent t o  Oil, 
- I.D. feet millidarcies Dercent Dore sDace millidarcies 

23 5982.8 3380 30.1 10.9 2550 

24 5983.8 3730 31.4 7.5 2800 

"Relative t o  the effective permeability t o  oil at initial water saturation. 

Port Neches Field 
Orange County, Texas 

Terminal Conditions 
Oil Effective Relative 

Saturation, Permeability Permeability Oil Recovered, 

pore w a c e  millidarcies fraction Dore mace in dace 
percent t o  Water, t o  Water," percent percent oil 

34.6 305 0.1 20 54.5 61.2 

36.6 258 0.092 55.9 60.4 
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Texaco, Inc. 
Stark "B" No. 10 Well 
Port Neches Field 
Orange County, Texas 

Temperature: 71 O F  

Water Input, 
pore volumes 

0.51 1 
0.683 
1.15 
1.70 
2.76 
4.89 
9.69 

Cumulative Oil 
Recovery , 

percent Dore sDa CQ 

51.1 * * *  
52.4 
53.4 
53.7 
54.1 
54.4 
54.5 

Sample I.D.: 23 
Depth: 5982.8 feet 
Permeability to Air: 3380 md 
Porosity: 30.1 percent 
Initial Water Saturation: 10.9 percent 
Effective Permeability to  Oil 
at Initial Water Saturation: 2550 md 

Average Oil 
Recovery", 

percent D ore wace 

- 
51.7 
52.9 
53.6 
53.9 
54.3 
54.5 

Average 
Water Cut * , 

Dercent 

- 
92.0 
97.9 
99.3 
99.6 
99.86 
99.98 

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

* * * Breakthrough recovery 
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WATERFLOOD SUSCEPTIBILITY 
Unsteady-State Clean Sample 

Texaco, Inc. Sample I.D.: 23 
Stark ‘B‘ No. 10 Well Depth, fed: 5982.8 
Port Neches Field PemabNyto Air, md: 3380 
Orange County, Texas POmny’ percent: 30.1 

Initial Water sahration, percent: 10.9 
Effective Permeabiri to Oil at Swi, md: 2550 

100 

80 

10.0 

8.0 

cn 
6.0 J E - 

P 

3- 
Q 

Q 
C - 
L 

4.0 .g! s 

2.0 

0.0 
20 40 60 80 100 
Cumulative Oil Recovery, percent pore space 

Water-Cut Water Input 

Core Laboratories 
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Texaco, Inc. 
Stark "B" No. 10 Well 
Port Neches Field 
Orange County, Texas 

Temperature: 71 O F  

Water Input, 
p l  

0.539 
0.749 
1.15 
2.1 2 
4.02 
8.52 

17.1 

Cumulative Oil 
Recovery, 

percent oore Space 

53.6 
54.3 
54.8 
55.4 
55.8 
55.9 
55.9 

Sample I.D.: 24 
Depth: 5983.8 feet  
Permeability t o  Air: 3730 m d  
Porosity: 31.4 percent 
Initial Water Saturation: 7.5 percent 
Effective Permeability t o  Oil 
a t  Initial Water Saturation: 2800 m d  

Average Oil 
Recovery *, 

percent pore space 

53.6 
53.9 
54.6 
55.1 
55.6 
55.8 
55.9 

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

* * * Breakthrough recovery' 

Average 
Water Cut* *, 

oercent 

- 
96.6 
98.7 
99.4 
99.8 
99.97 
99.996 
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WATERFLOOD SUSCEPTIBILITY 
Unsteady-State Clean Sample 

Texaco, Inc. Sample I.D.: 24 
Stark ‘6’ No. 10 Well Depth, feet: 5983.8 
Port Neches Field Permeability to Air, md: 3730 
Orange Cowdy, Texas Porosliy, percent: 31.4 

I ~ W ~ e r ~  * , percent: 7.5 
Effective PermeabEly to Oil at Swi, md: 2800 

100 

80 

E 60 
a, 

Q 

0 
L 
s’ 

d 
340 

20 

0 

10.0 

8.0 

v) a 
6.0 - 5 

Q 

f?. 
C 
s’ 

4.0 k) 
- 
E 

2.0 

0.0 
0 20 40 60 80 100 

Cumulative Oil Recovery, pment pore space 
Water-Cut Water Input 
--e--+ 

Core Laboratories 
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CORE LABORATORIES 
-A- 
- 2 0 2  

TEXACO, INC. 

Stark "B" No. 10 
Port Neches Field 

Orange County, Texas 
CL File No. 571 61 -1 1236 

Core No. 1 
Depth: 5940 - 5950 
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CORE LAEORATORIES 
l y r o l  

TEXACO, INC. 

Stark "B" No. 10 
Port Neches Field 

Orange County, Texas 
CL File No. 571 61-1 1236 

Core No. 1 
Depth: 5950 - 5961.2 

CorePhotP 
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TEXACO, INC. 

Stark "6" No. 10 
Port Neches Field 

Orange County, Texas 
CL File No. 571 61-1 1236 

Core No. 2 
Depth: 5967 - 5977 

CorePhota" 
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TEXACO, INC. 

Stark "B" No. 10 
Port Neches Field 

Orange County, Texas 
CL File No. 57161-11236 

Core No. 2 
Depth: 5977 - 5985.6 

CorePhoto" 
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CORE LAEORATORIES 
Intarnational 

.-CII 

TEXACO, INC. 

Stark "B" No. 10 
Port Neches Field 

Orange County, Texas 
CL File No. 571 61-1 1236 

Core No. 3 
Depth: 5 9 9 7  - 6005.2 

CorePhotP 
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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 
Analvsis of Maruinulina sand to Prepare for Horizontal Drillinq 

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. 
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. 

The primary purpose of this study is to establish lithologic . 

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 lithologic 
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) homogeneous 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 HCI 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) 

gray calcareous shale and mottled shaly bioturbated very fine-grained 
glauconitic sand; vigorous effervescence in dilute HCI 
pyrite 
marine fossils; forams, molluscs, ectiinoid fragments 
extremely finely interlaminated sand and shale 

MARGINUUNA SAND: (core plug photographs) 

nearly all unconsolidated medium-grained sand 
local tight dolomitic zone(s); slow effervescence in dilute HCI 

0 dark gray slightly calcareous shale beds near top of reservoir 
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- 1 

rich dolomite may develop a mottled royal blue stain. 
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UNDERLYING BEDS: (cuttings comparator) 

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

0 pyrite 
0 marine fossils; forams, molluscs, echinoid fragments 
0 extremely finely interlaminated sand and shale 

cc: Darrell Davis 
Dennis Kuhfal 
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DEPTH 

5980/990 

BULK COARSE COMMENTS SAMPLE 

I 

I sand/shale. 

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

601 0/020 

5990/000 

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

CALfA,fi&S 

SOOO/OlO 

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

Tr. * glauconitic sand, pyrite-cemented 
sand, very finely interlaminated silt and 
shale, lignite, forams, mollusc 
fragments. Mottled sand/shale. 
CAAC&REUb5 

Tr. * glauconitic sand, pyrite-cemented 
sand. Mottled sand/shale. 
C A L W H !  
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DEPTH BULK COARSE COMMENTS SAMPLE 

5900/910 ' 5890/900 

r 591 0/920 

Tr. * glauconitic sand, forams, 
. echinoid spines, limestone, lignite, 

interlaminated shale and silt. 
@ A a € O &  

i i pyrite-cemented sand, very finely * 

5920/930 I 

/- 
/ 

1 

I 

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

&fei+k'G& 

Tr. * glauconitic sand, pyrite-cemented 
sand, formams, rriollusc fragments, 
lignite, mottled sarid/shale. 
CArCA8lW5 

Tr. * glauconitic sand, pyrite-cemented 
sand, lignite, mollusc fragments, very 
finely interlaminated silt and shale, 
mottled sand/shale. 
&WAREOt/S 
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REMARKS 

'ariably bioturbated laminated 
hale,  s i l t s tone ,  and vfg sand. 
lalcareous w/ no recognizable 
'o s s i l s .  

)ark gray shale with plant 
.mpressions and pedogenic 
;l ickensides.  Inactive channej _ . _ _  

:nterbedded l i g h t  gray-brow1 
iomogeneous mg sandstone an( 
.aminated s l i g h t l y  calcareous 
Lark gray coaly shale w i t 1  
) lant impressions. 

'CUT 27' (5940-5967) 
REC 21' (5940-5961) 
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REMARKS 

LS above 

; radual ly  f in ing -up  mg t o  Lm! 
:rough and p l a n a r  x-beddec 
t i g h t  brown f r i a b l e  sanc 
i n t e r s p e r s e d  wi th  g ray  zone: 
i l o n g  bedd ing  s u r f  a c e s ,  
k c a s i o n a l  da rk  g ray  mudclast: 
ind c o a l y  lamina t ions .  

"nely laminated silt anc 
;hale .  c o n t o r t e d  from loadin(  
if overlvincr sand. 

Aght brown mg t rough  anc 
) l ana r  x-bedded f r i a b l e  sanc 
r i th  abundant g ray  f o r s e i  
.aminations.  Zone of dolomit ic  
iodules (slow e f f e r v e s c e n c e  i r  
Li lute  HC1) .  

------- ORIGINAL OIL-WATER CONTACT 

Lght  g r a y  mg f r i a b l e  sand;  
Itherwise s i m i l a r  t o  above. 
' r ace  of convo lu te  bedding. 

CUT 30' ( 5 9 6 7 - 5 9 9 7 )  
REC 18 ' .5 '  ( 5 9 6 7 - 5 9 8 5 . 5 )  

l io turba ted  f i n e l y  laminatec 
Ireen-gray s h a l e  and s i l t s t o n s  
r i t h  homogeneous  s i l t 1  
iudstone. Burrows are most11 
i o r i z o n t a l  c i r c u l a r  forms; 
I requent ly  sand f i l l e d .  Shals 
.s s l i g h t l y  ca lcareous .  Local11 
tbundarit .5 c m  mollusc s h e l l s .  
mhiomorvha burrow a t  6004 ' .  

CUT 1 0 '  ( 5 9 9 7 - 6 0 0 7 )  
REC 8 . 5 '  ( 5 9 9 7 - 6 0 0 5 . 5 )  
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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: 

Photoqraph 
3-A 

3 -B 

3-c 

3 -D 

3-E 

3-F 

3 -G 

3 -H 

Description 
This is the p.roduci'ng well Kuhn #14. Notice 
the actuated wing valve used to control flow 
in case a downstream failure occurs. 

This is the injection well Kuhn # 3 6 .  This 
well is equipped with a hookup for both CO, 
and water injection. All wellheads are 
stainless steel trimmed to handle the 
corrosive C0, service. 

Construction oftthe tank battery platform 
required'pilg driving and marsh work. 

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

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

Fiberglass fl-owlines were hooked to the 
production platform. 

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. 

A production man'ifold 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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3-1 

3-J 

3 -K 

3 -L 

3 -M 

3 -N 

3 -0 

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 C02 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. 
barge will be floated in next to the CO, 
compressor barge to handle other field 
production. 
additional CO, injection compressor. 

Oil and wate'r production gathered on the 
compressor barge is piped to the gunbarrel, 
oil, and water tanks. 

An additional 

On this barge will be an 

L 
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Photograph 3 -A  

I 

Photograph 3.- B 

&&, I ' 
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Photograph 3-C 

Photograph 3-D 
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Photograph 3-E 

Photograph 3-F 



Photograph 3 - G  

Photograph 3-H 
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Photograph 3-1 

I 

Photograph 3-J 
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Photograph 3-K  

Photograph 3-L 
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Photograph 3-M 

Photograph 3-N 



Photograph 3-0 
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co,/co, PiDeline 

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

Purchases began 

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. 
pictures of this operation, as it took only 1-1/2 days to pull 
the pipe into the jetted area of the marsh. 

Unfortunately there are no 

Photographs included are: 

Photoaraphs 
4 -A 

4-B 

4-c 

4-D 

4-E 

4-F 

Description 
4 "  steel pipe is delivered to 
locations set up along the CO, 
pipeline right-of-way. 

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

The pipe is welded and buried a 
minimum of 3'. 

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

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

Most all crossings required that 
the pipe be placed beneath the 
other pipelines. 

103 



Photograph 4-B 
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Photograph 4-C 

Photograph 4-D 

.---....,- 

A 1 .  

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. 
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. 

A public notice was 
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H.J. KUHN 

PROPOSED WORK AREA 

H.J. KUHN 
WELL # 33 

I H.J. KUHN 1 
WELL # 53 -, 

\ -  A 
i X = 3.602.496!932/ 
; Y = 835,641.105 

FND 2' I.P. 
N 03'03'00" W - 27.56'/ '0 

LONG. 93'56'24' 
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PLAN 

250' _Do 

i: 1 

TEXACO USA 
EASTERN E & P REGION' 

ONSHORE PRODUCING DlVlSlON OPERAllONS EAST 
PORT NECHES flELD 

PROPOSED DREDGING & LIMESTONE MAT 
FOR CO2 PRODUCTION FACIUN 

SELESTAN SCLAVON, A-431 
ORANGE COUNlY, TEXAS 
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L 

3. 
235' (DREDGE LENGTH) 

3. - - 

EXlSTlNG CANAL 

I 30' 4 EXIST. SPOIL BANK .-sL -L I 
' <J. KUHN - I / 

NO. 36 3. 
3. 

3. 3. 
w 

3. 
w 

NOTE: 
APPROX 9-000 CU. YDS. OF SPOIL WILL BE DREDGED 
AND PLACED IN AREAS AS SHOWN. 

PLAN DETAIL 

3. 

3. 

25' 50' --o 
SCALE: 1"= 50' 

PORT NECHES FIELD 
PROPOSED DREDGING & LIMESTONE MAT 

FOR C 0 2  PRODUCTION FACILITY 
SELESTAN SCLAVON, A-431 

ORANGE COUNTY, TEXAS 
RLE NWE: -PN-DRG.DWG 
Drawn b y  I Date: I Sheet Of 

I s8nI 1-25-93 I 3 4 
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A A A A  - PROPOSED LIMESTONE MAT (APPROX 2450 Fzl CU. YDS. OF LIMESTONE TO BE USED) 

7.5' 
7.5' -' 0 1 5' 

HORlZONTAL SCALE: ID= 15' 

TEXACO USA 
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ONSHORE PRODUCING DlMSlON WERATlONS E M  

PORT NECHES flELD 
PROPOSED DREDGING & LIMESTONE MAT 

FOR C02 PRODUCTlON FACILITY 
SELESTAN SCLAVON, A-431 

ORANGE COUNN, TEXAS 

I Sheet Of I 1 

.. I 1-25-93 1 4 4 
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TEXACO U.S.A. 
EASTERN E & P REGION 

ONSHORE PRODUCING DIVISION 
NEW ORLEANS, LOUlStANA 

PROPOSED 4" CARBON DIOXIDE PIPELINE TO 
SERVE PORT NECHES FIELD 
LOCATED APPROX 8.5 MILES EAST OF 
BEAUMONT, EXAS IN OR'ANGE COUNM, TEXAS. 

CLARK SURVEYING COMPANY 
1315 SHERWOOD FOREST DRIVE 

HOUSTON, TEXAS 77043 . 
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- -  



- 

113 



NOTE: 
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i 
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PROPOSED 4" CARBON DIOXIDE PIPELINE TO 
SERVE PORT NECHES FIELD 
LOCATED APPROX 8.5 M l B  EAST OF 
BEAUMONT, TEXAS IN ORANGE COUNTY, TEXAS. 

CLARK SURVEYING COMPANY 
1315 SHERWOOD FOREST DRlVE 

HOUSTON, TEXAS 77043 

TEXACO U.S.A. 
EASTERN E &'P REGION 
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PIPE DATA: 

Nomr of Product: CARBON DIOXIDE 
Charoctwlrtlcr: SG - 1.5 STP 0 60' F 
Operating Prrrwrr:  1800 PSI 
Two of Plpc 
Slzr of Plpr: 4.5' 0.0. 
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TechnolosY 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 Oil 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 
INTRODUCTION 

This report compares the CO, flood performance predicted by PC-Prophet with the 
predictions of COMP 111 and VIP-EXEC(C0MP). 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. 

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. 

CONCLUSTONS 

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

1. 

2. 

3. 

The predictions of P(3-Prophet for waterflood and CO, flood performance in a five 
spot were found to bevery close to those of COMP III and VIP-EXEC(C0MP) for 
oil recovery. The predictions during WAG were especially close. 

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

For most cases, the saturation weighted average method of &lculating relative 
permeability for the miscible phase in PC-Prophet produced results closest to those 
of VIP-EXEC(C0MP) and COMP 111. 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). 



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 111, and VIP-EXEC(C0MP). 
First, some background information on the comparison cases is provided, and then results 
of the comparisons are discussed. 

Backwound 

Model Backpround 

COMP 111 and VIP-EXEC(C0MP) 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 C0,-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 nhase relative nermeabilities are calculated to 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 111) 
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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 Anproach 

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 (Le., an INDATA file) is provided in Appendix B. 

Recoverv Processes and Iniection Seauences 

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

Waterflood - starting with 11.8% OOIP already recovered 
C0,-WAG - 0.31 HCPV CO, with 1.17:l 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. 

Tertiarv 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 

Secondarv. 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 Permeabilitv 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 COz follows the gas relative permeability 
curve. 

PC-P-rophet can use different gas relative permeability curves, unlike most e g  parameter 
models. This is done by using the. saturation weighted method in PC-Prophet and treating 
the 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. 
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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 aas relative permeability endpoints 
(krgcw) and the gas to oil endpoint relative permeabihy ratios that were used: 

Endpoint gas re1 perm Endpoint gas re1 Derm 
krgcw Endpoint oil re1 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 COz 
flooding performance without affecting the waterflood history match. 

Sim ulation ResuI ts 

CO, flood predictions using PC-Prophet, VIP-EXEC(COMP), and COMP III were 
coipared. 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 C0,-WAG process, the single CO, slug followed by chase water, and secondary recovery. 

Table and Fiqure 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 @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 (Le, the water injected during the waterflood has been subtracted). 
The injected HCPV includes both the injected water and CO,. 

Miscible Phase Relative Permeabilitv Ontion in PC-Pronhet 

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. 



Saturation Weiyhted. Except under special circumstances, the saturation weighted 
method in PC-Prophet produced predictions closer to the compositional simulators 
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.2 

Eaual to Oil. The standard formulation, in which the miscible phase relative 
permeability is set equal to the oil relative permeability kow, gives only a single result 
for all values of the gas relative p,ermeability. CO, or gas relative permeabilities are 
not included in any calculation. ' This method, however, gave results closest to those 
of a composi tional'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 

Simole Average. The simple averaging method was taken from the documentation for 
COMP 111. However, it did not produce results closer to those of COMP I11 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 similax predictions for these simulations. 

In the absence of ary 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. 

Fioure 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. 

-2' 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 s t r e m  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. 

Fipures 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. 

Fipure 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. 

Fipures 6.7. and 8 show the predicted oil productionrates. 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. 

Sinple Continuous CO, SIUP Followed bv 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 I11 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 Permeabilitv Hiaher 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 III. The example for this case is shown in Figure 
9; the gas endpoint relative permeability, krgcw, is 1.0 while that for the oil is 0.295. 

Gas Relative Permeabilitv 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. 

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 I11 is actually 
more accurate. 

Second a w  Recovery 

The results for secondary-recovery were agalogous 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 111 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 chase water drive. 

Gas Relative Permeabilitv Hipher 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 I11 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 Perrneabilitv 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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Summarv of ODtion Performance 

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

C0,-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 

Hvsteresis 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 ail hysteresis may make it difficult for compositional 
simulators to effectively model CO, breakthrough. 

Gas Relative Permeabilitv 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(C0MP) 
and least for COMP 111. VIP Comp is thus the most sensitive to the gas relative 
permeability. PC-Prophet had an intermediate increase. 

2. 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. 



1. 

2. 

REFERENCES 

Wang, B., Cheng, C. T., and Tip'ton, T. L., "CO, Flood Simulation for East Sector of 
Roberts Unit," EPTD Report No. 90-045. 

Chopra, A. IC, Stein, M.H. and Dismuke, C. T., "Prediction of Performance of 
Miscible Gas Pilots," SPE Paper 18078, 1988 Fall Annual Meeting. 

130 



APPENDIX A 

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

a saturation weighted average of Lw and ks 

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

an average of k, and k, 

krm = O.5(kro,,+krg) (2) 

where k, is the gas relative permeability 

equal to k,, 

The first option, which makes k, a saturption 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 Son, the miscible residual oil 
saturation), the miscible phase relatiqe 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 C O W  I11 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. Hqwever, it 
cannot incorporate a reduced COz 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 fractionsare based on saturation. Under miscible conditions, 
the gas relative permeability is 
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S 
i?.. I k 

rm . .  
1 -Sw-Sorn, 

and the oil relative permeability is 

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 

BOUNDY' 

'ROBERTS UNIT - COMP I11 COMPARISON' 
)ut********* WELL AND PATTERN DATA ********) 
'PATTERN' 
'5s' 
'NWELLS NOINJ' 
2, 1 
'WELLS WELLY WELLQ' 
0' 0' 1 
1) 1) -1 
'NBNDPT' 
5 
'BOUNDX 
0' 0 
0' 1 
1, 1 
1' 0 
0, 0 

'LWGEN OU'TTIM 
'N') 0.3 
' * * * * RELATIVE PERMEABILITY PARAMETERS * * *' 
'SORW SORG SORM 
0.40, 0.25, 0.001 
'SGR SSR' 
0.05, 0.05 
'SWC SWIR' 
0.15, 0.15 
'KROCW KWRO KRSh4A.X 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 

'VIS0 VISW' 
1.23, 0.7 
'BO RS API SALN CSG' 
1.22, 600, 32, 50000, 0.8 

'TRES P MMP' 
114, 2000, 1500 
'DPCOEF PERMAV THICK POROS NLAYERS' 

PROGRAM CONTROLS * * * * * * * *' ' * * * * * * * * * * * * *  

' * * * * * * * * * * * * * * *  FLUID DATA * * * * * * * * * * * O )  

)* * * * * * * * * * * * * * RESERVOIR DATA * ** YC *** ** * *' 
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0.75, 6, 120.0, 0.1028, 4 
'SOINIT SGINIT SWINIT 
0.75, 0, 0.25 
'AREA XKVH' 
17424 00, 0.0 

'NTIMES WAGTAG' 
3, 'v' 
'HCPVI WTRRAT SOLRAT TMORVL' 
0.55, 200., 0, 1 
0.31, 365, 0.688, 0.54 
1.05, 360.0, 0, 1 

INJECTION PARAME-RS * * * #'* * * * *' >* * * * * * * * * *  
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PROPHET 

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 

VIP COMP 

Process Oil Recovery. % OOTP 
Waterflood & Primary 
CO, WAG 
Chase Waterflood, 0.75 HCPV water 
Maximum Oil Rate, BOPD 
Maximum GOR, SCF/STB 

COMP3 

Process Oil Recovec. % OOIP 
Watexflood & Primary 
CO, WAG 
Chase Waterflood, 0.75 HCPV water 
Maximum Oil Rate, BOPD 
CO, Produced, End of WAG, % 
Maximum GORY SCF/STB 

TABLE 1 

%gp&ocw 

- 3.4 

32.6 

15.7 

6.1 

14 

51  

8590 

3.4 
32.8 
15.3 
4.7 

15.3 
8457 

3.4 
32.4 
15.4 
5.6 

18 
43 

8580 

- 0.34 

32.6 

17.1 
8.2 

13 

34 
5250 

0.34 

32.8 

17.4 
4.6 

15.7 
6577 

0.34 
32.4 
16.5 
6.2 

16 
23 

5500 

0.034 

32.6 

17.8 

8.8 
12 

21 

3260 

0.034 

32.8 
18.8 
5.7 

14.3 
2966 

0.034 

32.4 
16.9 
7.1 

13 
8.5 

2400 
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ABSTRACT 

Results from laboratory teniary CO, flooding studies 
conducted at representative reservoir conditions are 
becoming available. Predicted C02 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 C02 saturations, and CO, relative 
permeabilities. Predicted oil recovery, COP 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 C02 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 

c 

INTRODUCTION 

The modeling and prediction of tertiary CO, flood 
performance can be imprdved if the results from 
recently repotted 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 rep~rted'*~,~*'*~. Data from these studies 
include water and oil relative permeabilities measured 
when the water saturation is decreasing (often called 
hysteresis curves), residual oil saturations to miscible 
GO2 floods, CO, relative permeabilities, and residual 
C0, saturations. 

Results 'from these studies have shown that C02 
I relative permeabilities can be very small in representa- 
tive west Texas Work reported by 
Shyeh-YunQ3 and Stern, demonstrates that the end- 
point relative permeabilities of C02 can be as much as 
100 times smaller than the oil endpoint relative 
permeabilities in west Texas .carbonates. Reduced 
COP relative permeabilities would be expected to 
improve oil recovery while simultaneously reducing 
CO, production. 

' Residual oil saturations to miscible C02 floods have 
been measured. The presence of miscible residuals 
would be expected to reduce oil recovery by reducing 
the effectively available oil. Shyeh-Yung3 and Stern' 
report,miscible residuals as large as 15%. However, 
the presence of ,miscible residuals also reduces CO, 
relative The largest reductions in C02 
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EFFECTS OF RECENT RELATIVE PERMEABILITY 

DATA ON CO, FLOOD MODELING SPE 26650 

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 oil 
recovery and CO, production. 

Hysteresis in the water and oil relative permeability 
curves has also been observed'*6,'0. 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. 

DBJECTIVES 

This study investigates the importance of several 
relative permeability' parameters for predicting C02 
flood performance, and examines how they can be 
incorporated into simulation models. 

Specifically, .the following parameters are examined: 

- reduced relative permeability of COP 

- 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. 

DESCRIPTION OF METHODS 

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

DescriDtion 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 EnergyIs CO, miscible flood predictive model, 
C02PM. The simulator was partially developed as 
part of the DOE'S Class I 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 
dong 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 
LongstaffO 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 (Le., 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 permeabiljties influence 
results in the compositional simulators which are often 
used. 

Relative Permeabilitv RelationshiDS 

The analytical relative permeability relationships. used 
in the simulator are presented in deta.i/. 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. 

k r W  

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

k,= km( SW-S, 1’’ 
.1 -s,-s, 

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

A simplified form of water curve hysteresis is used.in 
the model. Water hysteresis is repres’ented by chang- 
es in the irreducible water saturation, Swk. During the 
initial waterflood (i.e., before hysteresis), Swir is set 
equal to the connate water saturation, Swc. After the 
start .of CO, injection (i.e.,. after hysteresis would 
occur), Swir is reset, i f  desired, to  a value greater than 
S,, in locations where the water saturation is decreas- 
ing. Several increased values of Swi, are investigated. 

krow 

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

kmw=km( 1 -S,-S,, )” 
1 -s,-s,, (2) 

where S, is the water saturation, now is the oil equa- 
tion exponent, S,, is the connate water saturation, 
S, is the residual oil to waterflood, and k,,, is the 

en.d,point (maximum) relative permeability of oil at the 
irreducible water saturation. 

The effects of shifts (Le., hystere.sis) in the oil relative 
perm,eability curve are also investigated with a simpli- 
fied method. After the start of C02 injection (Le., 
after hysteresis would occur), k,, is adjusted, if 
desired, for locations in which the water saturation is 
decreasing. The exponent norr could also be adjusted, 
but this was not done. 

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

sg-sp “r 
k w = k  - ( l-S,-S, ) (3) 

where S, is the gas saturation, no is the gas equation 
exponent, S,, is the connate water saturation, S, is 
the residual gas saturation to  an oilflood, and krDm is 
the endpoint (maximum) relative permeability of gas at 
the connate water saturation. 

The effects of changes in S,, are investigated. 

An equation specifically for the solvent relative perme- 
ability, k,,, can also be formulated to include,features 
required for C02 relative permeability. 

(4) 

where S, is: the gas (i.e;,solvent) saturation, n, is the 
solvent equation exponent, Swk is the irreducible water 
saturation, S, is the residual gas (Le., 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. 

152 



4 
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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 kOw and k, 

an average of kow and k,, 

IC,,, = O.S(k,,+kJ 

equal to k,w 

either k,, or kw 

(7)  

if Sa 2 S, 
if S, > Sa 

16) 
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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'*2#J. 

The fourth option, the eitherfor 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 

Sr 
k, 1 -s,-s,, 

The first option, which makes k, a saturation weight- 
ed average, can incorporate a reduced C02 relative 
permeability. When the C02 saturation is at a maxi- 
mum (with an 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 

153 

and the oil relative permeability is 

(91 

In some formulations the miscible residual is le f t  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 Amroach 

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 
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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 0.1 5 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 
0.15 t o  1.05 HCPV 
1.05 to  3.05 HCPV 

COP slug 
1:l WAG 
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. 

RESULTS 

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 thb formulation of the miscible 
phase relative permeability. 

Table and Fisure 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 C02 (or gas) relative permeability is incorporated. 

Representative CO, endpoint relative permeabilities are 
probably about one-tenth (rather than equal to) the 
magnitude of the endpoint oil relative permeabilities in 
west Texas carbonates'a2D5. 

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 (RJ. Situations were 
considered in which this ratio was 1 .O (or almost 1 .O) 
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 ths "eithedor" methods, can incorporate a re- 
duced CO, relative permeability. These two methods 
assiOn a low CO, relative permeability to  high CO, 
saturation locations. 

NOT effective in usina reduced CO.. D ermeability 

Eaual to krow. If the miscible phase relative 
permeability is set equal to the oil relative 
permeability k,w (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 mexhod when there is a large differ- 
ence between the gas and oil relative permea- 
bilities. 

Averaae. Reduced C02 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 usina reduced CO, permeability 

Saturation weiahted. 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 
C02 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 
differences in predicted oil recovery for a large 
range of C02/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 .O 
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 .O to  0.01 1, incieases 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 C02/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 C02 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 produo 
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 C02 
relative permeability. A normalized injectivity, 
I,, 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: 

!3k L 
1 .o 2.9 
0.1 1.5 
0.01 1.1 

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. 

Ether/Oc. The largest predicted effect of a 
reducedC0, 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 SaturatioQ 

All *e 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 a t  the 
end of the WAG period is 0.1 9 HCPV for the case of 
no miscible residual. However, the recovery is‘ re- 
duced to 0.1 4 HCPV when the miscible residual is set 
to 0.15. These particular results are for the simple 



averaging method of formulating the miscible phase 
relative permeability. (The gas and oil relative permea- 
bilities are almost the same for this case). Results for 
the other formulations are similar. 

Miscible Residual Combined With Reduce d CO, 
Relative Permeab iliw 
Recent laboratory data show that the CO, relative 
permeability is reduced at  the same time that the 
miscible residual oil saturation is increased?.$. Shyeh- 
YungJ reports endpoint CO, relative permeabilities as 
a function of the miscible residual o i l  saturation for 
San Andres carbonates. The following is a relation- 
ship derived from Shyeh-Yung's work. 

CO,/oil endDoint oermeabilitv 
&Q 

L 

0.0 
0.05 
0.1 0 
0.1 5 
0.2 

1 .o 
0.4 
0.1 
0.04 
0.01 

When the saturation weighted.method is used-for the 
miscible phase relative permeability, there can' bo 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 t o  miscible residual relafion- 
ship derived from Shyeh-Yung's work .is used. The 
mixing parameter remained constant for all these 
cases. If. the C02 relative permeability is .reduced at 
the same time thanhe 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 hot 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 COP relative permeability 

also. would be expected to  decrease because of water- 
blocked oil. 

Residual Gas Satu ration 

Residual gas saturations, S,, larger than critical gas 
saturations occur bothfin carbonates' and in sandston- 
es'. The residual 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 C02 saturations. 

Hvsteresis Effects 

DescriDtion of Water Curve Hysteresis. The typical 
water hysteresis effect for San Andres carbonates is 
a new and higher irreducible water saturation'~s~*le~lO. 
The water hysteresis effect occurs after C02 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 (SwJ. Instead, the water saturation, reaches a 
new minimum value whichh larger than the connate 
water saturation and which is termed the irreducible 
water saturation (Swk). 

DescriDtion~of Oil Curve Hvsteresig There is also the 
potential for hysteresisin the oil .relative permeability 

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 tim'es' larger than the' original values. 

Results for Saturation Weinhted Method. CO, and oil 
move through the reservoir faster ifthere 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 COz 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  Swk. Specifically, S,,, was set to 0.4 
and IC,~, was made to equal 0.25 a t  SWc rather than 
0.1 1 (which would have been the value of kw with- 
out hysteresis). 

gther Formulations. Presented in Table 3 are results 
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 a s  large a s  those for the saturation 
weighted method. Also, oil hysteresis (in addition to  
water hysteresis) has a smaller effect. 

gii Relative Permeability 

The oil relative permeability was not one of the 
parameters t o  be' investigated. Actually, in COP flood 
simulation the oil curve is usually not adjusted; any 
changes are typically made during a history match of 
the waterflood. However, t o  get a more complete 
picture of the effect 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 t o  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 a s  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 Cot 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. 

General ComDarison of Fo rmulationp 

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 a s  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. 

SimDle Averaae. If the simple average formulation for 
the miscible phase relative permeability is used, then 
the jecovery 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-ten*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. 

Reduced CO, Pe rmeability. If the saturation weiohted 
method is used with the assumptions of no miscible 
residual and a maximum CO, relative permeabiliw one- 
tenth that of the oil, then the predicted oil recovery a t  
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.' 

a. 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 COO 
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. However, 
differences in predicted gas production and injectivity 
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 weighted 
method is one way of doing this. 

CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

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. 

An alternate method which defines the miscible 
phase relative permeability as a saturated weig- 
hted combination of CO, and oil relative perme- 
ability can incorporate reduced CO, relative 
permeabilities. 

Reduced COP 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 

6. 

7. 

8. 

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 C o r  mobility. 
Use of just a miscible residual in simulation 
studies may give pessimistic results. 

The presence of a large residual C02 saturation 
has a large effect on predicted C02 flood perfor- 
mance during the final chase water drive. 

Water: hysteresis makes the predicted C02 
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- 
tawsb results for secondary miscible.floods in a five- 
spot. Again the results are very similar. 

15 9 . 
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APPENDIX B 
COMBINED MISCIBLE AND IMMISCIBLE FLOW 

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

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

The equation for the e f f e c h  permeability of the 
solvent (Le., gas), kVfl, is 

So, 
k,# = (1 -a)k,o+a 1 -s,-s,, k;, 

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

a = 1.0 

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

a = 0.0 (8-4) 

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

0.0 a 1.0 

APPENDIX C 
MIXING PARAMETER EQUATIONS 

The mixing parameter o (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 

Pm = (1-4P, + (C-1) 

The effective oil viscosity pa is given by. 

Po# * (1-4Po + aP, 

a is a parameter which adjusts the degree of 
miscibility and is discussed in Appendix B. 

p8 is the solvent viscosity, and po is the oil 

viscosity. 
is defined- by 

pa is the mixed solvent viscosity and 

1- 0 (C-3) P a "  Pr Fm 

P m  is the mixed oil viscosity and is defined by 

1-0 u (C-4) Pen, = Po Pm 

The mixed viscosity p,,, is defined by 

The mixing parameter, Omega, determines the effec- 
tive viscosities of the  solvent and oil. Omega can be 
varied between 0.0 and 1 .O. If the mixing parameter 
is set to  0.0, then there is no mixing, and the solvent 
and oil viscosities are equal to their individual immisci: 
ble values. if,the mixing parameter is set to 1 .O, then 
there is complete' mixing, and the oil and solvent 
viscosities are made equal. A typical value for Omega 
is 213. 

APPENDIX D 
INPUT TO MODEL 

The input values were selected to  model a representa- 
tive flood in west Texas. 

Fluid viscosities: 

Oil viscosity 
water viscosity 
C02 viscosiw 

Reservoir parameters: 

Dykstra-Parsons coeff. 
Number of layers 
Pattern type 

1.23 cp 
0.7 cp 
0.065 cp 

0.75 
5 
5-spot 

Relative permeability curve parameters: 

S, (residual oil t o  waterflood) 0.35 
S,, (residual oil to gas flood) 0.25 
S,, (residual gas saturation) 0.35 
S, (residual solvent saturation) varied, 

base 
S,, (connateewater saturation) 0.2 
S,, (residual water saturation) varied, 0.2 

base 
k,,(endpoint oil re1 perm) 0.5 
I<,,, (endpoint water re1 perm) 0.3 
k, (endpoint solvent ret perm) varied, 0.05 

base 
k,,,(endpoint gas re1 perm) varied, 0.4 

base 
now (oil curve exponent) 2.5 
n, (water curve exponent) 1.5 
n, (solvent cupte exponent) 2.5 and. 2.0 
no (gas curve exponent) 2.5 

0.35 

(mixing parameter) 0.666 

The re1ativ.e permeability parameters represent an 
intemediate to  oil wet c,ondition. 

If an endpoiot relative perrneabiliw of 0.05 is used for 
the COP, 'then the endpoint mobility ratios for all the 
fluids are fairly close,. 

C02 / water 
Water / oil 
C02 I oil 

EndDoint Mobility 

1.8 
1.05 
1.9 
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TABU I 

Dependence of Terllvg Oil BccopvJr on COJOU P d i l l t y  Ratio 

TvriarJrOilRemvar).O 
WAG 

0.15 HCW 0.39 HCW 0.60 HCW Water CO, * Water 

Sat. 1.0 0.0230 0.0681 0.0801 0.2021 0.0230 0.1839 0.2908 
Weight 

L ~ c o . ~ c o . ~ ~ ~ ~  

Avenge 0.8 0.0223 0.0664 
Equnl -- 0.0231 O.Ow0 
( 0 4 ,  

0.0585 

Sat. 0.1 0.0191 0.0699 
Weight 
Average 0.1 0.0182 0.0673 

0.0164 0.0709 

Sat. 0.01 0.0171 0.0729 
Weight 

zp' 0.08 o.0228 

zp' OJ 

R, Endpoint C0,'Oil relative permeability ratio 

0.0812 0.2034 0.0273 O.lN6 0.F1 
0.0801 0.m1 0.0231 0.1828 0.2904 

0.0857 0.2091 0.0228 0.1968 0.2944 

0.1296 0.2848 0.0191 0.2141 0.3141 

0.0870 0.2087 0.0182 0.1878 0.2828 
0.1342 0.2846 0.0164 0.2174 0.3206 

0.1661 0.3191 0.0171 0.2461 0.3460 

TABLE 9 

Dependence of CO, Production on COW Pe-bill& Ratio 

CO, Produetion 0 

O.16HCW 0.39HCW 0.60HCW Water CO, Water 

Sat. 1.0 0.0166 0.F26 0.3688 0.4549 0.0156 0.3282 0.3790 
Weight 
Average 0.8 0.0142 0.1285 0.3615 0.4618 0.0142 0.3249 0.3796 
Equal - 0.0167 0.1327 0.3669 0.4661 0.0168 0.3281 0.3814 

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 0.3415 
Weight 
Average 0.1 0.0088 0.1086 0.3234 0 . 0  0.0086 0.30b9 0.3690 

0.0036 0.OW 0.2062 0.3640 0.0036 b.2340 0.9300 

Sat. 0.01 0.0052 0.0482 0.1560 0.324 0.0052 0.1961 0,2979 
Weight 
R, Endpoint C0,'Oil relative pe~eabUty ntio 

w co. WAG 

I s , R . C O . q p , A ? L - G b ? w m Q ! b e  

( 0 4 ,  

zp' OG8 

zp' OJ 

o s  0 . m  0.1m o.z?fa 0.028.Y 0.Iobo 0.2898 

0.2 0.0187 01065 
0.25 0.0201 0.2148 
6.3 0.mo 0.2206 

0.35 0.0268 0.2208 
0.4 0.0319 03124 

(&I 0.8) 0.2 0.0223 0.1916 
0.3 0.0268 0.1914 
0.35 0.0278 O.IR96 

Averya 
t&- 0.1) 0.2 0.0181 0.1878 

0.3 0 . W  O.IR91 
0.35 0.0246 0.1R90 

A w m  

& - Endpoint O d i l  nLUw permeability nUo 

TABLE 4 

0.3059 
0.3116 
0.3143 
O.SlI6 
o m 1  

02891 
0.2923 

0.2888 

0.282JI 
02854 
02237 

- 
0.0170 
0.m4 
0.0288 
0.0317 

- 
0.0288 
0.0276 

- 
0.2089 
0.2192 

0.2328 
0.2329 

- 
0.1976 
0.1034 

- 
0.1920 
0.1968 

- 
030.37 
oaiaz 
0.3210 

05167 

- 
0.2932 
Om78 

- 
0.2846 
0.2371 

Dependence of Tertiary Oil Recovery on 
Oil Rolativm Permubllity I k,J 

Tatlu). Oil lkewev ( H C W  

CMthuou. co. kI WAa I3 WAO 
0.16nm o s n c ~  o.oonm watrr co, Water co Water 

L J L l L c o . - E a A 4 % 8 L r r W 4 % S L u ; m Q S ; b r c r  
0.6 0.4077 0.231 0.0581 o.oW1 o m 1  0.m1 0.1m 0.2904 0.m1 0.181I o m  
0.M 03434 0.0187 0.07m 0.12P o w 0  0.0197 0.1976 03wb 0.0197 0.1m o m  

TABLE 6 

Cornpdwn of MiMtble Rolntlve Penneabllity Fonnulntlonm 
Tertlvy 011 Recovey (HCPV) 

c o s  
& L L s ! Y l x w A o  

Equal to 4, _I 0.0 0.0231 0.1928 
Average 0.8 0.0 0.0223 0.1916 
Average 0.1 0.0 0.0181 0.1878 
Sat. Weight 0.1 0.0 0.0187 0.2065 
Equal to kn. I 0.10 0.0207 0.1659 
Sat. Weight 0.1 0.10 0.0167 0.1876 
Sat. Weight 0.1 0.10 0.0203 0.2002 
(oil hptemt 
and water 
h y h m l  with 
s, - 030) 
R, = Endpoint CO, (or gaaYoil Relative Pennubility ratio. 

Water 
G!m9 
0.2904 
0.2891 
0.2828 
0.3069 
0.2639 
0.2767 
0 . m  



Compuimn of Mfrcible RslntIw PormdilIty Formpktfolu 
CO, Production (IICPV) 

co, Watsr 

- 0.0 0.0166 0.3281 0.3814 
A v ~ g s  0.8 0.0 0.0142 0.3249 0.3796 

0.1 0.0 0.MUIB o m  0.3890 

_ C , - B L r n W A G G h =  
WbL. 

A v a g s  

0.35 
h 

0.0 
0.10 
0.10 
0.10 

. . .  gas endpoint re1 perm 
oil endpoint re1 perm . R, = - 

R, = 2.0 : 

0.0071 0.2709 0.9511 
0.0201 0.3606 0.4151 
0.0092 0.2713 0.3544 
0.0102 0.2856 0.9504 

0.05 - 
0 v 

A - ,. - 0 

6.t weight 0.1 
4dbL - 
Sat. Weight 0.1 
Sat. Weight 0.1 
(oil h- 
and water 
hyatarrri. with 
S, I 0.30) 
R, I Endpoint CO, (or guyoil Relative Pennubility ratio. 

h u 
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Figure 1. Impact of Endpoint Gas Relative Pamnability on OW 
Rscovery fortha Sipb Awnpr Mnhod 

c 4 

0.25 0.20 +----I 
c 4 

Endpoint CO,/Oil Permeability Ratio 

Figure 2. Effect of Endpoint COJOil Relative Permeability 
Ratio on Tertiary Oil Recovery for the Hybrid WAG Process 
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RQUN 3. Impact of Mpolnt COX Relrtiva PIrmrrblW on OU 
Recovery for the Saturation Welghtrd Method 
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Figure 5. Effect of Endpoint COJOii Relative Permeability 
Ratio on CO, Production for the Hybrid WAG Process 
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Figure 6. Effect of Endpoint COJOU Reietiw Pennoability 
Ratio on CO, Producbon for the Contlnuous CO, Process 
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Figure 7. Effect of a Miscible Residual Oil Satuntlon on 
Tertiary Oil Recovery 
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Figurn 10. Effc~cts of Water and Oil Relative PsrmeabUW 
HyataresIs on COX Rood Performance 
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Figure 11. Hysteresis Effects in Early Stages of COI flood 
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