
To: 

From: 

Date: 

Subject: 

Disclaimer 

Interdisciplinary Study of Reservoir Compartments 
Contract No. DE-AC22-93BC14891 

Document Control Center 
U.S. Department ofEnergy 
Pittsburgh Energy Technology Center 

Pittsburgh, PA 15236-0940 
P.O. BOX 10940, MS 921-118 

Contract Specialist: Mary Beth J. Pearse 

Craig W. Van Kirk 
Principal Investigator 
Robert S .  Thompson 
Project Manager 
Petroleum Engineering Department 
Colorado School of Mines 
Golden, Colorado 80401 

April27,1995 

Quarterly Technical Progress Report 

"This report was prepared as an account of work sponsored by the United States Govenui$nt. 
Neither the United States, any agency therat nor any of their employees, makes any warranty, &$ress 
or implied, or assumes any legal liabilities or responsibility for the accuracy, completeneqor u&ln* ..I-- 
of any information, apparatus, product, or process disclosed, or represents that its & wguld 7 2  
hfiinge privately owned rights. Reference herein to any specific commercial prod& p&zces&x--' 

"/.p=: seMce, by trade name, mark, manufacturer, or otherwise, does not necessarily mnst&e &#l$tq 
endorsement, recommendation, or ftivoring by the United States or any agency thereo&"R&%ie~& 
opinions of authors expressed herein do not necessarily state or reflect those of tze United States 
Government or any agency thereof? 

\ L .  

Patent 

"US/DOE Patent clearance is not required prior to the publication of this document." 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document . 



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

__ 

Quarterly Technical Progress Report 

INTERDISCIPLINARY STUDY OF RESERVOIR COMPARTMENTS 
Contract No. DE-AC22-93BC14891 

Colorado School of Mines 

Contract Date: September 29, 1993 

Completion Date: September 30, 1996 

Award Amount $ 753,266 

Robert S .  Thompson, Program Manager 
Colorado School of Mines 

Craig W. Van Kirk, Principal Investigator 
Colorado School of Mines 

Robert Lemon, COR 
Department of Energy 

Reporting Period: January 1, 1995 to March 31, 1995 



Contract No. DE-AC22-93BC14891 

Project Scope : 

This DOE research project was established to document the 
integrated team approach for solving reservoir engineering 
problems. A field study integrating the disciplines of geology, 
geophysics, and petroleum engineering will be the mechanism for 
documenting the integrated approach. This is an area of keen 
interest to the oil and gas industry. The goal will be to 
provide tools and approaches that can be used to detect reservoir 
compartments, reach a better reserve estimate, and improve 
profits early in the life of a field. 

Progress During 1st Quarter 1995: 

Executive Summary of Project Integration 

The attached reports by the project team summarize specific 
contributions organized on a task basis. It should be noted that 
each task is not a stand alone effort. The executive summary is 
intended to give an overview of the integrated accomplishments of 
the project during the quarter. The reports written by the 
research associates are included to provide more detail. 

Project integration during the quarter is demonstrated by 
looking at the attached Figures 1, 2, and 3, Figure 1 is a 'kh" 
map over the area covered by the 3D seismic. The permeability 
for the "kh" map was based on a relationship between mini- 
permemeter measurements for permeability (Task l.Z.l), log 
derived parameters (Task 1.1.2) and internal architecture 
descriptions (Task 1.1.3). The correlation was then applied to 
the wells in the 30 seismic area to develop the "kh" map using 
the facies identified in the internal architecture description. 

Figure 2 is the geological structure map derived from well 
bore data, It has been noted that the fault mapping from well 
log correlations compares favorable with fault mapping based on 
3D horizon slice mapping. However smaller faults appear to be 
more readily mappable from log correlations, coupled with well 
data, than from seismic. 

Figure 3 is the geophysical map from the 3D seismic survey. 
A comparison of the three figures supports the preliminary 
structural and stratigraphic interpretations. The "kh" map agrees 
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with the geologic and geophysical interpretations which indicate 
a gradual decreasing reservoir quality to the northeast. 

The petrophysical parameters coupled with the geologic and 
geophysical fault interpretations and production data supports 
the interpretation of sealing faults. As noted in the report by 
Tom Davis and Bob Benson, the faulting is postulated to be 
associated with diagenetic events which damage the reservoir 
quality of the rocks. The petrophysical data from the HSR 
Salisbury 6-29 (very low porosity) supports this theory. This 
well appears to be in a down-dropped fault block. It is 
postulated that this block has experienced diagenetic cementing 
which has almost completely diminished the primary porosity 
(Andrew Prestridge, Task 1.1.2). Producing GOR's also confirm 
the compartmentalized nature of the reservoir with faults being a 
major factor to the compartmentalization. 

Well test analysis of two wells by Clark Huffman (Task 
1.1-5) emphasizes the difficulty in obtaining good well tests in 
this type of reservoir. Multirate testing methods are important 
and will be investigated further in Well Test Methods (Task 
2.1.3). 
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Reporting on a Task Basis: 

Theme 1: Reservoir/Outcrop Selection/Evaluation 

Subdivision 1: Reservoir Selection and Evaluation 

Task 1.1.1: Reservoir Selection and Data Gathering 

Data is gathered on an as needed basis. 

Task 1.1.2: Outcrop/Core/Log Analysis/and Correlations 

The attached report by Andrew Prestridge (Appendix A) 
presents a discussion of the "kh" maps and the relationship to 
the geological and geophysical maps. 

Task 1.1.3 : Internal Architecture Description 

The attached report (Appendix B) by Roger Slatt discusses 
the additional level of refinement that has been added to the 
stratigraphic characterization. The detailed reservoir 
description will be coupled with petrophysical data to develop 
the basis for the reservoir simulation. As noted in his report, 
the structural/fault map has been compared with the geophysical 
interpretation and a final map is being prepared for input into 
the reservoir simulator. 

Task 1.1.4: Seismic Analysis 

The entire team has continued working with the geophysical 
team members at the 3D seismic work station. This was done to 
assure that all relevant information was integrated into the 3D 
interpretation. 

The report included in Appendix C by Tom Davis and Bob 
Benson addresses the geophysical components of the integrated 
study. As noted in their report, the fault mapping is complete. 
The fault style described by Tom Davis and Bob Benson is a new 
fault style for the Denver Basin and is believed to be important 
in reservoir compartmentalization. 

Task 1.1.5: Detailed Reservoir Engineering Evaluation 

The report in Appendix D, Clark Huffman summarizes detailed 
well test analysis.for two wells. The well test indicate a low 
permeability reservoir, hydraulic fracture half lengths of 700 
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feet, and the need for multirate well test analysis. The drainage 
area estimated from the well tests and the significance of the 
"high" permeability streaks has not been address by the project 
team. This will be done in the next quarter. 

The work by Clark will form the basis for Task 2.1.3 (Well 
Test Methods) which will commence in the next quarter. 

Subdivision 2: Experimental Investigation 

Task 1 -2.1 : Permeability Experimental Work 

The attached report (Appendix E) by Ramona Graves and Hugo 
Araujo concludes the permeability experimental work for this 
project . 

The focus of this report is to present the final results of 
the experimental rock property measurements and to discuss how 
the data will be used in the integrated study, The rock 
properties and flow characteristics have been measured for the 
Sussex formation in the Hambert area. The measured rock 
properties were coupled with descriptive interpretations of core 
sections and subsequently linked with log derived values to 
develop a correlation for permeability estimates. This 
integration of data permits estimates of permeability on a field 
wide basis. Relative permeability, compressibility, shear and 
compressional velocities, Poison's ratio, and Young's modulus 
were also measured. This data will be integrated into the 
reservoir simulator and the 3D seismic interpretation. 

Theme 2: Reservoir Characterization 

Subdivision 1: Field/Outcrop Characterization 

Task 2.1 1 : Setup Reservoir Simulation 

The report by Craig Van Kirk and Hugo Araujo (Appendix F) 
summarize the initial reservoir simulation efforts. 

Task 2.1.3: Well Test Methods 

The report by Clark Huffman (Appendix D) will form the 
foundation for this task. Clark Huffman noted in his report the 
necessity for multirate testing. 



Contract No. DE-AC22-93BC14891 

Other Infonnation/Technology Transfer 

Appendix G includes two abstracts "Structural and 
Stratigraphic Compartmentalization of the Terry Sandstone, and 
Effects on Reservoir Fluid Distributions, Latham Bar Trend, 
Denver Basin, CO" and "Structural and Stratigraphic 
Compartmentalization of the Terry Sandstone and Effects on 
Reservoir Fluid Distributions in Hambert-Aristocrat Fields, 
Denver Basin, Colorado" were included in the 1995 Annual 
Convention of the American Association of Petroleum Geologists. 

Schedule for 2nd Quarter 1995: 

The 
1995: 

following objectives are outlined for the 2nd Quarter 

1. 

2 .  

3 .  

4. 

5 .  

6. 

7 .  

Continue data gathering and data base management on as 
"as needed" basis. (Task 1.1.1) 

Commence outcrop work (Task 1.1.2 & 1.1.3) 

The effort to integrate the 3D seismic data will 
continue. The goal will be to determine the 
contribution the seismic data can make to more accurate 
mapping of porosity, permeability, and fracture 
density. The degree to which this can be accomplished 
is uncertain at this point.(Task 1.1.4) 

The final report for the relative permeability work is 
included with this quarterly report. (Task 1-2.1) 

Detailed reservoir engineering work will continue 
during the next quarter, (Task 1.1.5) 

Several one-well simulation models will be set-up and 
tested during the quarter. (Task 2.1.1) 

The task investigating well test methods will commence 
next quarter (Task 2.1.3) . 



1. 

APPENDIX A 

Log Analysis and Correlations 
by Andrew Prestridge 
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DOE Contract No. DE-AC22-93BC14891 
Quarterly Technical Report - 1st: Quarter 1995 
Task 1.1.2 Log Analysis and Correlations 
Researach Associate: Andrew Prestridge 

Progress : 

Thirty-one wells have been digitized and analyzed for their 
petrophysical information. From Figure 1 it is apparent that there are 
several anomalous wells. HSR Salisbury 6-29(15407) has a very low 
porosity and when compared to the 3-D seismic and the Geological 
interpretation it appears that this well is in a down-dropped fault 
block. It is postulated that this block has experienced diagenetic 
cementing which has almost completely diminished primary porosity. This 
indicates that these faults are sealing and compartmentalizing the 
reservoir. 

Bohlender 29-13 (16334) has anomalously high invasion but this may 
be due to the quality of the original hardcopy of the log. It should be 
noted that this well seems to have two zones of high resistivity the 
'typical' basal sand and one above. 

Shable 17-10G was added very near the compilation of this report 
and may change after checking data quality. 

Geological and Geophysical information for Sections 17 and 20 
agree with the k*h map in terms of the gradually decreasing reservoir 
quality to the northeast. 

Mapping petrophysical parameters has helped with the 
interpretation of 'sealing' faults, and has a positive comparison to the 
sparse production information. 

Work in Progress: 

Logs are being digitized in sections 31, 32 & 33 of 4N 65W to 
allow the comparison of the oil and gas portions of the reservoir. 
Comparison of petrophysical data vs. cumulative production and GOR's may 
give some insight into what tool best indicates the contrast between gas 
and oil. 



TABLE 1 
MCSPINAL.MAP 14 April 1995 ALP 
Preliminary results of the Petrophysical properties of wells in 
Sections 29, 20. & 17 of 4N 65W Weld County, Colorado 

30383. 38024. "10013' 
29396. 37584. '15236" 
27226. 38177. "15356" 
30662. 38515. "12350" 
27876. 39989. "16767" 
29266. 39709. "15664" 
27047. 40692. "09107" 
30667. 31902.. "11784" 
27251. 35371. "08913" 
26707. 33222. "13951" 
29493. 34745. "16400" 
29597. 32882. "14078" 
26663. 35910. "15335" 
29587. 32982. "13041" 
29327. 31852. "12519" 
30667. 33222. "12539' 
27454. 32421. "09445" 
29353. 30569. "09670" 
30725. 30582. "12884" 
30645. 26694. "15309" 
26613. 26652. "15310" 
26676. 30396. "15337" 
27855. 30552. "15338' 
30594. 28069. "15339" 
26797. 29087. "15340" 
27843. 26609. "15341" 
27825. 29262. "15407" 
28171. 27729. "15408" 
26822. 27781. "15455" 
29265. 28094. "15463" 
29535. 29203. "16334" 

31.5 ,108442 .409143 
1.5 .l50000 .SO3626 
12.5 .100011 ,341147 
33.5 .121868 .432540 
20.0 ,122883 .450827 
7.0 ,101247 .392814 
54.5 .116759 .386915 
48.5 .125915 .396329 
68.0 ,119747 ,352793 
45.5 ,104222 ,357451 
34.5 .096944 .414716 
28.0 .116581 ,311872 
29.5 .092636 ,390346 
13.0 .121606 ,329006 
32.5 .125111 .398050 
4.5 .I58077 .486690 
47.5 .125591 .385118 
12.5 .091280 .435102 
23.0 .119865 .353401 
1.0 .081521 .308102 

42.5 .lo8517 .366418 
49.0 ,110515 ,352205 
7.5 ,085882 ,307007 
15.5 ,090601 ,409733 
44.0 .lo9467 ,345070 
39.0 ,100634 .388866 

. o  .oooooo 1.000000 
40.0 .115626 .406513 
7.5 .lo2920 .338799 
19.5 .098742 .434720 
26.0 .I10193 .303349 

2 . O m 2 2  
0.111180 
.e23655 

2.316701 
1.349684 
,430332 

3.901295 
3.686543 
5.270091 
3.047034 
1.957522 
2.246243 
1.666044 
1.060758 
2.447593 
.365142 

3.668127 
,644552 

1.782605 
.056404 

2.922061 
3.507952 
,446365 
,828920 

3.154495 
2.398531 

.oooooo 
2.744900 
.510381 

1.088431 
1.995917 

3.12837 
,00847 

30.81596 
,54379 
,25820 

7.27290 
3.03442 
1.30647 
4.98001 
18.35785 
7.86287 
19.24301 
20.88611 
7.28157 
1.42343 
,01953 

3 .a0792 
9.31248 
4.92506 

202.63580 
9.19291 
13.08749 
175.86480 
19.67707 
21.89617 
13.21289 

.ooooo 
2.15984 
35.88399 
5.82669 
50.77814 

98.54364 
,08471 

385.19950 
18.21694 
5.16391 
50.91032 

165.37610 
63.36372 

338.64070 
835.28210 
271.26910 
538.80420 
616.14030 
94.66039 
46.26147 

.08790 
180.87620 
116.40590 
113.27630 
202 .a580 
390.69880 
641.28690 
1318.98600 
304.99460 
963.43130 
515.30280 

.ooooo 
86.39373 
269.12990 
113.62040 
1320.23200 

1.7272 
2.2621 
1.9612 
1.4752 
1.8536 
2.0933 
1.6867 
1.7852 
1.6433 
2.2207 
1.7962 
1.8632 
1.8430 
1.6451 
1.7891 
2.0000 
1.8909 
1.3810 
1.4618 
1.7338 
1.8863 
1.9608 
1.9758 
1.9416 
1.9494 
1.9513 
1.8789 
1.8987 
1.9740 
1.9008 
2.0933 

4782. 
4767. 
4738. 
4776. 
4725. 
4755. 
4715. 
4895. 
4773. 
4794. 
4804. 
4852. 
4764. 
4840. 
4895. 
4836. 
4814. 
4846. 
4871. 
4908. 
4872. 
4831. 
4038. 
4904. 
4846. 
4891. 
4848. 
4889. 
4857. 
4888. 
4863. 

"WALKER 17-15G 
"SHABLB 17-100 
"HAROLD CRAVEN UNIT U2 " 
"WALKER NO. 2 
"HSR GATBS 6-17 
"OPEL #4 
"HAROLD CRAVEN U1 
"PBSCHEL 44-20 
"EDWARD HEMPLE UNIT U1 " 

"PESCHBL #13-20 
"HSR HINDE 7-20 
"PBSCHBL #33 -20s 
"HSR ARCHIBALD 4-20 'I 

"PBSCHBL 33-20 
'Peschel U34-20 
"Peschel U43-20 
"BDWARD HEMPLB UNIT #2 '' 

4350.0 
4350.0 
4350.0 
4340.0 
4350.0 
4320.0 
4300.0 
4500.0 
4400.0 
4350.0 
4400.0 
4400.0 
4300.0 
4400.0 
4400.0 
4400.0 
4400.0 

4550.0 
4550.0 
4500.0 
4520 . O  
4550.0 
4520.0 
4500.0 
4700.0 
4550.0 
4550.0 
4600.0 
4600.0 
4500.0 
4600.0 
4600.0 
4550.0 
4590.0 

"BOHLBNDBR 31-29 U3 
"CPC Bohlender U29-1 
"HSR Prisbie 16-29 

"HSR Maya 4-29 
"HSR Munos 13-29 

"HSR Ray 3-29 
"HSR Wright 9-29 
'HSR Crou8e 5-29 
"HSR Didkerson 14-29 
"HSR Salisbury 6-29 
'HSR Carter 11-29 
"HSR Proelich 12-29 
"HSR Tergle 10-29 
"Bohlender 29-13 

'I 4550.0 4750.0 
4500.0 4700.0 

I' 4470.0 4650.0 
" 4450.0 4630.0 
*I 4352.0 4550.0 
' 4400.0 4600.0 
" 4500.0 4675.0 

4410.0 4590.0 
" 4450.0 4640.0 
" 4450.0 4600.0 
" 4500.0 4650.0 
a 4460.0 4620.0 

4500.0 4700.0 
" 4460.0 4650.0 

200.0 
200.0 
150.0 
180.0 
200.0 
200.0 
200.0 
200.0 
150.0 
200.0 
200.0 
200.0 
200.0 
200.0 
200.0 
150.0 
190.0 
200.0 
200.0 
180.0 
180.0 
198.0 
200.0 
175.0 
180.0 
190.0 
150.0 
150.0 
160.0 
200.0 
190.0 

Note: Shable 17-10G (15236) is an estimate and is preliminary 
Bohlender 29-13 (16334) was digitized from a 1" log and should be refined 
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APPENDIX B 

1. Internal Architecture Description 
by Roger M. Slatt 



Interdisciplinary Study of Reservoir Compartments 
DOE Contract No. DE-AC22-93BC14891 
Quarterly Technical Report - 1 st Quarter 1995 
Task 1.1.3 Internal Architecture 
Research Associate: Roger M. Slatt 

DOE HAMBERT-ARISTOCRAT PROJECT 
GEOLOGY 

1. 

2. 

3. 

Two presentations related to the project were made at the 1995 Annual AAPG Convention 
in March, 1995. Titles of the presentations are: Structural and stratigraphic 
compartmentalition of the Teny Sandstone, and effects on reservoir fluid distributions, 
Latham Bar Trend, Denver Basin, Co. and structural and stratigraphic 
compartmentalization of the Teny Sandstone and effects on reservoir fluid distributions in 
Hambert-Aristocrat fields, Denver Basin, Co. Abstracts are included in Appendix F. 

Work continued on refining a structural map that adequately represents the complex 
structural pattern at Hambert-Aristocrat. The principle fault trend is SW-NE, with 
numerous small-throw normal faults, probably also with some strike-slip component. A 
secondary fault system trends SE-NW. Based upon GOR and IP data discussed in previous 
quarterly reports, the SW-NE system is sealing to the migration of hydrocarbons, at least in 
terms of field-development time (as opposed to geologic time). Individual fault blocks may 
represent isolated reservoirs, not in mutual communication. The fault map has been 
finalized and checked with the 3D seismic data that covers part of the area. Fault mapping 
fiom well log correlations compares favorably with fault mapping based upon 3D horizon 
slice mapping, though smaller faults appear to be more readily mappable fiom log 
correlations, coupled with well data, than from seismic. Geologic and geophysical maps are 
being combined into a final fault map that can be input into the reservoir simulator. 

Stratigraphic characterization has been refined to an additional level of complexity than 
previously reported because it is this level of complexity that will affect reservoir fluid flow 
and well performance. The Teny Sandstone has been subdivided into a series of shoreface 
sandstone parasequences. Each parasequence is capped by a transgressive shale, and grades 
eastward (paleo-seaward) fiom foreshore-upper shoreface (blocky log pattern) to lower 
shoreface-shelf (cleaning-upward log pattern). Transgressive shales are laterally continuous, 
thus have the potential to be significant vertical barriers to fluid flow. It is probable that the 
permeability structure varies laterally and vertically within a parasequence; lower shoreface 
sequences probably have the best permeability at their top, whereas foreshore-upper 
shoreface sequences probably have the best permeability at their base. Next quarter's focus 
will be on mapping the 3D geometry of individual parasequences, determining the extent of 
transgressive marine shales and thinner shales internal to parasequences, and providing this 
information in a format suitable for input into a reservoir simulator. 

1 



4. Reconnaissance work has begun on selecting a suitable outcrop analog for Hambert- 
Aristocrat. A field trip is planned in early May to evaluate outcrops selected during 
reconnaissance. 

2 



APPENDIX C 

1, Detailed Seismic Analysis 
by Tom Davis and Bob Benson 



Colorado School of Mines 
Interdisciplinary Study of Reservoir Compartments 
DOE Contract No. DE-AC22-93BC14891 
Quarterly Technical Report - 1st Quarter 1995 
Task 1.1.4 Detailed Seismic Analysis 
Hambert Field 
Research Associates: Dr. Davis, Mr. Benson 

Fault mapping from the 3-D seismic data has been completed and integrated with geological and 
engineering data. A dominant northeast trending fault zone occurs in the southern portion of the 
3-D seismic area at the Terry Sandstone interval. This kult is part of a fault zone that exhibits a 
negative flower structure associated with strike-slip faulting in the Denver Basin. 3-D seismic 
portrays that the fault is part of a fault system that branches upward as a flower structure. 
Another branch to this system occurs just south of the 3-D grid and is portrayed on geological 
maps. 

This fault style is a new fault style for the Denver Basin and was first interpreted from 2-D seismic 
data fiom Hambert Field by Davis (1985). The importance of this fault style is reservoir 
compartmentalition by fault offset and by diagenetic events associated with these faults. 
Primary porosity and permeability are now occluded along these faults by diagenetic overprints 
related to calcite and silica cementation. Clays also can be a factor in causing sealing conditions 
associated with these fault systems. 

Recognition of faults and sealing conditions associated with these faults is of primary significance 
as to the role of geophysics in this integrated project. Considerable acreage has been written off 
in the Denver Basin because of the perception that diagenesis is pervasive in parts of the deep 
basin. The awareness of fault control of the diagenesis can lead to new exploration and 
development in the basin and elsewhere in similar settings throughout the world. 

Although the structural interpretation of the 3-D seismic data is complete, additional work 
involving the extent of diagenetic influence on reservoir mapping still needs to be done. 
Integrated analysis of both the compressional (P) and shear (S) wave volumes combined with 
geological and engineering data and analysis may enable more accurate mapping of reservoir 
parameters, porosity, permeability and fiacture density. The degree to which the 3-D seismic will 
contribute to this determination is uncertain at this time until seismic attributes are extracted from 
the data volumes and correlated with reservoir parameters. 

Reference 

Davis, T.L., 1985, Seismic Evidence of Tectonic Influence on Development 
of Cretaceous Listric Normal Faults, Boulder-Wattenburg-Greeley Area, 
Denver Basin, Colorado: The Mountain Geologist, v. 22, no. 2, p. 47-54. 
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1. Investigation of Well Testing Methods 
by Clark Huffman 



Colorado School of Mines 
Interdisciplinary Study of Reservoir Compartments 

1rst Quarter 1995 Technical Report 
DOE DE-AC22-93BC14891 

Hambert Field 
Task 2.1 -3: Investigation of Well Testing Methods 
Research Assistant: Clark H. Huffman 

Summary 

The Jack C. Noel #I and Warren McMillen #I produce a wet gas from the 
Sussex Sandstone member of the Hygiene group in the DJ Basin. Completed 
in the 197O’s, the wells were perforated and hydraulicly fractured to 
produce from the low permeability sand. The wells were not tested prior 
to the fracture treatments, so well test analysis goals include 
determining effective reservoir permeability along with estimating 
fracture half-length. The analysis results indicate permeability is 0.02 
md and the fracture half-length is approximately 700 feet on the Jack C. 
Noel. The permeability and half-length was used along with a set of 
Production rate Type Curves for Infinite Conductivity Vertical Fractures 
to estimate the drained reservoir volume. The short duration of the 
Warren McMillen test makes the interpretation much more subjective. A 
high permeability streak, 0.6 md, appears to dominate the test. The 
interpretation results in tabular form are: 

Well Name Permeability Fracture Half-Length 

md feet  

Jack C. Noel #1 0.01 6 730 

Warren McMillen #I < 0.6 = 700 



The reservoir parameters used in the interpretation are: 

Well Name Porosity Net Pay 

fract ion feet  

s w  Ct  Tem per at u re 

fract ion x 106 psi-1 "F 

Noel #1 

McMillen #I 0.1 2 54 

0.1 

0.5 450 170 

34 0.5 450 170 

Introduction 

Two pressure build-up tests from the Hambert Field, Weld County, 
Colorado, have been analyzed. 
and notes the two well locations. An estimate of original reservoir 
pressure and a set of type curves has been used to estimate the drained 
reservoir volume. 

Figure 1 presents an overview of the field 

Bottom hole pressures were monitored on Jack C. Noel #I during a 24 hour 
draw-down and 1,335 hour build-up. Overall, the test analysis suffered 
from a lack of production rate or flowing pressure data during the three 
month production period prior to the well test. Estimates of the rates 
prior to the well test were-made in order to get the best possible test 
analysis. The permeability is estimated to be 0.02 md, the fracture half- 
length is estimated to be 726 feet and the well appears to drain 82 acres 
for an Original Gas In Place (OGIP) of 1 BCF. Figures 2 - 4 present the 
Cartesian, semi-log and log-log plots of the pressure response and the 
analysis match. Appendix 1 presents a plot of the production history and 
the type curve match and calculations. 

The Warren McMillen #I, also had bottom hole pressures monitored during 
a 24 hour draw-down prior to a 240 hour build-up. The production rate 
prior to the build-up was reported to be 1.3 MMSCF/Day. No reasonable 
analysis could be made using this rate, so the historic, monthly production 
data was used to estimate a production rate of 0.20 MMscf/Day 
immediately prior to the well test. The permeability is estimated to be 
0.64 md, the fracture half-length is estimated to be 670 feet. The rather 
short duration and the presence of small, high permeability streaks may 
be influencing the test to indicate relatively high permeability. 
- 7 present the Cartesian, semi-log and log-log plots of the pressure 

Figures 5 



response and the analysis match. 

Discussion 

Geology 

The Sussex Sandstone is considered to be composed of 
transgressive/regressive, offshore marine bars deposited during the 
Cretaceous (Slatt, 1994). 
(Weimer, 1994). Core and log studies indicate the sand is composed of a 
thick (typically 10’ - 40’’ maximum 60’) basal sand with a bioturbated 
upper sandkhale sequence. Generally, over the Hambert Field, the total 
thickness is _+ 100’. Profile permeameter measurements on a single core 
indicate permeabilities are in the range of 0.1 to 0.001 md, although thin 
(1’ - 5’) streaks have millidarcy permeability (Arujo, 1994). 

Some fluvial influence has also been suggested 

Warren McMillen #1 

The Warren McMillen #1 was drilled and completed in May, 1976. Four and 
one half inch casing was set through the Sussex. Perforations were shot 
from 4396’ to 4448’ (4 spf), and broken down with 500 gallons of mud 
acid. An un-monitored 24 hour build-up was conducted prior to fracture 
stimulation. The single bottom hole pressure was reported to be 1768 
psia. The well was fractured with 261,408 gallons and 528,600 # of sand. 
Fracture fluid was Halliburton’s Super Emulsifrac (2 parts oil to 1 part 
water). The well’s initial potential was reported to the Colorado Oil and 
Gas Commission as 5.8 MMSCF/D with 11 7 BO and 88 BW. The produced oil 
and water were reported to be fracture fluid. Historic production records 
show actual production was 2.7 MMSCF/D during the first month of 
production (July, 1976). The well was produced continually until the 
pressure build-up was run in February, 1978. 

The electric and density logs indicate approximately 54’ of pay. 
and water saturation are approximately 12% and 50% respectively. 
Additionally, two high permeability streaks may be present in the 
intervals of 4396’ to 4408’ and 4436’ to 4442’. 
complicates the well test analysis. 

Porosity 

The apparent layering 

The pressure build-up data was reported in the form of a hand-written 
table in the well file. . The production rate prior to the test was reported 



to be 1.3 MMSCF/D. The data was entered into a well test analysis 
program and the typical diagnostic plots were made. 
rate and lack of production history prior to the build-up made a reasonable 
analysis impossible. 
monthly rates for the 20 months of production prior to the test. A final 
rate of 200 MSCF/D was used in the analysis. Use of the multi-rate 
history smoothed the derivative curve on the log-log diagnostic plot. 
Also, a 0.25 hour adjustment was made to the shut-in time to correct a 
small discrepancy in the early part of the pressure build-up history. 
Figures 8 & 9 present the log-log diagnostic plots before and after 
correcting the time and pressure data. The “corrected” data plots 
indicated a finite conductivity model should be used. A type curve match 
was made to obtain initial estimates of k, xf, P*, and Fed. A regression 
analysis was used to “fine-tune” the values. 
finite conductivity behavior, no estimate of the reservoir volume was 
possible. 

Initially, the high 

The production history was used to calculate 

Since the analysis indicates 

Jack C. Noel #I 

The Jack C. Noel #I was drilled and completed in November 1978. Four and 
one-half inch casing was set through the Sussex. 
from 4404’ to 4426’ and immediately fracture stimulated with 291,186 
gallons and 631,058 # of sand. 
Acid Emulsifrac. The initial potential was reported to the Colorado Oil 
and Gas Commission as 910 MSCF/D with 7 BO and 3 BW. The well was 
produced from January until April 25th When it was shut-in for the build- 
up. Initial production averaged 515 MSCF/D during January and was down 
to 186 MSCF/D in April. 

Perforations were shot 

The fracturing fluid was Halliburton’s 

The electric and density logs indicate approximately 34’ of pay. Porosity 
as water saturation are approximately 12% and 50% respectively. The 
well logs show 2 layers. The lower layer, 4384’ to 4428’, has somewhat 
higher porosity than the upper layer which is from 4360’ to 43 82’. The 
adjacent bed effects mask the electric log response, but the density log 
indicates several high permeability streaks exist in the basal sand. 

The pressure build-up was recorded by Cable Drilling, Temperature and 
Well Servicing Company and reported on a typical, typed report of readings 
taken from an Amerada Gauge. Initial run in pressures of 1,000 psi were 
reported along with initial flowing pressures of 500 psi. Flowing 



pressures varied between 440 and 500 psi during the 24 hour period prior 
to shut-in. 
flow test were estimated from the reported monthly production data. A 
1.5 hour shut-in was used for pressure bomb run in. The data was entered 
into a well test analysis program and the typical diagnostic plots were 
made. A 2 hour adjustment to shut-in time was made to correct an 
apparent abnormality in the derivative response. The “corrected” data 
indicated infinite conductivity fracture behavior. Figures 8 & 9 present 
the log-log diagnostic plots before and after correcting the time and 
pressure data. On this test, the Horner plot was used to estimate 
reservoir permeability and pressure. The regression analysis was then 
used to calculate fracture half-length and skin and to improve the 
estimates of permeability and pressure. 

Rates during the period immediately before and during the 

General Comments 

The lack of detailed rate histories prior to the build-ups and the 
relatively short build-up time on the McMillen #I make the analysis 
somewhat suspect. Since both wells were apparently “floating” on line 
pressure, neither constant rates nor constant bottom hole pressures were 
maintained. Both conditions demand the use of a multi-rate analysis. 

Both pressure build-ups reported initial pressures at one-half hour 
intervals. 
and lend more confidence in the model selected. 

More frequent pressures would help define the early behavior 

Conclusions 

The layered nature and low permeability of the Sussex Formation makes 
the well tests difficult to analyze. 
the build-ups adds complexity to the pressure signal, but multi-rate 
analysis can compensate for this problem if the rate data is available. 
The relatively short test duration and lack of rate data make the Warren 
McMillen #1 analysis extremely suspect. The long build-up on the Jack C. 
Noel #1 lends more confidence to the analysis, but the lack of rate history 
prior to the test detracts from the certainty of the analysis. Regardless 
of the data problems, it is apparent that reservoir permeability is 
approximately 0.01 to 0.02 md in the area around the well tests. The 
fracture treatments are yielding fracture half-lengths of approximately 
700 feet. 

The variable production rates prior to 
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Figure 1. Well Test Location Map & Hambert Field Structure (Crouch, 1983) 
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Figure 6. McMillen #1 Pressure Response and Match 



tuick Match Results 
'ertical fracture - finite conductiviit) 
ifinitely acting 
:s = 0.001 5 bbVpsi 
: =0.6439 md 
if = 3.182e-006 
:f =671.655 ft 
'cd = 8.017 
) = 6.177e-004 l/(Mscf/day) 
'i = 1084.9672 Dsia 

Log-Log Plot 

I ~ 

Figure 7. McMillen #I Pressure Response and Match 



I 

Figure 8. McMillen #I Diaganostic Plot 
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Figure 9. McMillen #I “Corrected” Diaganostic Plot 
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Jack C. Noel Lease Production History 
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Type Curve Match Point for D. 0. Cox's Infinite Conductivity Vertical Fracture Production 
Match pt is at qd = 1, td = 1 

Jack C. Noel #1 

Match Point 
t 88.240681 months 
q 102.543035 MscWDay 

T 170 O F =  630 O R  

h 34 f t  
delta m(p) 1701 69085 

P 0.01 5 
Ct 0.000731 18 

Hydrocarbon 0 0.05 

P 1500 psia 
z 0.86572009 

B9 0.0102863 RCF/SCF 

Calculated Values 

k 0.01590 md 

XI  700 f t  

OGlP 590.35 MMscf 
X9 945 f t  

area 82.0 acres cum 430.367 MMscf 

Recovery % 72.90% 
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1, FINAL REPORT - Permeability Experimental Work 
by Ramona Graves and Hugo Araujo 



Colorado School of Mines 
Interdisciplinary Study of Reservoir Compartments 
DOE Contract No. DE-AC22-93BC14891 
Final Report 
Task 1.2.1 Permeability Experimental Work 
Research Associate: Ramona Graves 
Research Assistant: Hugo Araujo 

EXECUTIVE SUMMARY 

The focus of this report is to present the final results of the experimental rock 

property measurements and to discuss how the data will be used in the integrated study. 

The rock properties and flow characteristics have been measured for the Sussex formation 

in the Hambert area. The measured rock properties were coupled with descriptive 

interpretations of core sections and subsequently linked with log derived values to develop 

a correlation for permeability estimates. This integration of data permits estimates of 

permeability on a field wide basis. Relative permeability, compressibility, shear and 

compressional velocities, Poisson’s ratio, and Young’s modulus were also measured. 

Reservoir core samples of the Machi Ross #I (Sec. 4 32N 65W), Vern Marshall #I 

(NW SW 32 4N 65W), and Eckhardt #I (Sec. 15 4N 66W) wells were available and are 

located in a southeast to north-west trend in the Hambert Field located in the Denver Basin 

of Colorado (Figure 1). The wells in the Hambert Field produce oil and gas from the 

Cretaceous Terry sandstone (also referred as Sussex sandstone). Reservoir core samples 

for these wells were first described geologically by Dr. Roger Slatt, Geology Department of 

the Colorado School of Mines. These sandstones are thought to have been deposited as 
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sands reworked into offshore ridge complexes during marine transgression. Six facies of 

different characteristics were identified and classified. 

A permeabilitydepth profile for each core was obtained with the Pressure Decay 

Profile PermeameterB. Results from the three cores showed a low permeability formation, 

in the range of 0.01 5 to 9 md, with variations of permeability related to the facies control 

(Figures 2 to 4). Permeabilitydepth profile measurements of the whole cores showed a 

good correlation to the facies distribution described by Roger Slatt and to the log calculated 

values. Production comes from the four facies shown in Figure 2. The Vern Marshall #I 

produc es gas from facies 1 and 2 and oil from facies 3 and 4. 

Core plugs were taken from the Vem Marshall #I for further analysis. A . 
multidisciplinary team of geologists, petroleum engineers, and geophysicists selected 17 

horizontal and 4 vertical core plugs to constitute a representative set for the well. The core 

plugs (one inch in diameter and three inches in length), from three productive facies, were 

cut based on the permeability profile results and variations in the depositional sequences. 

Porosity and permeability as a function of the net confining stress were determined 

from the vertical and horizontal core plugs. Permeability and porosity measurements were 

performed using the CMS-300 equipment under confining stress conditions of 500, 1000, 

2000,3000,4000 and 4500 psig. The porosity was found to be in the range of 12% to 16% 

under ambient conditions, and under the maximum applied confining stress of 4500 psig 

the porosity was reduced on the order of 1 % porosity unit (Figures 6 to 8). The horizontal 

permeability was found to be in the order of 0.05 md to 1.8 under ambient conditions and 

under the maximum applied confining stress of 4500 psig these values were reduced by 
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40% (Figures 9 to 12). The vertical permeability measured in four core plugs (adjacent to 

the horizontal plugs, see Table 1) showed values in the range of 0.01 to 0.2 md. It was 

observed, under the maximum confining stress applied of 4500 psig, that these values were 

reduced 75% to 95%. The vertical to horizontal permeability ratios under ambient 

conditions vaned from 0.1 1 to 0.1 5. The vertical to horizontal permeability ratios 

under the maximum confining stress conditions of 4500 psig resulted in lower values, 

ranging from 0.017 to 0.063 (Table 1). 

Compressional (P) and shear (S) wave-propagation velocities were measured in the 

horizontal and vertical core plugs under effective stress of 500, 1000,2000,3000,4000 

and 4500 psig. These measurements were made under gas (dry) and liquid saturated 

conditions (Figures 13 and 14). For the dry samples, no correlation between the seismic 

velocities and lithology was found. For the saturated measurements, a VpNs ratio of 

approximately 1.7 indicates a "cleaner" sandstone (higher reservoir quality) and a ratio of 

1.8 indicates a "shalier" sandstone (lower reservoir quality) (Figures 15 and 16). Samples 

were grouped as "good" reservoir quality (sample 5,6, 14 and 17) and "poor" reservoir 

quality rock (sample 16, 19 and 20). When saturated, the good reservoir quality rocks (high 

porosity and permeability values) have higher Vs and lower VpNs ratio than the poorer 

reservoir quality rocks (Figures 17 to 19). The elastic rock properties (shear modulus, 

Young's modulus, bulk compressibility and Poisson's ratio) were determined for the 

selected core plugs. 

Description of the whole core and clay content determinations were complemented 

with petrographic ( epoxy-impregnation thin section analysis ) and scanning electron 
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microscope analysis on the Vem Marshall #1 (NW SW 32 4N 65W), Moser #1 (SE NW 34 

4N 65W), Kinsman #I (SE SW 18 4N 65W), Moser #l (SE NW 34 4N 65 W), and Prima 

Oil Burke 24-38 (SE SE 24 4N 65w). The sandstones examined from all four wells are 

generally fine-grained, predominantly feldespathic, with variable amounts of carbonate 

cement mainly calcite. Laminae with almost no carbonate or clay often exhibit extensive 

quartz cementation. Stylolites are common in the Terry Sandstone in the study area. Clay 

laminae exhibit incipient stylolites that can inhibit vertical movement of reservoir fluids. 

The stylolites, however, are typically discontinuous over long lateral distances. Diagenetic 

evidence suggests an offshore origin for the sandstones. Petrographic analysis suggests 

presence of microporosity. Equivalent pore entry radius calculated from mercury-air 

capillary pressure experiment indicate abundance of less than 2 microns equivalent pore 

entry radius. Analysis of the scanning electron microscope indicate most pores in the 

sandstones are on the order of a few microns in diameter (microporosity), and that there 

are few large (>0.01 mm) pores. 

Water oil displacements were used to determine relative permeabilities and capillary 

pressures. An experimental apparatus capable of working under lab and under confining 

stress conditions of up to 5,000 psig and at a reservoir temperature of 140 O F  was 

fabricated. Experiments were performed with 50,000 ppm (NaCI and KCI) brine and 

kerosene. Berea core plugs were used for preliminary work to test the apparatus and 

establish a standard reference. For relative permeability experiments, the core plug number 

4 from the Vem Marshall #1 was selected based on its homogeneity and relatively high 

permeability. Measurements were taken on core samples under lab conditions and under 
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in-situ conditions. Under the maximum net applied confining stress of 3500 psig and a 

reservoir temperature of 140 OF, the relative permeability curves were found to shift slightly 

to the right while maintaining their characteristic shape (Figures 20 and 21). The end points 

exhibited a minor or no shift. Figure 22 shows the simulated relative permeability curves for 

the imbibition process. Mercury-air capillary pressures were determined and the 

transformation to water-oil capillary pressure was found to be in excellent agreement with 

the experimental water-oil displacement (Figure 23). A numerical simulation of the 

experimental water-oil displacement experiments was also performed (Figures 24 and 25). 

The experimental results have been integrated with the other tasks. Experimental 

porosity and permeability estimates were compared to log derived estimates. A 

relationship between log derived values and permeability permits estimates of the 

permeability in other wells that have logs but no core samples. Also, these properties are 

related to the Vs and the VsNp ratio. The results of the analysis of compressional and 

shear wave-propagation velocities from core plug samples are used to calibrate the tools 

used in the geophysical 3-0 seismic interpretation. The petrographic analysis suggests 

carbonate rich and carbonate poor (silica) cement and supports the offshore origin for 

these sandstones. The rock compressibility, capillary pressures and relative permeabilities 

will be used as a starting point to the numerical simulation study. 
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CONCLUSIONS 

1. The permeabilitydepth profiles from the Vern Marshall #1, Machi 1 Ross and Eckhardt 

#1 of the Hambert Field reveal low permeability range (0.01 5 to 9 md) and allow 

identification of the dominant permeability ranges at different depths (Figures 2, 3 and 4). 

The dominant permeability ranges at different depths can be related to depositional facies 

(Figure 2) and to log interpretation. Permeability estimations from log derived values 

compared favorably to the permeability profile. A correlation was developed to calculate 

permeability from log derived values that can be used when core data is lacking. 

2. The experimentally determined porosity and permeability data under several confining 

stress conditions were curve fit to represent how these properties change with increasing 

stress (Figures 6 to 12). The empirical relations are given by the equations of the form: 

f =A+BS+CS*  

and 

k = A + Bs + Cs2 

where: 

f = porosity (decimal) 

K = absolute permeability (md) 

S 

A, B, C 

= Confining stress condition (psig) 

= regression constants. 

The regression constants.for the above equations are presented in Table 2 
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Horizontal permeability values measured under confining stress of 4500 psig are 40 to 

70% smaller than the values of the horizontal permeability under no confining stress. The 

vertical permeability values measured under confining stress of 4500 psig are 70 to 95% 

smaller than the values of the vertical permeability under no confining stress (Table I). 

3. The vertical to horizontal permeability ratio k& under normal lab conditions is in 

the range of 0.1 I to 0.1 5 and under confining stress of 4500 psig the ratio k&, is 

reduced to 0.02 to 0.06 (Table 1). 

4. The following relationship between velocity (V) and effective stress (p) was found to fit 

the data : 

v = A + B p'" + c pm 

V = Velocity (Wsec) 

P 

A, B, c 

= Confining stress condition (psig) 

= regression constants. 

The regression constants for the above equations are presented in Tables 3 and 4. Note in 

this equation that "p" is used in geophysics nomenclature and is equivalent to "s" in 

petroleum nomenclature used in the second conclusion. 



5. For the saturated samples, a VpNs ratio of 1.7 - 1.75 indicates cleaner sandstone 

(higher reservoir quality) and a ratio of 1.8 - 1.85 indicates a shalier sandstone (lower 

reservoir quality) (Figures 1 5 and 16). 

6. The elastic properties, shear modulus (m = G), Young's modulus (E), Poisson's ratio (n) 

and bulk compressibility (Cb), calculated under 3100 psia and 3600 psia for dry 

measurements and saturated measurements and for "sand" and "shale" are presented in 

Table 5. 

7. There is no significant change in Young's modulus and the shear modulus for dry to 

saturated conditions. The bulk compressibility and Poisson's ratio, however, are 

dependent on whether the samples are dry or saturated. 

8. Petrographic and scanning electron microscope analysis indicates generally fine- 

grained, predominantly feldespathic sandstones with variable amounts of carbonate 

cement mainly calcite. Laminae with almost no carbonate or clay often exhibit extensive 

quartz cementation. The presence of stylolites may inhibit vertical movement of reservoir 

fluids resulting in a tortuous path for reservoir fluid flow. 

9. Diagenetic evidence suggests an offshore origin for the sandstones. The high carbonate 

cement content in these sandstones is thought to indicate the presence of common primary 

carbonate (sand) grains. 
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10. Petrographic analysis suggests presence of abundant microporosity. Analysis of the 

scanning electron microscope indicates most pores in the sandstones are on the order of a 

few microns in diameter (microporosity), and that there are few large (>0.01 mm) pores. 

11. The effed on the relative permeability of increasing the net confining stress, from 200 

psig to 3500 psig, and the temperature from 70 "F to 140 "F are favorable to the oil mobility 

during the oil migration (drainage process) while slightly unfavorable to the oil mobility 

during the imbibition process. 

12. The capillary pressure-saturation relationship obtained from the mercury-air experiment 

and transformed to lab water-oil was found to have an excellent agreement with the 

capillary pressure points obtained from the water-oil experiments (Figure 23). Relative 

permeability correlations based on capillary experimental information will be tested and 

compared to the relative permeability of this work. The "best" correlation will then be used 

to find the relative permeability of other facies in the well and in the field. 

13. The simulation results were in good agreement with the laboratory observed pressures 

and production (Figures 24 and 25). The use of the numerical simulation technique to 

simulate the experimental displacement experiments is highly recommended to obtain the 

relative permeability curves because it provides smooth results and also provides 

information before the breakthrough (missing when using Johnson-Bossler and Naumann 
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method). However, due to the tedious or lengthy process of the trial and error change of the 

relative permeability curves during the matching process, it is recommended to generate a 

program to augment the automatic history matching process. 

14. No general equation was found to transform the relative permeabilities obtained from 

measurements under lab conditions to the relative permeabilities under the reservoir 

conditions. 

Horizontal permeability values measured under confining stress of 4500 psig are 40 to 

70% smaller than the values of the horizontal permeability under no confining stress. The 

vertical permeability values measured under confining stress of 4500 psig are 70 to 95% 

smaller than the values of the vertical permeability under no confining stress (Table 1 ). 

The vertical to horizontal permeability ratio k& under normal lab conditions is in 

the range of 0.1 1 to 0.1 5 and under confining stress of 4500 psig the ratio k,/k is 

reduced to 0.02 to 0.06 (Table 1). 



RECOMMENDATIONS 

Following is a summary of recommended procedures to characterize the reservoir rock: 

a) Perform the core description, obtain the permeabilitydepth profiles to understand 

the permeability distributions and dominant ranges. This information will help in 

selecting core plugs. 

b) Calibrate the logs against the permeability profile and core description to obtain 

transforms for calculating permeability from log derived values for the wells with logs but 

no cores. 

b) Select core plugs with the participation of an integrated team. This will ensure the 

samples represent the variety of facies present in the core and are representative for 

horizontal and vertical permeability and velocity measurements. 

c) Measure the permeability and porosity for the core plugs under confining stress and 

find the equations to transform those parameters from ambient conditions to reservoir 

conditions. 
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d) Perform petrophysical measurements of epoxy-impregnated thin sections and 

scanning electron microscope analysis to confirm depositional environment, cement 

material, and to determine if micro-porosity is present. 

e) Measure the compressional and shear wave-propagation velocities from core plug 

samples under the same effective stress condition as in c) and calculate the elastic rock 

properties. Perform experiments with dry cores and cores saturated with brine or other 

selected fluid. Calibrate the seismic interpretation tools with the results of these 

measurements. 

9 Simulate the displacement experimental process with a numerical simulator, perform 

sensitivity to the critical variables and become familiar with the critical steps for the lab 

process. This will help monitor the critical steps during the experimental process; i.e. 

breakthrough time and sampling frequency. 

g) Perform the displacement experiments and closely monitor the critical steps found 

during the preexperiment simulation. 

h) Select a core of similar characteristics to the core selected for relative permeability 

experiments and obtain the capillary pressures by using air-mercury or other 

experimental techniques. 



i) Simulate the experimental process and match against the pressure and production 

data. Then proceed with the simulation for the next experiment going back to step e). 

j) Once all experiments of the core are finished, use the core used for the experiments 

to obtain the capillary pressures. Then repeat the simulation to refine the results. 

k) Relative permeability correlations based on capillary experimental information 

should be compared to the experimentakimulated values. The "best" correlation 

should then be used to find the relative permeability of other facies and other wells. 

13 
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Figure 6 Porosity versus Confining Stress 
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Flgure 7 Porosity versus Confining Stress 
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Figure 9 Permeabillty versus Confining Stress 
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Figure 12 Permeability versus Confining Stress 
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Figure 14 
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Figure 20 Relative Permeability Curves First Drainage 

Under Net Confining Stresses of 200 psig, T = 70 O F  and 3500 psig, T = 140 OF 
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Figure 22 Relative Permeability Curves First Imbibition 
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Figure 23 Capillary Pressure from Oil Displacing Water 
Experiment 18, First Drainage , Core Plug VM4 - Net 
Confining Stress 200 psig, T = 70 O F  and Air-Mercury 

Experiment Transformed to WaterlOil 
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Figure 24 Oil Displacing Water Relative Permeability Experiment 18, First Drainage 

Core Plug VM4 - Net Confining Stress 200 psig, T = 70 "F 
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Table 1 Summary of Permeability and Porosity Measurements 
Hambert Field - Well Vern Marshall #I 

No Conlining Stress 

4672.04 
4671.67 
4669.67 
4668.08 
4665.96 
4665.88 
4664.92 
4664.67 
4662.88 
4661.84 
4658.34 
4658.08 
4656.08 
4650.92 
4648.80 
4645.40 
4637.90 
4633.25 
4627.29 
4627.12 
4622.96 

2.51 
2.51 
2.50 
2.51 
2.51 
2.51 
2.50 
2.52 
2.50 
2.50 
2.51 
2.51 
2.49 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 
2.50 

7.51 86.68 0.121 
7.35 83.66 0.650 
7.51 84.05 1.167 
7.15 79.46 1.840 
7.50 83.61 1.500 
7.52 84.92 0.187 
7.51 84.44 0.180 
7.51 83.86 1.159 
7.54 83.14 1.837 
7.43 82.53 1.276 
2.45 28.03 0.016 
6.97 80.30 0.144 
6.93 77.62 1.020 
7.00 77.76 0.390 
7.53 85.11 0.253 
6.92 79.83 0.129 
7.55 83.77 0.561 
7.59 86.91 0.149 
7.43 05.17 0.495 
6.21 71.75 0.055 
7.52 86.96 0.056 

12.52 
13.33 
14.13 
14.91 
14.36 
13.76 
14.91 
15.21 
16.16 
15.83 
14.85 
13.05 
14.30 
16.85 
14.50 
11.94 
15.53 
14.31 
13.05 
11.80 
13.38 

4.636 
4 835 
5 221 
5 256 
5 329 0.12! 
5 095 
5 525 
5 759 
6 041 
5 761 
1791 

4 473 
0.11’ 

3.435 
5.401 
4.069 
5.754 
5.315 
4.767 0.11’ 
3.553 
4.890 

I 

Ratio of Values 

StresslAmbienl Net Confining Stress 4500 psig 

ermab Porosity Pore Vol kv/kh Permab Porosity Pore Vol 

0.021 11.3 4.210 0.174 0.903 0.908 
0.438 12.4 4.477 
1.170 
1.370 
0.925 
0 016 
0.048 
0 765 
1480 
0 816 
0.001 
0.036 

0.228 
0.141 
0.014 
0.384 
0.066 
0.007 
0.002 
0.004 

1 0.674 0.930 0.9261 
13.2 4.872 1.003 0.934 0.933 
13.8 4.885 0.745 0.926 0.929 

0.617 0.940 0.93E 
12.8 4.753 0.086 0.930 0.933 
14.2 5.235 0.267 0.952 0.948 

0.660 0.953 0.942 
15.4 5.755 0.806 0.953 0.953 
14.9 5.422 0.639 0.941 0.941 

0.063 0.788 0.779 
11.8 3.995 0.250 0.904 0.893 

15.6 3.171 
137 5071 
1 1  2 3803 
148 5478 
12.8 4 770 
12 1 4 410 ,286’ 
11 2 3.420 

11 4054 

0.585 0.926 0.923 
0.557 0.945 0.939 
0.109 0.938 0.935 
0.684 0.953 0.952 
0.443 0.894 0.897 
0.014 0.927 0.925 
0.036 0.949 0.963 
0.071 0.822 0.829 

Max stress 2000 psia I 1 



Table 2 Parameter Coefficients for Curve Fit 

Porosity 
Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug 

5 6 9 17 19 Berea 1 Berea 2 
A 14.3612 13.7592 16.1600 15.5334 13.0517 16.808 23.9597 
B -0.000371302 3.96E-08 -0.0002807 18 -0.000339687 -0.000274664 -0.000295293 -0.000369955 
C -0.0003858 4.02E-08 2.57E-08 3.97 E-08 1.34E-08 2.63E-08 3.97E-08 

Permeability 
Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug 

5 6 9 17 19 Berea 1 Berea 2 
A 1.50047 0.1 87008 1.8371 3 0.5601 79 0.495264 41.3974 549.504 
B -0.000225574 -9.09E-05 -0.0001 50628 -8.08E-05 -0.000357719 -0.001 14484 -0.01 13162 
C 2.2OE-08 1.19E-08 1.60E-08 9.30E-09 6.02E-08 9.2 9 E-08 6.94E-07 

Pore Volume 
Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug Core Plug 

A 5.32851 5.09452 6.04088 5.75371 4.76658 6.55295 8.38555 
5 6 9 17 19 Berea I Berea 2 

B -0.000153417 -0.000142163 -0.000124292 -0.0001 13754 -0.0001 12054 -0.000142253 -0,000144657 
C 1.76E-08 1.49E-08 1.37E-08 1.18E-08 7.24E-09 1.57E-08 1.6 1 E-08 
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Sample 

1 

5 

6 

14 

16 

17 

19 

20 

Saturated VP 

A 

12377.4 

10488.2 

10757.9 

10885.6 

11237.2 

10478.0 

12299.2 

10834.2 

B 

- 14.217 

262.404 

225.7 19 

185.194 

125.4 1 

340.681 

-46.0 168 

92.7883 

-8.89301 

C 

5.05396 

-4.16033 

-2.3265 

- 1.56252 

0.0452 1 

7.2945 

-0.56432 

Saturated Vs 

A 

5662.77 

4667.17 

47 10.43 

5977.33 

5064.07 

4866.62 

6045.13 

58 1 1.36 

Table 4 

B 

129.735 

280.1 17 

290.833 

56.2924 

125.269 

300.683 

27.6383 

-22.593 

C 

-0.4 1666 

-4.33327 

-4.77779 

3.68567 

0.83528 

-6.33057 

4.19486 

5.29925 

The constants A, B and C for the best f i t  equation V=A+Bp,"3+Cp,U3 where pc is the effective stress and V is the seismic velocity 



Table 5 

Dry measurements 

Pe=3100 psia 

2.000* lo6 

1.948*106 

1.980* 1 O6 

4.539*106 

4.475* IO6 

4.507*106 

0.1346 

0.1489 

0.1418 

P,=3600 psia 

2.064* 1 O6 

2.007* lo6 

2.043 * 1 O6 

4.690* lo6 

4.608* 1 O6 

4.649* lo6 

0.1359 

0.1477 

0.1418 

Cb,, (]/psi) 4.83 1 * 4.672* 

CbShd, (l/pSi) 4.712*10-7 4.600* IOe7 

Cb,, (l/psi) 4.771*10-7 4.636*10-7 

Saturated measurements 

Pe=3100 psia Pe=3600 psia 

1.973 * 1 O6 2.023 * 1 O6 

1.770* lo6 1.819*106 

1.872*106 1.921 * 1 O6 

4.92 1 * 1 O6 5.024* lo6 

4.524 * 1 O6 

4.723*106 

0.2470 

0.2784 

0.2627 

3.085* 

2.900* 

3.01 1*10-~ 

4.635* 1 O6 

4.829* 1 O6 

0.24 18 

0.2475 

0.2584 

3.085* 

2.855* 

2.999* 

Rock properties at 3 100 psia and 3600 psia effective stress. Subscript "sand" refers to good reservoir 
quality rock and subscript "shale" refers to poor reservoir quality rock. Subscript "ave" refers to the 
average. 



Table 6 Relative Permeability Experiments with Core Plug VM4 

Experiments 18 to 26 on Core Plug Vern Marshall 4 

Experime Initial Sw ConfStre Temperat Displacem Inj. Rate I Last Inj. 
Number % Psig "F Process cclmin cc / min 

Preparation of the Core 

18 100 200 70 Drainage 1 .083 1.66 

19 48.48 200 70 Imbibition 1 -083 .083 

20 71.58 200 70 Drainage 2 .083 -083 

Restoration of the Core 

21 100 3500 70 Drainage 1 -083 1.16 

22 51.87 3500 70 Imbibition 1 .083 .083 

23 73.83 3500 70 Drainage 2 -083 1.16 

Restoration of the Core 

24 1 00 3500 140 Drainage 1 .083 2 

25 46.93 3500 140 Imbibition 1 .083 .083 

26 68.89 3500 140 Drainage 2 -083 2 
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APPENDIX F 

1. Setup Reservoir Simulator 
by Hugo Araujo and C l a r k  H. Huffman 



Colorado School of Mines 
Interdisciplinary Study of Reservoir Compartments 

1st Quarter 1994 Technical Report 
DOE DE-AC22-93BC14891 

Hambert Field 
Task 2.1.1 Setup Reservoir Simulator 
Research Assistant: Hugo Araujo / Clark H. Huffman 

A one-cell material balance tank model was run to develop a general overview 
of the field behavior. This model was run in addition to the material balance 
presented before and takes into account the mobility of fluids as a function of the 
relative permeability of the phases present in the reservoir. As a result we have 
gross estimates of the remaining oil, at the abandonment pressure (Pab 300 
psia) and an indication of the relative permeabilities based on actual production 
and material balance calculations. Table 1 presents a summary of the results 
from this model. 

The Petroleum Workbench, an integrated software package developed by 
Scientific Software Intercomp, which includes Production Decline Analysis, Well 
Test Analysis, Reservoir Description and Reservoir Simulation modules, has 
been installed. The Simbest II reservoir simulator module of the Workbench is a 
three-dimensional, three-phase, single and dual-porosity, fully implicit reservoir 
simulator that is being used for the reservoir simulation task. 

Preliminary tests of the installation were performed by setting up the simulator as 
a simple tank model to compare with the earlier tank model discussed above. 
The basic model was setup and successfully run. Refinement of input data to fit 
the earlier model is currently in progress. 

A one-well radial model simulator without a hydraulic fracture has been setup 
and is currently in progress. Also, this model will illustrate the limitations of the 
reservoir under no stimulation treatment. Also, this model will be run for a dual- 
porosity reservoir without stimulation treatment. 

Other models to be setup and run before the final full field model are: one-well 
with hydraulic fracture in a single and dual-porosity system, one-well multilayer 
options of the models above, and cross-section multilayer model with a single 
and dual-porosity. These models will be built for the oil well case (Vern Marshall 
#I)  and for the gas well case (Jack Noel #I). 

The .one-well with hydraulic fracture model in a single and dual-porosity system 
will be evaluated against production history data and also against the well test 
performed for the wellJack Noel #I. 



The cross-section multilayer model with single and dual porosity will evaluate 
the behavior of the wells under a minimum configuration of the gross layers 
defined by the geology study and under a more refined model with additional 
sub-layers. 

The investigation of the above models should lead to a better understanding of 
the wells’ behavior and to a better model selection in terms of the need for single 
or dual-porosity capability and the appropriate number of layers for the full field 
simulation. 



Table 1 

Tank Model Results for the  Oil Zone 
Hambert Aristocrat Field 

ReWVefV 
Pi IO Pb Pb i o  Pabci Pi lo Pabd 

a Gas oa Gar oa Gas 
case . s T B  h&sc€ SFB ktrGcF SFB m 

1 805.308 4.502.5 805.308.1 4.502.5 
2 902.446 4.497.8 902.446.3 4.497.8 
3 1,002.457 4.493.0 1.002.456.6 4.493.0 
4 1.105.382 4.488.1 1.105.382.4 4.488.1 
5 1.211.326 4.483.0 1.211.325.7 4.483.0 
6 1.319.911 4.477.8 f.319.911.3 4.477.8 
7 1.431.644 4.472.4 1.431.644.1 4.472.4 
8 1.546.407 4.466.9 1.546.407.0 4.466.9 
9 1.664.392 4.461.3 1.664.392.3 4.461.3 
10 1,785.008 4.455.5 1.785.008.0 4.455.5 
1 1  1,908,945 4.449.6 1.908.944.8 4.449.6 
12 220.729.39 99.28 1.103.821 4.349.8 1.324.550.1 4,449.1 
13 148.370.62 66.73 1,107.386 4.395.9 1.255.756.3 4.462.6 
14 64.809.66 2 9 1 5  1.110.951 4.447.0 1.175.760.3 4,476.2 
15 1,134.266 4.197.5 1,134.266.2 4.197.5 
16 1,212.219 3.299.0 1.212.218.8 3.299.0 
17 1.077.926 4.505.7 1.077.925.8 4.505.7 
18 1.087.083 4.499.9 1.087.082.6 4.499.9 
19 1.096.334 4.494.0 1.096.333.9 4.494.0 
20 1.105.382 4.488 1 1.105.382.4 4.488.1 
21 34.146.94 1428 1,149,570 4.171.3 1.183.716.9 4.185.6 
22 67.054 96 25 94 1.185.149 3.856.4 1.252.203.8 3.882.4 
23 98.682.00 35 13 1.219.628 3.540.9 1.318.310.0 3.576.0 
24 128.989.56 42.00 1.252.452 3.224.8 1.381.441.1 3.266.8 
25 157.943.59 46.71 1.282.508 2.908.6 1.440.451 4 2.955.3 
26 185,51550 49 40 1.309.201 2.592.6 1.494.716.9 2.642.0 
27 211.68342 SO 26 1.330.974 2.277 3 1.542.657.7 2.327 6 
28 1.080.352 4.599 0 1.080.352 3 4.599.0 
29 1.054.045 4.712 1 1.054.045.1 4.712 1 
30 662.113 3.088 2 662.113 4 3.088.2 
31 912.970 3.786:8 912.969.7 3.786.8 
32 1,279.425 5.190.3 1.279.424.9 5.190.3 
33 635.148 4.510.6 635.148.0 4.510 6 
34 899.412 4.497.9 899.411.9 4.497.9 
35 1.321.322 4.477 7 1.321.322 3 4.477.7 
36 1.141.731 4.486.3 1.141.730.6 4.486.3 
37 1,183,688 4 . 4 8 4  3 1.183.687 8 4.484 3 
38 1,232.921 4.482.0 1,232.921.3 4,482.0 
39 1,291.915 4.479.1 1.291.915 1 4.479.1 
40 1.364.590 4.475.6 1.364.590 1 4.475.6 

Recovery Fraction 4 0.0710 0.8821 

0.0795 0.8812 
0.0883 0.8802 
0.0974 0.8793 
0.1067 0.8783 
0.1163 0.8772 
0.1261 0.8762 
0.1363 0.8751 
0.1467 0.8740 
0.1573 0.8729 
0.1682 0.8717 
0.1155 0.8622 
0.1098 0.8676 
0.1032 0.8738 
0.0987 0.8735 
0.1016 0.8495 
0.0950 0.8827 
0.0958 0.88 16 
0.0966 0.8804 
00974 0.8793 
0.1028 0.8694 
0.1072 0.8593 
0 1113 0.8482 
0.1151 0.8357 
0.1184 0.8216 
0.1213 0.8051 
0.1236 0.7856 
0.0951 0.8779 
0.0928 0 8765 
0.0875 0.9075 
0.0965 0.8902 
0.0966 0.8716 
0.0560 0.8837 
00793 0.8812 
0 1164 0.8772 
0 1006 0.8789 
0.1043 0.8785 
0.1086 0.8781 
0 1138 0 8 7 7 5  
0 1202 08768 

1 Remaining 

op so 
SIB 

10.543.52 1 
t 
0.4753 

10.446.383 
10.346.373 
10.243.447 
10.137.504 
10.028.91 8 
9.917.185 
9.802.422 
9.684.437 
9.563.821 
9.439.885 
10.148.103 
10.180.877 
10.2 13.652 
10.358.358 
10.7 14.227 
10.2 70.904 
10.261.747 
10.252.495 
10.243.447 
10.330.784 
10.426.956 
10.524.253 
10.623.002 
10.724.058 
10.827.723 
10.935.226 
10.276.867 
10.3 10.248 
6.903.773 
8.544.388 
11.960.876 
10.7 13.68 1 
10.449.41 8 
10.027.507 
10.207.099 
10.165.142 
10.115.908 
10.056.9 14 
9.984.239 

0 4709 
0 4664 
0 4618 
0 4570 
0 4521 
0 4471 
0 4419 
0 4366 
0 4311 
0 4256 
0 4618 
0 4618 
0 4618 
0 4665 
0 4811 
0 4 6 1 5  
0 4616 
0 4617 
0 4618 
0 4666 
0 4714 
0 4764 
0 4813 
0 4864 
0 4917 
0 4971 
0 461 1 
0 4604 
0 31lP 
0 3852 
0 5392 
0 4830 
0 471 1 
0 4520 
0 4601 
0 4582 
0 4560 
0 4534 
0 4501 

Pb = Bubble point (psia) 
Pabd = Abandonment pressure (300 psia) 
Pi = Initial reservoir pressure (psia) 
OIP = Oil In Place (STB) 
So = Oil saturation (decimal) 
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Compartmentalization of the Terry Sandstone and 
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