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FLOODING FOR LIGHT OIL RECOVERY 

Contract No. DE-AC22-92BC14883 

Illinois Institute of Technology 
Chicago, 111. 
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Government Award: $150,000 

(Current year) 
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Objective 

The overall objective of this project is to develop a cost- 
effective method for formulating a successful surfactant- 
enhanced alkaline flood by appropriately choosing mixed 
alkalis that form inexpensive buffers to obtain the desired pH 

(between 8.5 and 12.0) for ultimate spontaneous emulsifica- 
tion and ultralow tension. In addition, the novel concept of pH 
gradient design to optimize floodwater conditions will be 
tested. 

Summary of Technical Progress 

The characterization of emulsions in porous media is 
important in enhanced oil recovery (EOR) applications. This 
is usually accomplished by the addition of external or in situ 
generated surfactants to sweep the oil out of the reservoir. 
Emulsification of the trapped oil is one of the mechanisms of 
recovery. The ability to detect emulsions in the porous medium 
is therefore crucial to the design of profitable flood systems. 
The capability of microwave dielectric techniques to detect 
emulsions in porous medium is demonstrated by mathemat- 
ical modeling and by experiments. 

This quarter the generalized effective medium theory of Hanai 
was used to analyze the shape dependence of the complex 
dielectric properties of water-in-oil (W/O)- and oil-in-water 
(OW)-type dispersions in the microwave frequency region. 
The computations show that an earlier finding for spherical 
dispersions can be extended to include nonspherical 
geometries. The computed results show that the difference 
in dielectric behavior of the two emulsion types is a strong 
function of the shape of the dispersions with the differences 
vanishing when the two phases are oriented as layers 
parallel and perpendicular to the electromagnetic field. 

1 
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Dielectric Constants 
< 

Frickel developed a more-general solution following Max- 
well for the effective dielectric constants of dilute dispersions 
containing ellipsoidal particles. For ellipsoids with axes a, b, 
and c, the depolarization factor (shape factor), L, along a-axis 
is given by elliptical integrals and are functions of the semi- 
principal axis (a, b, and c) of the ellipsoids. Solutions are 
obtained in closed form only when the particles are 
spheroids, i.e., b=c. For the case of spheres, a=b=c, all three 
L terms assume the value of 1/3. For a prolate spheroid, 

H 0 

+ a2)[(s + a2)(s + b2)(s + c2)A]K (1) 2 

1 
2 

La = pn(2a / b)- l](b / a)2;L, =La =-(1 - La) 

For oblate spheroids a<<b=c 

1 
3 

La+l ;L ,=L,=-  (3) 

Hanai's expression for the dielectric constant for spheres can 
be easily generalized to obtain 

1 =- 
1-4 

where = dispersed-phase dielectric constant 
4 = dispersed-phase volume fraction 

= continuous-phase dielectric constant 
E, = effective dielectric constant of the dispersion 

For spheres, L=1/3, and Eq. 4 simplifies to the original Hanai 
expression for spheres. For flat disks with their faces paral- 
lel to the field or for needles with their axes parallel to the field, 
Lis  zero, and 

The dielectric constant is identical to that of layers of oil 
and water (with thicknesses smaller than the wavelength) 
for the case in which the field is p d e l  to the interface. Similarly, 
for disks with field impressed normal to the face, L=l, and the 
equation reduces to 

These results are identical to those obtained by Sen et 
al.2 on the basis of their model for heterogeneous media with 
self-similar geometry. The simulated results for the dielectric 
properties for spheres (L=1/3), needles GO), and plates 
(L=l) are shown in Figs. 1 to 3. 

The computed results are for a W/O-type dispersion at 
23.45 GHz. The permittivity and loss factor of the plate- 
shaped dispersions are much lower than the corresponding 
needle-like dispersions. The results indicate, that for non- 
spherical dispersions, the shape of the dispersion and its 
orientation to the electric field have a significant effect on 
dispersion dielectric properties. 
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Fig. 1 Loss tangent variation with dispersed-phase shape for water-in- 
oil-type dispersion at 23.45 GHz , needles. ., spheres. 0, disks. 

2 



1.0 - 

0.8 - 

0 

0 

0 

rn n o  0 0 
0 

0 

rn 
0 

rn 

0 a 
0.6 - 

iz 
s 
u) 
u) 

0 
0.4 - 

-0 

0.2 - 
rn 

rn 

rn 

0 

0 

rn 

0 

0 

VOLUME FRACTION WATER 

Fig. 2 Loss-factor variation with dispersed-phase shape for water-in- 
oil-type dispersion at  23.45 GHz 0 needles. My spheres. 0, disks. 

References 

1. H. Fricke, A Mathematical Treatment of the Electrical Conductivity and 
Capacity of Dispersed Systems, Phys. Rev., 24: 575 (1924). 

40 

30 - 

c 

B 
5 
E 20' 

W 
Q 

IO' 

0 

0 

rn 
0 

0 m 

0 rn 0 

0 

0 

rn 
0 

rn 

0 

0 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

VOLUME FRACTION WATER 

Fig. 3 Permittivity variation with dispersed-phase shape for water-in- 
oil-type dispersion at  23.45 GIIZ 0 needles. .,spheres. 0, disks. 

2. P. N. Sen, C. Scala, and M. H. Cohen, A Self-Similar Model for 
Sedimentary Rocks with Applications to the Dielectric Constant of 
Fused Glass Beads, Geophysics, 46 781 (1981). 

3 



IMPROVED TECHNIQUES FOR FLUID 
DIVERSION IN OIL RECOVERY 

Contract No. DE-AC22-92BC14880 

New Mexico Institute of Mining and Technology 
Petroleum Recovery Research Center 
Socorro, N. Mex. 

Contract Date: Sept. 17,1992 
Anticipated Completion: Sept. 30,1995 
Government Award: $209,785 

Principal Investigator: 
Randall S. Seright 

Program Manager: 
Jerry Casteel 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

This three-year project has two general objectives. The first 
objective is to compare the effectiveness of gels in fluid diver- 
sion with those of other types of processes. Several differ- 
ent types of fluid-diversion processes are being compared, 
including those using gels, foams, emulsions, and particu- 
lates. The ultimate goals of these comparisons are to (1) estab- 
lish which of these processes is most effective in a given appli- 
cation and (2) determine whether aspects of one process can 
be combined with those of other processes to improve per- 
formance. Analyses are being performed to assess where the 
various diverting agents will be most effective (e.g., in 
fractured vs. unfractured wells, deep vs. near-wellbore 
applications, reservoirs with vs. without crossflow, or injec- 
tion wells vs. production wells). Experiments are being 
performed to verify which materials are the most effective 
in entering and blocking high-permeability zones. Another 
objective of this project is to identify the mechanisms by which 
materials (particularly gels) selectively reduce permeability 
to water more than to oil. In addition to establishing why this 
occurs, this research attempts to identify materials and con- 
ditions that maximize this disproportionate permeability 
reduction. 

Summary of Technical Progress 

Use of Foams as Blocking Agents 

Foams have been investigated extensively as mobility con- 
trol agents-where sweep efficiency is improved by maxi- 
mizing the distance of foam penetration into less-permeable, 
oil-productive zones. Much less work has been performed 

1 

on the evaluation of foams as blocking agents-where the 
objective is to maximize penetration and blocking action in 
high-permeability, watered-out zones while minimizing 
damage to oil zones. Whether the limiting-capillary-pressure 
concept can be exploited to aid placement of foam-blocking 
agents has been investigated. 

Khatib et al.1 applied the concept of limiting capillary pres- 
sure to predict foam flow through porous media. For an expla- 
nation of this concept, consider two gas bubbles that are flow- 
ing through a water-wet porous medium, as shown in 
Fig 1. Because of their close proximity, these bubbles are sep- 
arated by a 'film of water. A pressure difference, called the 
capillary pressure, exists between the gas phase and the 
liquid phase. The limiting-capillary-pressure concept 
recognizes that, if the capillary pressure is too great, water 
will be sucked away from the film, the film separating the 
bubbles will collapse, and the bubbles will coalesce. The 
capillary pressure at which this coalescence occurs is 
called the limiting capillary pressure. According to Khatib 
et al., this capillary pressure could depend on (1) the type 
and concentration of surfactant and electrolyte, (2) the 
gas velocity, and (3) the rock permeability. Radke et a1.2 
argue that the limiting capillary pressure is, at best, a very 
weak function of rock permeability. 

Rock 

GaS I Water with 
surfactant 

Gas I 
Film 

With the use of the limiting-capillary-pressure concept, 
one circumstance can be identified where a foam-blocking 
agent could have a placement advantage over a gelant. That 
is the case where the capillary entry pressure is less than 
the limiting capillary pressure in the offending high- 
permeability zonets) but is greater than the limiting capillary 
pressure in the less-permeable hydrocarbon-productive 
zones. The capillary entry pressure is the injection pressure 
that must be exceeded to overcome capillary forces and 
allow the nonwetting phase to enter the porous medium. In 
that case, a low-mobility foam will be generated in the 
high-permeability zone(s) but not in the less-permeable 
zones. Because no foam is generated in the less-permeable 
zones, injected fluids will not be inhibited from entering and 
displacing oil from these zones. In contrast, so long as the 
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foam persists in the high-permeability zones, it will restrict 
fluid entry. Of course, exploitation of this concept requires 
identification of the permeability where the limiting capil- 
lary pressure equals the capillary entry pressure. Two other 
limitations must be recognized. First, the injected foam 
must not undergo a reaction that forms a blocking agent 
after placement (for example, the surfactant solution must 
not include a gelant). A low-mobility foam generated in 
the high-permeability zone(s) will cause the gelant to pen- 
etrate an excessive distance into the less-permeable zones. 
Second, if water or gas is injected after placement of a 
foam bank, the foam may eventually be washed out or 
diminished in effectiveness. 

Verification of this concept would be desirable (i.e., 
with the use of foams to block high-permeability zones 
without damaging low-permeability zones). This verification 
would require that foam mobilities be measured over a 
broader range of permeability and fluid velocity than previ- 
ously reported. The results from experimental studies were 
used during numerical analyses to establish whether foams 
can exhibit placement properties that are superior to those 
of gelants. 
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With the use of a C1416 a-olefinsulfonate [0.3% Stepan 
Bio-TergeAS-40 in a brine with 1% sodium chloride (NaCI), 
0.1% calcium chloride (CaCI,)], mobilities of a nitrogen 
foam were measured in cores with permeabilities from 7.5 to 
900 mD (750 psi back pressure, 41 "C) with foam qualities 
ranging from 50 to 95%, and with injection rates (Darcy 
velocities) ranging from 0.5 to 100 ft/d. Figures 2 and 3 
illustrate some of these results. The residual resistance factors 
provided during brine injection after foam placement were also 
studied. The predictions of Khatib et al. that (1) no foam is 
formed in low-permeability rock (7.5 mD in this case), (2) foam 
mobility decreases with increased permeability in rock with 
intermediate permeabilities (10 to 80 mD), and (3) foam 
mobility increases with increased permeability in rock with 
high permeabilities (above 500 mD) were confirmed. With the 
use of the experimental results and numerical analyses, it was 
found that the foam could provide superior placement and 
permeability reduction properties (compared with gelants) 
if the offending thief zones have permeabilities of 80 mD or 
greater and the oil zones have permeabilities less than 10 mD. 
The foam will not be superior to gelants if all zones have 
permeabilities that are 80 mD or greater. 

100 

Q a n 
E 
.g 
=! 10 

2 

2 
9 

1 

0 

0 4 * *  a 
0.1 1 .  10 100 

DARCY VELOCITY, fVd 

(b) 

Fig. 2 Foam mobility vs. fluid velocity and foam quality. (a) Permeability, 899 mD. (b) Permeability 7.5 mD. 0 ,50% quality. * ,SO% quality. 
0,95% quality. 
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Fig. 3 Foam mobility vs. permeability. Darcy velocity, 1.6 ftld. 0,50% 
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Objective 

The objective of this study is to investigate two major areas 
concerning the coinjection of an interfacial tension (a) 
reduction agent(s) and a mobility control agent into petroleum 
reservoirs. The first task will consist of defining the mecha- 
nisms of interaction of an alkaline agent, a surfactant, and a 
polymer on a fluid-fluid and a fluid-rock basis. The second 
task is the improvement of the economics of the combined tech- 
nology. This report examines the effects of alteration of the con- 
centration of alkali and polymer on the oil recovery eco- 
nomics of alkaline-surfactant-polymer (ASP) solution. 

Summary of Technical Progress 

For coreflooding and chemical make-up, 1000 m g L  
sodium chloride (NaCl) solution was used. Crude oil was from 
the Adena field, Morgan County, Colo., a fluvial-deltaic 
reservoir. The crude oil has an API gravity of 42". Crude is a 
dead oil with a viscosity of 3.8 CP at 72 OF and 1.3 CP at the 
180 OF reservoir temperature. All studies performed for this 
report were performed at 150 O F  with the dead crude oil vis- 
cosity at 1.4 cP. 

A previous series of corefloods indicated that the polymer 
addition to the alkaline-surfactant solution prevented mobil- 
ity ratio increases and improved oil recovery.' Injection of 
sodium bicarbonate (NaC0,)-surfactant-polymer recovered 
up to 30% of the waterflood residual oil. The lithology of the 
rock ma& significantly affects oil recovery by ASP solutions.2 
Injecting the alkaline agent as a concentration gradient, 
however, increased recoveries to 40% of the waterflood resid- 
ual oil.3 An alkali-polymer post-flush after the alkaline- 
surfactant solution and before the polymer drive did not 
further improve oil recovery.4 

The last series of corefloods was performed to evaluate the 
oil recovery efficiency of the ASP technology using J-sand core 
from the Adena field. A 30% pore volume (PV) of 2.0 to 
1.0 wt% graded Na2C03 plus 0.2 wt% Petrostep B-100 plus 
500 mgL Flopaam 33308 was injected followed by 30% 
PV of 500 mgL Flopaam 33308. A water flush of 1.5 to 2 PV 
followed chemical injection. A second series of corefloods with 
1.5 to 0.5 wt% graded Na2C03 plus 0.1 wt% LXS 420 plus 
500 mg/L Flopaam 33303 was followed by 30% PV of 
500 m g L  Flopaam 3330s. A water flush of 1.5 to 2 PV 
followed chemical injection in both series. 

Both chemical combinations recovered incremental oil 
when injected into linear J-sand core. Table 1 summarizes the 
data and compares these to data from the corresponding 
flood in Berea sandstone. 

Figure 1 depicts the cumulative oil recovery and oil cut vs. 
cumulative produced fluids for the Na2C03-Petrostep B- 
100-33303 J-sand coreflood. 

On the basis of the chemical costs listed in Table 2, the 
incremental oil was produced for $3.20/bbl with the Na2C03- 
Petrostep B-100-Flopaam 33303 solution and for $2.56/bbl 
with the Na2C03-LXS 420-Flopaam 33308 solution. 



TABLE 1 

J-Sand and Berea Sandstone Alkaline4urfactant-Polymer 
Oil Recovery 

Chemical solution composition 

NazC03-B-100-3330S NazC03-LXS 420-3330s 

Recovery parameter Berea J-Sand Berea J-Sand 

Initial oil saturation (Sei), PV 
Waterflood recovery 

PV 
% Soi 

Waterflood residual 

ASP oil recovery 
oil saturation (Sei), PV 

PV 
% s,i 
% S, 

Final oil saturation, PV 
Total oil recovery 

PV 
% s,i 

0.457 0.724 

0.133 0.295 
29.1 40.8 

0.324 0.429 

0.122 0.133 
26.8 18.3 
37.8 30.9 
0.202 0.296 

0.256 0.428 
55.9 59.1 

0.484 

0.160 
33.1 

0.324 

0.141 
29.1 
43.6 
0.183 

0.301 
62.2 

0.728 

0.286 
39.3 

0.442 

0.149 
20.5 
33.8 
0.293 

0.435 
59.8 

0:o 1 :o 20 3:O ! 
CUMULATIVE PRODUCED FLUIDS, PV 

Fig. 1 Cumulative oil recovery (0) and incremental oil cut (n) vs. 
cumulative produced fluids for NazCOf-Petrostep B-100-Flopaam 
3330s J - m d  c01~fI00d 

TABLE 2 

Injected Cost of Alkaline-Surfactant-Polymer Solution 

Porevolume Cost, 
Chemical $rmjected bbl injected $/bbl PV 

1.0 wt% Na,CO, 0.228 0.30 0.068 
0.2 wt% Petrostep B-100 0.665 0.30 0.200 
0.1 wt% LXS 420 0.525 0.30 0.158 
500 mgL Flopaam 33308 0.262 0.60 0.157 

Afinal report discussing the various elements of the study 
of the use of the ASP technology in light oil reservoirs has been 
submitted to the U.S. Department of Energy. 
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Objectives 

The general objectives of this project are to (l) identify and 
develop gelled polymer systems that have potential to improve 
reservoir conformance of fluid displacement processes, 
(2) determine the performance of these systems in bulk and 
in porous media, and (3) develop methods to predict the 
capability of these systems to recover oil from petroleum 
reservoirs. 

This work focuses on three types of gel systems-an 
aqueous polysaccharide (KUSP1) system that gels as a func- 
tion of pH, the chromium~polyacrylamide system, and the 
aluminum citrate-polyacrylamide system. Laboratory research 
is directed at the fundamental understanding of the physics and 
chemistry of the gelation process in bulk form and in porous 

media This knowledge will be used to develop conceptual and 
mathematical models of the gelation process. Mathematical 
models will then be extended to predict the performance of 
gelled polymer treatments in oil reservoirs. 

Summary of Technical Progress 

Mechanisms of In Situ Gelation 
Experiments were conducted to determine the long-term 

stability of permeability reduction treatments using the 
KUSPl-ester gel system. Gel treatments were conducted by 
injecting several pore volumes (PVs) of gelant through the 
porous medium. Posttreatment permeabilities were deter- 
mined after sufficient time (3 d) for gelation to occur. 
Long-term stabfity tests were then conducted by continuously 
flowing brine through the media under a pressure head of 
3 psi and measuring flow ram. The permeabilities of the media 
did not change significantly during the long-term fluid injec- 
tion, as shown in Table 1. The tests also showed that the 
permeability reductions were consistent along the length of 
the media. 

Work continued on the in situ gelation of the KUSP1-boric 
acid system. Gelation of this system is hypothesized to occur 
by the cross-linking of the biopolymer by the borate ion. 
Gel treatments were conducted by injecting several PVs of the 
gelant through the porous medium. Posttreatment perme- 
abilities were determined after sufficient time for gelation to 
occur. Results for sandpacks and Berea sandstone cores at 
25 and 45 "C are given in Table 2. Greater reduction in 
permeability was achieved at 25 "C. 

Mathematical Modeling of Gel Systems 
Simulations of the placement of gelant at field-scale con- 

ditions were completed with the use of a numerical model that 
incorporated the growth and filtration of polymer aggregates. 
The model described the injection of a chromium redox- 
polyacrylamide gel system into a two-layered, cylindrical 
reservoir in which there is crossflow behveen layers. Reservoir 

TABLE 1 

Results of the Long-Term Stability Tests for the 
KUSP1-Ester System 

Permeability, mD Stability test 

After Volume 
After stability Duration, injected, 

Porousmedium Initial treatment t& d w 

Sandpack, silica 7700 34 43 117 270 

Sandpack. silica 7300 4.3 5.8 156 42 
Berea sandstone 160 0.54 0.41 200 5.8 
Berea sandstone* 45 0.59 0.71 90 4.6 
Limestone 115 0.18 0.26 23 8.4 

Sandpack, silica 9500 2.1 3.8 175 18 

*At residual oil saturation. 
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TABLE 2 

Results of Permeability Tests for the 
KUSP1-Boric Acid System 

Initial Posttreatment Residual 
permeability permeability resistance 

Temp., ot factor 
Porous medium "C mD mD ( k i w  

Sandpack, silica 25 6800 2.6 2600 
Berea sandstone 25 560 1.7 330 
Sandpack, silica 45 7000 112 63 
Berea sandstone 45 610 12.5 50 

parameters, injection pressure, zonal-isolation injection, and 
injected fluid viscosity were varied to determine their effect 
on the filtration mechanism and the development of flow 
resistance during gelant injection. Gel placement is improved 
by using a higher injection pressure, by treating reservoirs with 
higher permeability contrast, and by using gel solutions with 
lower viscosity. Considerable improvement in gel placement 
is achieved by injection into the high-permeability layer only. 

Filtration of gel aggregates during the injection of gelant 
affected the flow distribution into the layers of a two-layered 
reservoir, Two cases were run, one with and the other with- 
out filtration. Figure 1 shows the fractional flow of gelant into 
the high-permeability layer as a function of time for the two 
cases. Three flow regimes that occur during gel placement with 
filtration were identified. Regime I encompasses the early reac- 
tion time before formation of gel aggregates. In regime 11, aggre- 
gates are formed and total injection rate drops because of fil- 
tration, but flow into the high-permeability layer dominates. 
In regime III, the high-permeability layer is blocked because 
of fdtration of gel aggregates, and flow is diverted into the low- 
permeability layer. The calculations show that injection of gelant 
should be terminated before the onset of regime III. 

0 
F Regime I Regime I I  

0 20 40 60 80 
TIME, h 

Fig. 1 Fraction of gelant injected into the high-permeability layer for 
simulations with and without filtration. 
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Objective 

. The overall objective of this research is the development 
of advanced water-soluble copolymers for use in enhanced oil 
recovery @OR) that rely on reversible microheterogeneous 
associations for mobility control and reservoir conformance. 

Summary of Technical Progress 

Dilute Polymer Solution Extensional 
Flow in Porous Media 

Table 1 lists the polymer systems studied and the solution 
extensional flow model parameters associated with each 
polymer system. The working equation developed for the 
polymer extension model explained previously1 was used to 
calculate the coil modulus and coil viscosity for each polymer 
system. Recall that he  extensional model for very dilute 

. 
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TABLE 1 

Packed-Bed Extensional Results for Polymer Solutions Using 0.5M NaCl Solvent 

MolecuIar Solution Packing Coil Coilspring Coil 
weight, Intrinsic concentration, sphere dashpot modulus, response Dimensionless Maximum 

Dimensionless In Polymer dmol viscosity, g/m3 size, viscosity, dyneIm2 time,. coil 
trpe   XI^ cm3/g (~10-3 ~ ( x I o J ,  poise ( X I O ~ )  ms viscosity concentratfon NSFR 

AMIAMBAf 
AMIAMBA* 
AMIAMBAf 
AMIAMBA* 
AMIAMB A* 
AMIAMBA* 
PAMt 
PAMt 
PAMt 
HPAMS 
HPAM# 
HPAMS 
PEOP 
PEOP 
PEOP 
PEOP 

14 
14 
14 
14 
14 
14 
19 
19 
19 
I 1  
I 1  
3.5 
2.8 
2.8 
7.6 
7.6 

4600 
4600 
4600 
4600 
4600 
4600 
2900 
2900 
2900 
2200 
2200 
I200 
960 
960 

2100 
2100 

54 
54 
I66 
166 
466 
466 
50 
50 
25 
50 
25 
50 
50 

100 
50 

100 

29 
15 
29 
15 
29 
15 
20 
39 
39 
39 
39 
39 
29 
29 
29 
29 

I .4 
1 A 
1.8 
I .7 
2.7 
2.7 
0.75 
0.53 
0.43 
0.53 
0.49 
0.5 I 
I .O 
I .3 
4.5 
5.9 

15 
1 .O 
1.2 
I .2 
15 
0.92 
0.3 1 
0.43 , 

0.45 
0.95 
0.94 
2.3 

20.3 
14.9 

113.0 
41.9 

1 .O 
1 A 
I .4 
I A 
1.9 
2.9 
2.4 
1.2 
0.9 1 
0.56 
0.50 
0.22 
0.05 I 
0.088 
0.039 
0.14 

33 
33 
26 
27 
17 
17 
39 
55 
67 
42 
47 
24 
9.6 
7.4 
4.1 
3.6 

0.25 
0.25 
0.76 
0.76 
2.14 
2.14 
0.145 
0.145 
0.073 
0.1 1 
0.055 
0.060 
0.048 
0.096 
0. I05 
0.21 

I8 
83 
60 
69 
40 
44 
99 

I27 
155 
95 

I19 
55 
23 
18 
I2 
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*Acrylamide and 3-acrylamid~3-methylbutanoic acid copolymers. 
tPolyacrylamide. 
$Hydrolyzed polyacrylamide, 3% hydrolysis. 
$Hydrolyzed polyacrylamide, 13% hydrolysis. 
woly(ethy1ene oxide) from Polysciences. Inc. 

polymer solutions can be expressed in dimensionless format 
with the use of the relationship 

P H D e  +1 NSFR = 4n2 SE 
l + 4 n 2  De2 

The dimensionless geometry [p = (+ +/~)2] for all porous media 
used in this study has a value of 0.792. The dimensionless coil 
viscosity @ = (p qina)/q] will vary, depending on the poly- 
mer coil dashpot viscosity (q), solvent viscosity (k0), and 
monomer density (p). The coil shielding factor (sh) is set 
equal to udty. The experimentally determined dimensionless 
coil viscosity and the maximum in the normalized solu- 
tion flow resistance (NSFR) are listed inTable 1 for each poly- 
mer system studied. 

As shown in Table 1, the coil parameters for the poly- 
acrylamide (PAM), hydrolyzed polyacrylamide (HPAM), 
and polyacrylamide copolymer (MAMBA)  solutions are 
desirable for enhanced oil recovery. Each of these polymer 
systems has a large H, and this produces a large maximum in 
the NSFR. In contrast, the coil parameters for all the 
poly(ethy1ene oxide) solutions do not greatly increase the 
NSFR. These high-molecular-weight polymers are not 
suitable for polymer flooding an oil reservoir. 
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Application to Polymer Flooding 
in a Sandstone Reservoir 

As previously discuss42 the porosity (4) and effective sand 
diameter (d) of a Woodbrine sandstone can be approximated 
if the reservoir's permeability (k) is known. 

Cp = a  + b log (k) 

d = - ( T )  1-Cp 180k ' 
cp 

In the preceding relationship, the permeability of a and b is 0.465 
and 0.025 cm2, respectively. 

The Deborah number used in the polymer extensional 
model can be determined from the average fluid velocity (v) 
and the sandstone parameters d and Cp, 

vw '1  De=- 
GCpkd 

At large distances away from the injection wellhead, fluid veloc- 
ities- in the reservoir are usually very low, about 1 .O ft/d. If this 
average fluid velocity is used, a typical sandstone permeability 



of 10 mD (10-10 cm2) and a polymer coil dashpot viscosity and 
spring modulus of 1.4 poise and 1000 dyne/cm2, respec- 
tively, then the porosity, effective sand diameter, and Deborah 
number can be calculated as 0.215, 1.1 x 10-3 cm, and 5.3 x 
10-3, respectively, These fluid-flow conditions are laminar (a 
porous media Reynolds number of 3.8 x 10-5). 

Under these low fluid-flow conditions, 1 + 4 n2De2= 1, and 
the extensional model in dimensionless format simplifies to 

NSFR=1+4n2 St P H D e  

This relationship and the conditions given (Sh = 1, P = 0.272, 
H = 33, De = 5.3 x 10-5) can be used to find an NSFR value 
of 2.9. For a polymer flooding solution concentration (c) of 
5.0 x 10-5 g/mL (50 ppm) and a polymer intrinsic viscosity of 
4600 mL/g, the dimensionless concentration (c qinJ equals 
0.23. Therefore, for this example, 

Thus the solution is 67% more resistant to flow through the 
sandstone than the solvent alone. The polymer has reduced the 
mobility of the displacing fluid within the sandstone and can 
improve the flooding sweep efficiency. 

The preceding example can be modified to determine the 
mobility of any polymer solutions in a sandstone reservoir 
if the polymer coil dashpot viscosity, spring modulus, 
and intrinsic viscosity are determined from laboratory 

experiments. figure 1 shows the model prediction of fluid resis- 
tance for three polymer systems listed in Table 1 and three 
sandstone reservoirs with permeabilities of 0.1, 1.0, and 10 mD. 
As expected, the curves are linear at low average fluid veloc- 
ities but curve upward at higher fluid velocities. Solution 
resistance is greatest for the M A M B A  and PAM polymer 
systems with larger intrinsic and coil dashpot viscosities and 
a lower coil spring modulus. The KPAM solution has low resis- 
tance to fluid flow and would not be an acceptable polymer 
for flooding. 

General Flow Behavior of All Polymer Solutions 

All polymer solutions have the same dimensionless flow 
behavior. At Deborah numbers less than about 0.01, the nor- 
malized solution flow resistance is very low, which indicates 
that a low degree of coil extension and recovery is occumng 
under these conditions. At Deborah numbers between 0.01 and 
0.15, the normalized solution flow resistance increases to a 
maximum and then slowly decreases as the Deborah number 
increases to higher values. This suggests that the degree of poly- 
mer coil expansion and recovery is at first increasing under 
these conditions and then reaches a limit at a Deborah 
number of about 0.15. Above this Deborah number, the 
polymer coils are probably not able to completely recover 
all the large extensional strains developed during initial 
extension-recovery cycles. Thus they have less potential to 
extend in subsequent extension-recovery cycles. Therefore, at 
higher Deborah numbers, the coils travel through the bed in 
a more extended state. They will have less and less recover- 
able extension as they travel from cavity to cavity. At very 
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Fig. 1 Model prediction of solution flow resistance to solvent flow resistance forAM/AMBA copolymer (-), polyacrylamide homopolymer (- - -), and 
13% hydrolyzed polyacrylamide (--- ) in sandstone reservoirs. See the 2nd, 7th, and 12th listing in Table 1.M solutions have a polymer concen- 
tntion of 50 ppm. (a) Permeability, 0.10 mD. (b) Permeability, 1.0 mD. (c) Permeability, 10.0 mD. 
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high Deborah numbers, the polymers travel through the bed 
in a highly extended state, and thus less fluid kinetic energy 
is converted to heat. If laminar flow conditions are maintained, 
the normalized solution flow resistance should eventually 
decrease to zero in the limit of very high Deborah numbers. 

The reduction in the normalized solution flow resistance 
at higher Deborah numbers is attributed to the diminished abil- 
ity of polymer coils to convert kinetic energy to heat as they 
are extended and recover at faster rates. At greater fluid- 
flow conditions, the polymer coils are not able to follow in con- 
cert with the rapidly changing local fluid velocities. At high 
flow rates, insufficient time is available for coil extension dur- 
ing fluid acceleration and coil recovery during fluid deceler- 
ation. As a consequence, less total coil deformation is expe- 
rienced each cycle, and thus less energy is converted into heat 

. by the macromolecules. Therefore the solution will have less 
resistance to flow through the porous medium at higher 
Deborah numbers. 

Conclusions 

Of all the polymer systems examined in this laboratory, the 
NaAMl3/AM 20/80 copolymer solutions had the greatest 

flow resistance in a porous media because the polymer coils 
of these macromolecular structures are greatly expanded 
(have large hydrodynamic diameters) and can elongate and 
recover in extensional flow fields with low average fluid 
velocities. 

The use of high-molecular-weight, highly expanded copoly- 
mers vs. lower molecular-weight polymers that are not greatly 
expanded has a dual advantage in reservoir flooding. Solutions 
of larger molecular-weight macromolecules with large poly- 
mer coils not only require less polymer mass for a given 
fluid-flow resistance but also this resistance is experienced at 
lower flow rates through the porous media. Thus they are effec- 
tive flooding agents even at low concentrations and have a sig- 
nificant economic advantage. 
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Objective 

The objective of this experimental research is to improve 
the effectiveness of carbon dioxide (COJ flooding in het- 
erogeneous reservoirs. Activities are being conducted in thke 
closely related areas: (1) further exploration of the applicability 
of selective mobility reduction (SMR)  in the use of foam flood- 
ing, (2) possible higher economic viability of floods at slightly 
reduced C02 injection pressures, and (3) taking advantage of 
gravitational forces during low interfacial tension (In) COz 
flooding in tight, vertically fractured reservoirs. 

Summary of Technical Progress 

CO, Foams for Selective Mobility Reduction 

Additional progress on this task has been made in both exper- 
imental and analytical directions. A new series assembly of two 
Berea cores has been made and is being investigated, and new 
and definitive results have been obtained from the parallel 
experiment, where the effect of capillary contact on foam 
effectiveness and SMR is being studied. This work has also 
pointed out interesting aspects of surfactant-less two-phase flow 
in heterogeneous media. In addition, a simulation method, 
which allows assessment of the economic usefulness of the 
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SMR property by which displacement fluid mobility is 
reduced to a greater extent in high- than in low-permeability 
zones of the reservoir, has been programmed. 

The series assembly uses two cores of 0.5-in. diameter, each 
approximately 3 in. long. In these tests, two Berea samples of 
different permeability are used. The core holder is fitted with 
five equally spaced pressure taps in such a way that the mid- 
dle tap is quite near the junction between the cores. In the first 
series of tests, the contact material was a fine filter paper. As 
noted, however, for this first series core assembly, there was 
a pressure anomaly at the junction during two-phase and 
foam flow. This was apparently caused by the increased c a p  
illary pressure required to force bubbles of the non-wetting phase 
(the dense COJ through the small pores of the fiIter medium. 
Because this anomaly made the data analysis for mobility 
experiments more difficult and less straightforward, a second 
assembly was constructed. In this, the unavoidable space 
between the two core faces was Nled with a fine sand, of a grain 
size such that its packed permeability was about equal to 
that of the lower permeability Berea core (about 100 mD). 
Initial mobility experiments with this second system are 
being conducted. 

In the parallel experiments, two different coaxial porous 
systems were used.' These composites, 2.75 in. (7.0 cm) 
long by 1.46 in. (3.7 cm) in diameter, consist of a fired Berea 
core with a %-in. (1.59-cm) central hole drilled from end to 
end. This central region is filled with relatively uniform 
(either sieved or elutriated) silica sand particles. In the two 
different series of tests, the central sandpacks had per- 
meabilities of 0.5 darcy and 5.2 darcys, whereas the annular 
Berea regions had permeabilities of 1.40 and 1.37 darcys. 

Steady-state. flow tests were performed with this appara- 
tus to measure overall permeability to brine alone, total 
mobility during simultaneous flow of CO, and brine mixtures, 
and mobility of C02 foam. In these experiments, capillary 
contact between the two permeability zones produced strik- 
ing results in mobility measurements in both surfactant- 
free flow and in the flow of CO, foam. This difference 
apparently occurs because in these experiments the fluids 
can flow laterally through the side boundary in response to 
any capillary pressure difference that might exist between 
the zones. Such a difference would exist if the brine satura- 
tion were the same across the zone boundary. The capillary 
contact might be expected to cause an equalizing flow of 
brine from the lower to the higher permeability region. 

This equalization occurs strongly during the simultaneous 
flow of C02 and brine with no surfactant, and as a result, the 
high-permeabfity zone becomes drier (richer in COJ while 
the low-permeability zone becomes wetter. This increases the 
ratio of the mobilities in the two zones to a value significantly 
greater than the permeability ratio. Thus the rate of CO, flow 
through the high-permeability region is even greater than 
might be expected. 

The existence of the effect suggests that in ordinary water- 
alternating-gas (WAG)-type CO, floods, oil recovery can be 
even less than expected. Because most if not alI real reservoirs 
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are heterogeneous-that is, they consist of bothhigh- and low- 
permeability rock with the different zones often lying paral- 
lel to each other and being in capillary contact-CO, flow in 
conventional C02 floods will be even more nonuniform than 
the permeability distribution suggests. In a reservoir, even more 
of the oil in the lower permeability zones would be left rela- 
tively untouched. 

When surfactant was present in the brine, this relative 
d8erence in the mobilities between differentpermeabiiity zones 
was greatly reduced. The amount of the reduction depended 
on both flow rate and on whether the high- or low-penneabdity 
zone was in the center. 

Over the range of flow rates of the tests, the mobility for 
two-phase brine-CO, in the first set of experiments aver- 
aged 9.4 times that of brine alone (that is, arising from the per- 
meability ratio). For foam made with 500-ppm surfactant 
brine, the corresponding ratios were 1.9 for CD 1050, 1.3 for 
X2001, and 1.0 for CD1045. ((331045 and CD1050 were trade- 
marks of the Chevron Chemical Co., which supplied this 
surfactant; they are available from Chaser International, Inc., 
Marina del Rey, Calif. Experimental surfactant X2001 was man- 
ufactured by Shell Chemical Co., but is no longer available.) 
For 2500-ppm foam, the corresponding numbers were some- 
what lower: 1.8,1.2, and 1.4. Asecond set of experiments was 
conducted over the same range of flow velocities, where the 
center zone consisted of a lower permeability sandpack. 

The mechanism for SMR is uncertain but evidently depends 
on the microscopic blocking action ofthe foam bubbles rather 
than on the macroscopic properties of the surfactant. Despite . 
the lack of understanding of details, it is expected that, on the 
average, the use of a proper C02 foam could nearly eliminate 
the mobility contrast between high- and low-permeability 
zones in reservoir flow, and thus increase markedly the effi- 
ciency of oil displacement. The preceding and earlier exper- 
imental research make it clear that the SMR property of C02 
foam is real, is observed in parallel-core tests with capillary 
contact, and can be presumed to function similarly in actual 
field situations. It should therefore be useful in oil recovery 
from reservoirs containing crude oil of suitable composi- 
tion.2.3The question remains, just how useful will it be in an 
economic sense? Numerical simulation of simple field 
situations has been performed in an attempt to answer 
this question. 

Displacements from layered reservoirs were simulated 
by use of Darcy's equation with the further aid of some 
assumptions: that the C0,foam displacing fluid drives the oil 
miscibly and that all of the heterogeneity of the reservoir is 
encompassed in the different permeabilities of the layers. 
Two simple geometries were used-linear, which might 
loosely represent the region between injection and produc- 
tion wells, and radial, which represents the region sur- 
rounding an injector. 

It is possible to represent the degree of SMR by the slope 
of the line, on a log-log graph, that represents the variation of 
mobility with permeability. In an analytic sense, the mobility 
of the CO, foam can thus be taken as proportional to the 



permeability raised to a specific exponent, which is the slope 
of that line. This is a useful first representation of SMR for a 
numerical model. If some particular foam showed no S M R  and 
acted like an ordinary fluid, the exponent would be one (1). 
If the SMR were perfect (so that there was no variation of 
mobility with permeability), the exponent would be zero (0). 
Occasionally, a situation is found where the mobility actually 
decreases for higher permeability rocks. Over the range 
where that extreme case is observed, the SMR exponent 
would be negative. For the present purposes, the preceding 
method is used to represent S M R  in the computation, with the 
exponent usually lying between zero and one. 

A set of programs for the numerical simulation of the effect 
of SMR in a reservoir was written at the Petroleum Recovery 
Research Center. These programs enable the comparison 
of C 0 2  floods with and without the use of a mobility- 
reducing foam and with and without the use of such a foam 
showing SMR. Different versions of the software examine 
the effects in either linear or radial geometry. The results of 
this work show that the occurrence of SMR from foam 
made with the right kind of surfactant in the displacing fluid 
causes substantial increases in the rate at which oil is swept 
from reservoirs by a miscible phase like COP The value of 
the increase depends on the amplitude of the SMR and on 
the extent of the permeability contrasts encountered in the 
reservoir. 
. The numerical results of these calculations are encourag- 

ing but are useful principally to show order of magnitude of 
the effect. In an actual reservoir where shape, well placement, 
and horizontal as well as vertical permeability variations 
must be accounted for, much more detailed and sophisti- 
cated reservoir simulation must be used. A way to enter the 
effects of CO, foam with SMR into commercial simulators 
would be to carry a variable mobility for the foam phase, in 
which foam mobility was determined in each CO, foam- 
containing cell as a simple power of the cell permeability. Such 
a modification will be made in those simulators which will be 
used in CO, flood prediction so that operators can assess the 
value of SMR foam in their own application. 

Reduction of the Amount of CO, 
Required in CO, Flooding 

During this quarter a program was developed to process the 
results that are generated by the reservoir simulators MASTER 
and UTCOMP. This is a spreadsheet program containing a series 
of macros that can be used to plot the flooding performance 
of a simulation run after it is done. There are converting pro- 
grams associated with MASTER and UTCOMP so that the 
results generated by the simulators can be converted into a 
specific input format to the spreadsheet program. 

In addition, the work on validation of foam options in 
MASTER has continued. The foam test that was used to 
validate the foam option in UTCOMP was used to validate 
the foam option in MASTER. In the initial tests, the results of 
the foam test are identical with the results of the base case 

without foam. These results are unexpected and are attributed 
to errors in the new code added to MASTER. Currently, the 
foam option in MASTER is being debugged. 

The coreflood apparatus that was used to examine the 
effect of surfactant concentration, gas quality, and flow rate 
has been inoperable during this past quarter. The extended 
downtime was required to completely replumb the system. 
Most of the valves and fittings had been etched severely by 
the corrosive behavior of the high-salinity brine saturated with 
CO,. Anew core was installed into the system and base case 
experiments are being run. The tests proposed during the 
next quarter will be performed to examine the influence of foam 
quality on C0,foam flow behavior at low CO, quality. 

A conventional black oil pressure-volume-temperature 
(PVT) test on Sulimar Queen recombined reservoir fluid is 
being done for another project. The results of that study will 
also be useful for this study. Sulimar Queen oil is from a 
relatively shallow low-temperature reservoir. This will be 
used as an example of a reservoir where the maximum achiev- 
able pressure would be at about the minimum miscibility 
pressure (MMP) or below. This will be an excellent system to 
test recovery mechanisms at or below the MhlP in aslow- 
temperature reservoir. 

’ Revamping of the minimum miscibility (slim tube) appa- 
ratus has begun. 

Low Interfacial Tension (IFT) Processes and 
Gas Injection in Fractured Reservoirs 

Research continues in two primary areas: (1) understand- 
ing the fundamentals of low IFT behavior via theory and 
experiment and the influence on multiphase flow behavior and 
(2) modeling low IFT gravity drainage for application of gas 
injection in fractured reservoirs. 

In the first year of this contract, the fundamental background 
for calculation of reservoir IFT of crude oil-gas mixtures was 
presented. The calculation methodology developed was pre- 
sented as a standard for industry use in predicting IFT accu- 
rately. The methodology was based on certain assumptions con- 
cerning universal scaling laws. The assumptions have theoretical 
justification, yet there has been n”0 established proof in the lit- 
erature concerning the applicability of critical scaling expo- 
nents at conditions far from the critical point. Evidence was 
presented for the conditions showing that the scaling exponents 
can apply far from the critical point. The first quarter of year 
2 the IFT of pure component liquid-vapor systems was mea- 
sured in the completed pendant-drop apparatus. Experimental 
data have been presented that support the assumptions necessary 
for simple, yet theoretically accurate, parachor calculations. 

Although measurement of IFT of multicomponent systems 
continued, the second quarter of year 2 was devoted to 
C02-oil (nonequilibrium) gravity drainage experiments and 
mathematical modeling. 

A nonequilibrium gravity drainage experiment was con- 
ducted using Spraberry stock tank oil (STO) and COP A 
sketch of the experimental apparatus is shown in Fig. 1. In 
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the experiment, a 4-in. by 24-in. Berea core (500 mD) was 
first saturated with synthetic reservoir brine. Then the brine 
was displaced by the oil to connate water saturation. During 
the gravity drainage process, CO, was injected into the 
annulus in the core holder, and pressure and temperature in the 
core holder were maintained at about 1400 psia and 139 OF, 
respectively. The volume of the oil recovery was collected at 
ambient conditions. The recovery curve is shown in Fig. 2. 

Figure 2 seems to reveal three stages of the drainage 
process: slow drainage attributed to viscous resistance (insuf- 
ficient COz content) at an early time, accelerated drainage 
attributed to CO, content in an intermediate time, and slow 
drainage attributed to film flow after stabilization of the 
liquid-vapor boundary at a later time. The experiment was 
terminated after 10 d, at which point the oil recovery is about 
42%. This figure indicates that it may take a long time to get 
additional significant amounts of oil from the core. 

A new mathematical model has been developed for 
analyzing oil recovery under thermodynamic equilibrium 
conditions.' Experimental data obtained from equilibrium 
conditions were compared, and it was concluded that this new 
model gives significant improvement over existing models in 
literature. The new model, however, fails to predict rate of oil 
recovery under nonequilibrium conditions. Figure 3 demon- 
strates the comparison between the equilibrium modelcalcula- 
tion and experimental data. This figure indicates the need to 
understand nonequilibrium phenomena during gravity drainage 
because the model does not account for the changes in fluid 
properties that occur when varying amounts of C02 exist in 
the oil during the multicontact process. .No mathematical 
model is available in the literature for describing the process 
of nonequilibrium gravity drainage. To simulate the gravity 
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drainage under nonequilibrium conditions, the model was applied 
using a stepwise procedure: 

(1) Estimate the concentration of the dif€uslng phase in each 
grid block at a difisionldrainage time. 

(2) Estimate fluid viscosity, density, IFT, and capillary pres- 
sure in each grid block at the time based on the com- 
position of the fluid mixture. 

(3) Apply the mathematical model to each grid block to 
estimate liquid recovery for each successive time 
step. 

(4) Sum up the recoveries calculated from each grid 
block to get the total liquid recovery at each time 
step. 

(5) Update the time by adding a time step and repeat 1,2, 
3, and 4 until a desired ultimate drainage time is 
reached. 

Fig. 1 Gravity drainage system. (Art reproduced from best available copy.) 
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Fig. 2 Gravity drainage of Spraberry stock tank oil in 69-cm-long Berm 
core (500 mD). 100% COz. Temperature, 139 OF. Pressure, 1400 psi. 



Viscosity and density correlations developed from similar 
fluid mixtures were used. Capillary pressure was calculated 
with the use of the Leverett Jfunction and the IFT correlations 
presented previously. Figure 4 demonstrates the comparison 
of experimental data with recovery curves calculated by the 
mathematical model. This figure clearly indicates that the use 
of the model and the stepwise procedure can match the exper- 
imental data. It is believed that the use of this stepwise pro- 
cedure is effective for simulating a nonequilibrium gravity 
drainage process where gravity dominates flow of the wetting 
phase. 

0.0001 0.001 0.01 0.1 1 10 
TIME, d 

Pig. 3 Gravity drainage of Sprabeny stock tank oil, experimental 
data (d) and equilibrium model -1 (x) calculation. 100% CO2Tempera~  
139 OF. Pressure, 1400 psi. 
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0.1 
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o.oooo1 o.oO01 0.001 0.01 0.1 1 10 
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Pig. 4 Gravity drainage of Spraberry stock tank oil, experimental 
data (0) and diffusion model-2 (.) calculation. 100% CO,.Temperature, 
139 OF. Pressure, 1400 psi. 
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Objectives 

The first objective is to optimize the design of a carbon diox- 
ide (COJ project for the South Cowden Unit (SCU) located 
in Ector County, Tex., by reservoir characterization and 
advanced technologies. The SCU is a mature, relatively small, 
shallow-shelf carbonate unit nearing waterflood depletion. 
The second objective is to demonstrate the performance and 
economic viability of the project in the field. The work 
reported is on the reservoir characterization and project design 
objective which is scheduled to be completed in October 
1995, at which time work on the field demonstration phase is 
scheduled to begin. 

Summary of Technical Progress 
Injection Well Condition Database 

All injection well surveys were reviewed and tabulated for 
percentage injection into each stratigraphic layer and any 
losses above or below the defined layers (75 surveys among 
24 injectors). In the project area, the injection into the chaotic 
interval correlated well with the reservoir simulation results. 

Geological-Petrophysical Interpretation 
of the Stratigraphic Framework 

For the 20 wells with core porosity data, conventional 
porosity-permeability regression equations were derived for 
the three rock groups: chaotic, grainstone, and low permeability. 
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The semilog correlation model was used for permeability as 
a function of porosity. 

log&) = 4 + A1 * PHI 

where k is permeability in millidarcys (mD), PHI is effective 
porosity in percent, and A, and A, are the correlation coeffi- 
cients. The correlation coefficients for each cored well, 
grouped by rock type, are listed in Table 1. The field-wide cor- 
relations using all the core data available are also listed in the 
table. 

The field-wide correlation equations for the grainstone and 
low-permeability rock groups will be used for the wells 
without core data. A single correlation equation will not 
successfully represent fhe permeability variation within the 
chaotic facies, as evidenced by field response during deple- 
tion and waterflood production performance. Given a general 
assumption that the chaotic facies dominate oil production per- 
formance in South Cowden field, then production performance 
data could be used to indicate permeability. Other important 
assumptions in thi's approach are that the chaotic zone is the 
only zone completed; net thickness, pressure, and drainage 
areas are equivalent across the field; and completion efficiency 
is comparable for all wells. If these assumptions hold, then 

Darcy's law shows that effective permeability is a function 
of flow rate. 

k =  

where Q =total flow rate 
k =permeability 
h =net thickness 

pe =pressure at the external boundary of the drainage 
area 

pwf = wellbore producing pressure 
re =radius of the drainage area 
r, = wellbore radius 
s =skin effect 

Production plots for the cored wells were examined to 
determine a characteristic stable total liquid production rate 
for each well. The maximum total liquid production rate was 
usually used, but wells with known,water production from 
the lower grainstone were reviewed to estimate a characteristic 
flow rate from the chaotic intern4 only. Stable water injec- 
tion rates were also reviewed but did not show a correlation 

TABLE 1 

Permeability-Porosity Regression Equations Dog&) = A0 + Al*PFIII 

Correlation coeflicients: 

Field-wide correlations: 

Well 
scu 2-01 
SCU 2-14W 
SCU 4-03W 
SCU 6-18 
SCU 6-18 
scu 6-21 
SCU 6-23 
SCU 7-06 
SCU 7-09 
SCU 7-10 
SCU 8-03 
SCU 8-11W 
SCU 8-19 
Emmons 135 
Emmons 146 
Emmons 142 
Emmons 146 
Emmons 210 
Emmons 213 
Emmons 216W 
Moss 6-9W 

Moss 16-14 
MOSS 13-6 

Rock groups 

Chaotic Grainstone 

-1.1706 0.136 0393 

-1.142 0.0938 .0245 

-0.6315 
-0.04954 
-0.8857 
-0.5122 
-0.8863 
-1.1954 
-1.6361 
-0.769 

-0.7197 
0.1814 
-0.1261 

-0.8545 

-0.8907 

-1.0272 

-1.0792 

-1.053 

0.0971 0.205 
0.1121 0.237 
0.126 0.394 
0.0877 0.154 
0.1068 0.273 
0.1097 0525 
0.1408 0.477 
0.0918 0.234 
0.1216 0.401 
0.139 0.322 
0.072 0.159 
0.081 0.265 
0.1252 0.613 
0.1386 0.398 
0.1182 0.335 
0.1121 0.455 

-1.9601 0.1505 0.242 
-1.8323 0.1042 0.138 

~______  

A0 AI 9 
-1.5493 0.1766 0.41 

-1.8772 0.1463 0516 
-1.3941 0.1302 0.482 

-0.5618 0.1337 0.223 

-1.2531 0.2142 0.366 

-1.8603 0.1856 0.575 

-1.7058 0.2163 0.721 

-2.0903 0.1502 0.689 
-2.0992 0.1756 0.66 

Low permeability 
9 A0 AI 

-1.7115 0.1729 0.438 

-1.2638 0.0884 0.355 
-2.3513 . 0.2593 0.695 
-1.1828 0.085 0.104 

-2.381 0.265 0.522 
-1.1761 0.0841 0.294 

-1.7992 0.1282 0.43 

-1.4903 0.1017 0.148 
-1.816 0.1378 0.243 
-1.0026 0.1366 0.474 
-0.6501 0.1913 0.558 
-1.0075 0.2589 0.453 

-1.1902 0.0988 0.324 

-1.4778 0.1469 0.614 
-1.2228 0.1022 0.288 
-1.911 0.1655 0.086 
-1.8333 0.1929 0.3 



with core permeabiity. The correlation between geometric aver- 
age core permeability and characteristic flow rate is illustrated 
in Fig. 1. The regression equation is 
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Given a characteristic fluid production rate for each 
well in the field, average permeability can be computed with 
the preceding equation. For water injection wells, average 
permeability will be estimated from offset production wells. 
Average porosity for the reservoir interval is computed from 
the interpreted well log curves. The average slope of 
permeability-porosity regression curves from individual 
cores for the chaotic facies is 0.12. A regression formula is 
derived for each well in the field with the use of the preced- 
ing slope and average porosity and permeability values; thus 

log,o(k) = 0.12 * (PHI - P&g> + log,o(kavg) 

T 

1: 

z 

I I 

Permeability curves will be computed for every well with a 
porosity curve in this fashion. The permeability curves will 
then be used to model a three-dimensional distribution in the 
same manner as porosity. 

Fig. 1 Illustration showing correlation between geometric average 
corn permeability and characteristic flow rata +,geometric average core 
permeability. --, characteristic flow rate. 

South Cowden CO, Miscible 
Water-Alternating- Gas 
Trapped Gas Experiments 

Laboratory experiments were conducted and literature 
data were assessed to determine if significant water would be 
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removed if dry vs. wet CO, were used during the latter part 
of the CO, injection phase. For the amount of CQbeiig injected, 
it was concluded that the use of dry CO, would not make a sig- 
nificant difference in the results. 

Laboratory Corefloods To Identi& 
Potential Foaming Surfactants for 
CO, Mobility Control 

The primary objective of this subtask was aimed at iden- 
tifying specific foaming surfactants that may be needed for CO, 
mobility control in the South Cowden project through a five- 
part laboratory program. Following a C02-foam test with 
500-ppm Chaser" CD-1045 in a South Cowden core at 70 to 
100% foam quality, two tests were performed with 1000-ppm 
Chaser" CD-1045 at 50 to 100% foam quality. Because of the 
dissolution of core material, however, the front end of the core 
collapsed at completion of the third experiment. The same 
experiments were repeated in a different core with 20 to 
100% foam quality. The second core, however, also col- 
lapsed at the face because of dissolution of core material 
and weakening of the core inlet. A short South Cowden field 
core designated as the pre-foamer core was placed ahead of 
the test core to avoid this problem. This modification improved 
the longevity of the test core and allowed completion of 
the performance evaluation of four surfactants at three con- 
centrations with foams of 20 to 100% quality. In these tests 
the average resistance factor (RFi) for the four sections of the 
core was measured as a function of foam quality. 

The foam produced with 500-ppm Rhodapex CD-128 and 
C02 had a maximum RF around 50% foam quality. This 
maximum is shifted to about 70% foam quality for solutions 
of 1000- and 2000-ppm Rhodapex CD-128. A similar behav- 
ior was observed for Foamer NES-25, Chaser" (33-1050, and 
Chaser" CD-1045. Results indicate that Rhodapex CD-128 
and Chaser" CD-1050 produced the best foams followed by 
Chaser" CD-1045 and Foamer NES-25. 

The effect of foam quality on resistance factor was exam- 
ined for the four sections of the core when mixtures of 
500-ppm Rhodapex CD-128 and C02 were coinjected into 
the core. The permeability for sections 1,2,3, and 4 of this 
core were 486,216,46, and 41 mD, respectively. The data 
indicate that the resistance factor increases with permeability 
of the section. A similar behavior was observed for all four 
surfactants tested in this core. This effect, which might occur 
at a given rock permeability, is desirable and would improve 
the efficiency of foam to block the higher permeability 
zones to a larger extent. This effect was first observed at the 
New Mexico Petroleum Recovery Research Center. 

Reservoir Simulation Studies for Project 
Design and Perfomnce Forecasting 

Full-field simulations were completed to evaluate various 
combinations of horizontal and vertical C02 WAG injection 
wells. The most effective well configuration for South Cowden 



uses horizontal C02 WAG injectors in downdip locations, 
oriented approximately parallel to structural strike, in combi- 
nation with vertical WAG injection wells in updip locations. 
Vertical permeability restrictions in the lower portion of the 
main reservoir interval limit the vertical distribution of 
injected CO, into these lower intervals if only horizontal injec- 
tion wells are used. In the downdip locations, much of the reser- 
voir pore volume in the lower intervals lies below the orig- 
inal oil-water contact. 

Preliminary sensitivity studies were conducted to investi- 
gate the effects of the CO, WAG injection strategy on project 
performance. Incremental oil recovery vs. WAG ratio results 
from these simulations showed that WAG operations pro- 
duced significant increases in oil recovery efficiency compared 
with contin~ous CO, injection. Maximum oil recovery was 
obtained at a WAG ratio of approximately 2 1; however, the 
time required to inject a given total volume of CO, was sig- 
nificantly longer at this higher WAG ratio. A hybrid WAG injec- 
tion scheme is premised in the preliminary project design. This 
provides an economic compromise of increased oil recovery 
efficiency vs. continuous CO, injection while accelerating 
incremental oil response and reducing overall project life 
vs. a straight 2 1  WAG process. 

Performance forecasts were generated for a base-case 
project development plan. Incremental oil recovery fore- 
casted for the base-case project is 10.4% original oil in place. 
The full-field simulator was also used to assess the effect of 
uncertainties in key input and operating parameters on produc- 
tion profiles and recoverable reserves for use in project risk 
analysis. Major elements of uncertainty having the largest 
impact on performance forecasts were identified by the 
project team. These are grouped into three major categories- 
reservoir characterization-heterogeneity-sweep efficiency; 
C02 process efficiency-target oil volume; and well comple- 
tion efficiency-injectivity (with the greatest focus on horizontal 
well completion effectiveness). 

Design Upgrades and Additions to Production 
and Injection Facilities 

A team of engineers and construction personnel was assem- 
bled to document the premises to be used in field implemen- 
tation of the project development plan. This team designed the 
equipment ahd facility upgrades and additions required for the 
project, laid out the schedule for implementation, and fore- 
casted the capital and operating costs. The schedule and costs 
were subsequently used in the economic and risk analysis 
assessment of the project. 

Generation of an Authority for Expenditure 

An economic evaluation of the project was made on the basis 
of the development schedule, capital investment, operating cost, 
and production forecast for the project development plan. An 
associated full risk analysis was also performed on four vari- 
ables considered the most critical to the South Cowden C02 
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project-oil price, reserves-nmvery efficiency, capital invest- 
ment, and operating expenses. On the basis of favorable 
results from the economic and risk analysis evaluation, an 
authority for expenditure (AFE) for field implementation of 
the project was submitted to the unit working interest owners 
(WIOs) in September 1995. The AFE was subsequently 
approved by the WIOs, and field implementation .of the 
project is scheduled to begin in October 1995. 

Technology Transfer 

An abstract of a paper entitled Determination of Relative 
Permeability and Trapped Gas Saturation for Predictions of 
WAG Perjonnance in the South Cowden C02 Flood was 
submitted for presentation at the 10th Society of Petroleum 
Eng ined .S .  Department of Energy Improved Oil Recovery 
Symposium. 
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Objective 

The objective of this research is through a systematic 
effort to quantify the relationships between process mechanisms 
that can lead to improved recovery h m  gas injection processes 
performed in heterogeneous fluvial-deltaic (Class 1) and 
carbonate (Class 2) reservoirs. Research results will provide 
a rational basis for the design of displacement processes that 
take advantage of crossflow that results from capillary, grav- 
ity, and viscous forces to offset partially the adverse effects of 
heterogeneity. In effect, the high-permeability zones are used 



to deliver fluid by crossflow to zones that would otherwise be 
flooded only very slowly. The research effort is divided into 
five areas: 

(1) Development of miscibility in multicomponent systems. 
(2) Design estimates for nearly miscible displacements. 
(3) Design of miscible floods for fractured reservoirs. 
(4) Compositional flow visualization experiments. 
(5) Simulation of near-miscible flow in heterogeneous 

reservoirs. 

Summary of Technical Progress 

Displacement Processes Examined 

Development of Miscibility in 
Multicomponent Systems 

In this area, progress continues on the creation of a systematic 
theory of miscibility development in multicomponent systems. 
The four-component theory has been extended to the displace- 
ment of an oil with an arbitrary number of components by a 
single gas component. Analytical solutions have been constructed 
for a 10-component synthetic oil by carbon dioxide (Cod and 
the results compared to displacement experiments to demon- 
strate the generalization of the theory. Solutions have also been 
constructed for displacement of mixtures of methane, butane, 
and decane by nitrogen or by nitrogen-methane mixtures. These 
solutions explain conflicting experimental observations con- 
cerning the sensitivity of minimum miscibility pressures 
(MMP) to changes in the compositions of initial oil or injected 
gas. A closed-form mathematical representation of the solu- 
tions for two-phase flow of three- and four-component systems 
with constant equilibrium ratios (K-values) was developed. The 
analytical approach allows construction of the whole solution 
without resorting to numerical calculation, which might intro- 
duce error. Although the constant K-value assumption is 
valid only when the system pressure is low, the theory gives 
the first complete description of the solution behavior. Because 
the solution structure for constant K-values is similar in its essen- 
tial details to that for two-phase flow of multicomponent 
systems, the analytical solution with estimated average 
K-values can be used as a guide to construct solutions for sys- 
tems with variable K-values. 

The solutions for gas displacements obtained from the 
mathematical theory so far do not consider gravity effects. 
Construction of solutions for gas injection processes under the 
influence of gravity has begun. Solutions for the problems in 
which both gas and oil initially exist in the reservoir are also 
being sought. 

An analysis of rising bubble experiments was completed 
for determination of MMP and/or minimum miscibility 
enrichment for a gas injection process. Both the analysis and 
experimental observations for a three-component system indi- 
cate that rising bubble experiments for vaporizing gas drives 
can accurately reflect the development of miscibility, and 
falling drop experiments are good for condensing gas drives. 

Design Estimates for Nearly Miscible 
Displacements 

The effects of three-phase relative permeability behavior 
on the performance of gas injection processes in which all three 
phases (gas, oil, and water) move are being examined. The com- 
bination of a newly developed mathematical theory of three- 
phase flow and experimental measurements is being used to 
evaluate the efficiencies of nearly miscible gas injection 
processes at reservoir scale to examine whether the high oil 
recoveries measured in laboratories are achievable in the 
field. At the present time, laboratory experiments with different 
initial conditions can be matched using a single set of relative 
permeability curves for the same medium and fluid system, 
which suggests that the relative permeability curves used 
are sufficiently reliable. This set of relative permeability will 
be used to predict field-scale problems to examine whether it 
is feasible to obtain laboratory-measured high oil recovery in 
the field lifetime. 

To understand the effects of spreading coefficient and 
pore geometries on relative permeability behaviors at low sat- 
urations, drainage experiments of hydrocarbons in noncircu- 
lar capillaries were conducted. A closed-form soluiion was 
developed for flow in comers, which is important for accurately 
predicting relative permeabilities from network simulations. 
The new solution also highlights the effects of geometry on 
the behavior of relative permeabilities. These experiments are 
being extended to study the effects of boundary conditions at 
the water41 and oil-gas interfaces. 

A three-dimensional (3-D) network research simulator 
for three-phase flows has been constructed and has been pro- 
ducing interesting results. It has been found that spreading 
coefficients and saturation histories are among the most sen- 
sitive parameters in determining final oil recoveries from 
gas injections, which cannot be revealed by conventional 
capillary and relative permeability models. The combina- 
tion of network simulations and laboratory measurements 

ability behaviors with changes in spreading coefficient, pore 
structures, and wettability. 

Design of Miscible Floods for 
Fractured Reservoirs 

will allow a much better understanding of relative perme- % 

The effort to understand the effects of spreading coefficient 
and reservoir heterogeneity on final oil recoveries by gravity 
drainage continues. Sand column experiments have shown that 
for water-wet media the final oil saturation can be as low as 
0.1 % of pore volume (FV) for a spreading system; however, 
for nonspreading systems, the final oil saturation depends on 
the spreading coefficient and the pore geometry- Visualization 
experiments are being conducted to investigate the drainage 
mechanisms in pore spaces. In these experiments, the spread- 
ing process can be observed when gas contacts a water- 
trapped oil droplet in a glass-bead pack and the consequent 
drainage mechanisms between pores. The differences of these 
visualization experiments from other micromodels is that 



the glass-bead pack has significantly larger dimensions than 
micromodels so that gravity effects can be observed. 

The high-pressure drainage experiment continues to pro- 
duce new data for the drainage of Means crude in the presence 
of CO,. Results include pressures of 900,1500, and 1700 psia 
on two sandstone cores with permeabilities of 100 and 500 mD. 
The data show that increases in pressure (for the same tem- 
perature) result in increased oil recovery. This may be a 
result of the reduction in interfacial tension between gas 
and oil phases with increasing pressure. 

How Visualization Experiments 

How visualization experiments are continuing. They 
include two-phase displacements of matched viscosity but 
different densities to investigate gravity effects without 
the influence of stabilizing or unstabilizing created by vis- 
cous forces. The observations from those experiments will 
be reproduced by the particle-tracking simulator. Experiments 
to investigate the scaling parameters for gravity and viscous 
forces in layered systems by comparing the fluid distribu- 
tions on two models of same heights but different lengths 
continue. 

Simulation of Flow in Heterogeneous 
Reservoirs 

The streamline approach continues to be investigated as a 
numerical alternative to conventional finite difference simu- 
lators to be used in predicting near-miscible gas injection in 
heterogeneous reservoirs. The streamline method has been gen- 
eralized to include compositional effects and dispersion in three 
dimensions. Multi-well tracer problems with one million 
blocks have been run. Three-dimensional, first-contact mis- 
cible displacements are also being investigated. The ulti- 
mate goal of this project will be to test the streamline simu- 
lator with real field data and compare it against conventional 
simulators. 

Research Results 

Thiele et al.l.2 have successfully used streamtubes to 
model flow in convection-dominated two-dimensional (2-D) 
displacements. They have shown that streamtube calcula- 
tions combined with mapping of any one-dimensional (1-D) 
solution onto the streamtubes results in accurate performance 
predictions using between 10 and 10,000 times fewer matrix 
inversions than conventional approaches. The main focus of 
this work is to extend Thiele’s streamtube methods to 3-D field- 
scale systems with arbitrary well locations. In this work, 
streamlines are traced in a 3-D flow field as opposed to cal- 
culating the streamtubes, although in 2-D the streamline 
method gives identical results to 2-D solutions from Thiele. 
Streamtubes do exist in 3-D, but calculating them can be 
quite involved.3As with the streamtube method, each stream- 
line is treated as a 1-D homogeneous system along which any 
1-D solution can be mapped. The physics of the displacement 
is captured in the appropriate 1-D solution, while the effects 

of the heterogeneity are captured by the paths of the 
streamlines. 

Tracing Streamlines and Mapping 
a One-Dimensional Solution 

By definition, a streamline is a line in a velocity field that 
at any location is parallel to the local velocity vector. Streamline 
paths are traced by a procedure similar to those documented 
in particle tracking and groundwater literature. A summary of 
the streamline tracing and 1-D solution mapping method to 
arrive at a 3-D solution is shown below. 

To begin, first solve the pressure. equation 

v .X,VP = 0 

on a conventional finite difference grid with appropriate well 
locations and no-flow outer boundaries. Here & is the total 
mobility at any point in the grid and P is the pressure. Next, 
solve for the velocity field at each gridblock face using 
Darcy’s Law. Then apply the method derived by Pollock4 for 
the analytical definition of a streamline path within a gridblock 
In Pollock’s method, he defined a piecewise hear interpolation 
of the velocity field in each direction, within a gridblock, based 
on the values at the block faces. 

Trace streamlines from injectors to producers using the ana- 
lytical expressions within each gridblock. For each block 
that a streamline passes through, record the time of flight. King 
et al.5 defined the time of flight, tof,, to any location, s, as the 
time it takes to move along a given streamline from the injec- 
tor to location s 

Here V(5) is the local interstitial velocity along the stlearnline. 
Map a 1-D solution along each streamline. These solutions 

(composition, satwation) typically d e  by dimensionless ve lw 
ity x&,. At any given elapsed time of the simulation, Q, the 
following relationship holds 

(3) 

So, for a given elapsed time, any location along a streamline 
corresponds to a dimensionless velocity and hence a unique 
composition and saturation. 

These steps have been integrated into a general 3-D 
streamline simulator, 3DSL, that can handle multiple wells 
in any location. 

The 3DSL has been used for several simulations and 
compared against ECLIPSE or analytical solutions where 
available. Tracer displacements, the application of 3DSL 
to multiple equiprobable realizations, and waterflood dis- 
placement comparisons on three different permeability 
fields were considered. 
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Quarter Five-Spot Tracer Displacement 

To validate the numerical method employed, 3DSL results 
were compared with the analytical solution of a tracer dis- 
placement in a quarter fivespot. The analytical streamline trac- 
ing technique combined with a 1-D tracer profile should 
yield exact results from 3DSL. The results on a 100 x 100 grid 
are shown in Fig. 1. Similar results were presented by Fay and 
Pram6 in 195 1 by numerically solving for the stream function 
directly and then mapping a tracer solution to the calculated 
streamlines. Also included are results fiom ECLIPSE for a diag- 
onal and parallel grid. Clearly the 3DSL results are identical 
to the analytical solution and are free of numerical diffusion 
and grid orientation effects. 
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Fig. 1 l h c e r  concentration at producer in a quarter five-spot on a 

onal grid. - - - - -, ECLIPSE with parallel grid. 
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Three-Dimensional Tracer Simulations 

Because tracer results from 3DSL are exact, this new sim- 
ulator can be used to quantify the level on numerical diffusion 
present in conventional ECLIPSE tracer simulations. A 
40 x 40 x 10 permeability field was generated using GSLIB. 
The field, as seen in Fig. 2, is anisotropic with an on-trend 
correlation length of 1, = 0.5 in the main horizontal direction, 
a transverse correlation length in the horizontal of 1: = 0.2, 
and a vertical correlation length of 11, = 0.1. 

Two quarter five-spot displacement experiments were 
performed, one in the on-trend direction and one in the off-trend 
direction. The tracer recoveries for 3DSL and ECLIPSE are 
shown in Fig. 3. The ECLIPSE results agree better with the 
actual solution (3DSL) when the main flow direction is off- 
trend as opposed to on-trend. The difference seen in the two 
solution methods is based strictly on the magnitude of numer- 
ical diffusion within ECLIPSE. 

ECLIPSE has both longitudinal and transverse numerical 
diffusion, whereas 3DSL has neither. Longitudinal diffusion 
along a streamline will smear the displacing tracer shock 
and act to reduce tracer recovery, whereas transverse diffusion 
will improve recovery. Clearly in the on-trend case, transverse 
diffusion within ECLIPSE is more dominant than transverse 
convection. Tracer fingering through high-permeability 
regions has the potential to diffuse into adjacent low- 
permeability regions and remain there, giving overly optimistic 
recovery. When flow is off-trend the fluid takes a more tor- 
tuous path from injector to producer. Now transverse convective 
fluxes are large compared with transverse numerical diffusive 
fluxes, and the recovery curves are in closer agreement. 
There is still longitudinal diffusion, however, that affects 
recovery during the first half of the displacement. 

Fig. 2 A 40 X 40 x 10 correlated permeability field. (Art reproduced from best available copy.) 
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Fig. 3 Recovery curves for tracer displacement in a quarter five- 
spot pattern for on-trend and off-trend directions. -, 3DSL. _ _ _ _  , ECLIPSE. 

The Use of 3DSL with Multiple Realizations 

The streamline method is suitable for quickly processing 
many equiprobable geological realizations generated with 
geostatistics. Figure 4 shows the recovery curves from 3DSL 
for 10 equiprobable geological models of a 200 x 200 x 10 
(4 x 105 gridblocks) quarter five-spot tracer displacement. 
Note that it took less time to generate these 10 curves thin it 
would have taken to generate one curve using a conven- 
tional finite-difference approach. Use of 3DSL thus can 
quickly provide a distribution of recoveries based on the 
known uncertainty in any geological description. 

' 
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Fig. 4 Recovery curves from 3DSL for 10 equiprobable geological 
realizations of a 200 x 200 x 10 quarter five-spot tracer displacement. 

Waterflooding in a Full Five-Spot Pattern 

The Buckley-Leverett solution of a waterflood displacement 
to each streamline was mapped. Furthermore, to illustrate the 
generality of 3SDL, a full five-spot pattern on a 50 x 50 x 20' 
grid with four comer producers and one central injection 
was considered. The producers are completed in the upper 
10 gridblocks and the injector is completed in the lower 
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10 gridbk-cks. Three different fields with.varying reservoir het- 
erogeneity were generated using GSLIB. 

Case 1 was a diagonally oriented permeability field with 
a correlation length of A, = 0.3 in the on-trend direction and 
h, = 0.03 in the off-trend direction. The v d c a l  Correlation length 
is A,, = 0.1. Case 2 was an isotropic areal distribution with A, 
= 0.4 and a vertical correlation of h, = 0.1. Case 3 was a diag- 
onally oriented field with h, = 0.4 in the main trend direction, 
and off-trend horizontal correlation with A, = 0.1, and a ver- 
tical correlation of A,, = 0.8. 

Figure 5 summarizes the oil recoveries under waterflood- 
ing for the three permeability fields. Clearly the results from 
the two simulation methods are in excellent agreement for all 
cases. Again ECLIPSE suffers from numerical diffusion, 
which can lead to optimistic recoveries, depending on the inter- 
action of major flow directions with permeability correlations. 
Note that the 3DSL solutions required between 10 and 20 times 
less central processing unit (CPU) usage than the ECLIPSE 
solutions. So not only does 3DSL generate accurate results for 
waterfloods, but it does so in a fraction of the time. 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20 
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Fig. 5 ECLIPSE (- - - -) and 3DSL (-) recovery curves of a full 
50 x 50 x 2 five-spot waterflood displacement for three different 
permeability fields. 

Conclusions 

The methods of calculating two-dimensional displace- 
ments to 3-D systems by tracing streamlines from injectors to 
producers developed by Thiele et al.12 have been successfully 
extended. The examples given highlight the advantage of 
the streamline technique over conventional finite-difference 
results. The advantages include that 3DSL gives fast accurate 
results, is a useful tool for quantifying the effects of numer- 
ical diffusion in conventional simulations, and provides a 
way to quickly analyze equiprobable geological models, 
thereby giving a distribution of possible recovery curves. 
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Objectives 

The objectives of the project include (1) modeling hori- 
zontal wells to establish detailed three-dimensional (3-D) 
methods of calculation that will successfully predict horizon- 
tal well performance under a range of reservoir and flow con- 
ditions; (2) reservoir characterization studies to investigate 
reservoir heterogeneity descriptions of interest to applications 
of horizontal wells; (3) experimental planning and interpretation 
to critically review technical literature on two-phase flow in 
pipes and the correlation of results in terms of relevance to 
horizontal wells; (4) defining methods for determining 3-D 
coarse grid approximations (e.g., pseudo-functions) for hor- 
izontal wells with calculations developed; (5) developing multi- 
well models interactively coupled to large-scale reservoir 

simulation; (6) test models with field examples; (7) enhanced 
oil recovery @OR) extensions of models to handle compo- 
sitional effects for miscible displacement, thermal effects for 
steam processes, and combination processes; and (8) appli- 
cation studies for horizontal wells. 

Summary of Technical Progress 

More than 200 two-phase flow experiments have been com- 
pleted at the Marathon facility. These experiments include 
many runs with liquid and/or gas radial inflow at 0, +2, and 
-2 inclination angles. AU the experiments have been recorded 
on video tapes, which has resulted in about 60 h of video that 
will be used for flow-pattern visualization and recognition. Data 
files have been converted to easy-to-use Excel workbooks. The 
complete analysis of all the data is under way. 

Work on developing methods for coupling between reser- 
voir and the wellbore is progressing. A single-phase analyt- 
ical simulator has been written in C-H- language that uses ana- 
lytical productivity index formulas to couple the reservoir and 
the wellbore. The code has been tested successfully against 
a commercial simulator. The code also contains a general mod- 
ule for incorporating friction on the basis of any flow model 
in the wellbore. 

Work on developing the three-dimensional (3-D) flexible 
grid simulator (Flex) is progressing. Extensive testing of the 
grid generation and visualization modules of the simulator is 
continuing while modifications and improvements are being 
made to these capabilities. In addition, the testing of the sim- 
ulator for flow problems began. 

The accuracy of available correlations and analytical mod- 
els for breakthrough times of horizontal wells is being inves- 
tigated through stimulations of a field case. In addition, the 
methodology of embodying a given model in a simulator 
for running coarse-grid simulation to study cresting behavior 
is under investigation. 

New correlations for the liquid fraction entrained (FE) and 
the gas-liquid interfacial friction factor (8) were developed 
for the annular mist flow in horizontal and inclined pipes. These 
coqelations were installed in the mechanistic model, and the 
early tests reveal a significant improvement in prediction 
accuracy of liquid holdup and pressure gradient over the 
available models. 

The semianalytical method developed for calculating 
critical cresting rates has been extended to the case of simul- 
taneous gas and water coning toward a horizond well. The 
method was applied to an example problem involving water 
and gas cresting for both isotropic and anisotropic cases 
with the horizontal well located above and below the optimum 
well location. Simulations were also performed to estimate 
critical cresting rates for the same example problem. Very 
good agreement was shown behveen the results of the appli- 
cation of the example problem and those of the direct numer- 
ical simulation. 
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Objective 

The objective of the Stanford University Petroleum 
Research Institute (SUPRI) is to conduct research directed 

toward increasing the recovery of heavy oils. Presently, 
SUPRI is working in five main areas: flow properties 
studies, in situ combustion, steam injection with additives, 
formation evaluation, and field support services. 

Summary of Technical Progress 

Flow Properties Studies 

The report on end effects during unsteady state oil-water 
displacement experiments has been delayed because of 
difficulties in setting up communication by computer with 
the researcher, who is working overseas. 

The computerized tomography (CT) scanner for three- 
phase saturation measurements was calibrated. This work 
is essentially complete. Preliminary design is under way 
on the positioning system for scanning in the vertical 
mode. 

Construction is complete on a flow system for isothermal 
studies of flow through fractured media. Local porosities 
were determined by water saturation and by scanning. 
The two methods gave close results. The model was saturated 
by water and the imbibition process was observed by the 
CT scanner. 

Construction of the equipment for the steam-water 
relative-permeability studies is complete. Preliminary runs 
on nitrogen-water systems are described in Sa& et al.1 and 
in Mamora and Brigham.2 
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In Situ Combustion 

The report describing five in situ combustion tube runs 
with Saudi tar and metallic additives is being expanded to 
include two other runs with a different oil. The two new tube 
runs involve a sulfur-rich Middle Eastern oil. One of the runs 
is a control run, and the other contained tin as a metallic addi- 
tive. One industry associate has performed spectroscopic 
analysis of the products of combustion. The burned cores, 
as well as the combustion products, are analyzed in detail 
so that the additive transport and the combustion process 
are better understood. It appearsthat, at the end of the run, 
most of the tin remains distributed in the sandpack as tin 
oxide. Future experiments will look at injection of a slug 
of additive solution to study transport mechanisms of the 
metallic salts. 

Steam Injection with Additives 

Interpretation is progressing on the waterflood and steam- 
flood experiments in the three-dimensional model with oil 
present. Good saturation data were obtained by the CT 
scanner, and verification will be done using mass and heat 
balances on the model. 

The report on the steam injection experiments in frac- 
tured media is essentially complete. An abstract of a paper on 
this work was accepted for presentation at the Symposium on 
Improved Oil Recovery in April 1996. 

The draft report on the observations of foam flow at low 
surfactant concentration in realistically sized silicon micro- 
models was modified for calculation of the micromodel 
permeability. 

Field Support Services 
A paper summarizing work done on the steam drive 

project in the Wilmington field has been prepared for 
presentation at the International Energy Agency meeting in 
October 1995. Previous work consisted of heat balance 
calculations and determination of the heat losses. The 
extension of this work includes an economic analysis and 
a risk evaluation that use Monte Carlo simulation on both 
the technical and economic variables. Reports on injectiv- 
ity and flow in doublets are in draft stage. 
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Objectives 

The objectives of this research are to continue previous 
work and to wry out new fundamental studies in the following 
areas of interest to thermal recovery: displacement and flow 
properties of fluids involving phase change (condensation- 
evaporation) in porous media; flow properties of mobility con- 
trol fluids (such as foam); and the effect of reservoir hetero- 
geneity on thermal recovery. The specific projects are moti- 
vated by and address the need to improve heavy oil recovery 
from typical reservoirs as well as from less conventional 
fractured reservoirs producing from vertical or horizontal 
wells. 

Thermal methods, paxticularly steam injection, are recog- 
nized as the most promising for the efficient recovery of 
heavy oil. Despite significant progress, however, important 
technical issues remain unresolved. Specifically, knowledge 
of the complex interaction between porous media and the 
various fluids of thermal recovery (steam, water, heavy oil, 
gases, and chemicals) is still inadequate, and the interplay 
of heat transfer and fluid flow with pore- and macro-scale 
heterogeneity is largely unexplored. 

Summary of Technical Progress 

During this quarter a paper on the pore-level mechanics of 
steam displacement was completed.1 A theory was devel- 
oped that accounts forthe effects of heat transfer and conden- 
sation on the dynamics of front propagation at the pore- 
network scale. The theory predicts the existence of a compact 
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displacement pattern at conditions when heat transfer pre- 
dominates (small Peclet number and large Stefan number) as 
a result of a reduction of the effective mobility ratio. Pore- 
network simulations that were conducted support this theory. 
The results show that relative permeabilities (and residual sat- 
urations) in steam displacements should also depend on the 
rate of heat transfer. The specific dependence is under inves- 
tigation. This approach is valid to various other problems involv- 
ing phase change in porous media. 

A paper on the adsorption of steam in very tight rocks, such 
as encountered in geothermal systems, was also completed.2 
The results indicate the possibility of residual adsorbed 
liquid as a result of the strong interaction between the pore walls 
and the liquid in pores of a small diameter. This behavior 
translates into a strong hysteresis loop, which increases 
with temperature. Experiments conducted were interpreted 
successfully with the use of a pore-network approach and 
percolation concepts. 

Work continues on the extension of the steam displacement 
model to a three-phase system involving oil, water vapor, and 
water liquid under conditions that simulate steam displacement 
of oil. In addition, work continues in the analysis of the sta- 
bility of phase change fronts in porous media with the use of 
a macroscopic approach. 

Heterogeneity 

Work has continued on the optimization of recovery 
processes in heterogeneous reservoirs with the use of optimal 
control methods. The theory addresses the injection strategy 
that maximizes the recovery efficiency of a multiple-well 
system at various defined targets (e.g., at water breakthrough 
or at a fixed water cut). In the absence of gravity and capil- 
lary effects, the theory predicts that the efficiency is maximized 
by an on-off injection schedule. Effects of heterogeneity 
were also considered. Current work proceeds in three direc- 
tions: (1) improving the numerical scheme for determination 
of the optimal control variables, (2) exploring the sensitivity 
of the geometric and heterogeneity parameters on the optimal 
control policy, and (3) conducting experiments with the use 
of simple geometries. 

A paper was finalized on the effects of long-range corre- 
lations (for example, with the use offractional Brownian motion 
statistics) on invasion percolation? and a note on the effective 

permeability of strongly disordered systems was completed.4 
Ongoing work addresses the problem of inverting capillary pres- 
sure data to infer.the pore-size distribution with the use of a 
pore-network approach. The connectivity of the pore space sig- 
nificantly affects the results obtained. A Ph.D. dissertation was 
completed that describes the study of the dynamics of inva- 
sion fronts in heterogeneous and anisotropic porous media at 
low rates.5 Current work includes the development of a the- 
ory for the effect of the flow rate on relative permeabilities and 
displacements in heterogeneous media.6 

Work has continued on developing viscous fingering mod- 
els based on the concept of Transverse Flow Equilibrium 
and using the theory of small fluctuations. With the use of a 
similar approach, the displacement of a miscible fluid by another 
in the gap of a Hele-Shaw cell or in a long capillary was inves- 
tigated? Finally, a paper was written on the nature of the insta- 
bility involving density and viscosity differences in the pres- 
ence of gravity.8 

Chemical Additives 

Work continued on the behavior of non-Newtonian fluid 
flow and on foam displacements in porous media. An approach 
based on a novel invasion process is being used to study the 
displacement of foams in porous media. 
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INTERDISCIPLINARY STUDY OF 
RESERVOIR COMPARTMENTS 

Contract No. DE-AC22-93BC14891 

Colorado School of Mines 
Golden, Colo. 

Contract Date: Sept. 29,1993 
Anticipated Completion: Sept. 30,1996 
Government Award: $753,266 

Principal Investigator: 
Craig W. Van Kirk 

Project Manager: 
Robert Lemmon 
Bartlesville Project Off ice 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this research project is to document the inte- 
grated team approach for solving reservoir engineering prob- 
lems. A field study integrating the disciplines of geology, 

geophysics, and petroleum engineering is the mechanism for 
documenting the integrated approach. The goal is 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. 

Summary of Technical Progress 

Reservoir Characterization 

Distributions for porosity, water saturation, net sand thick- 
ness, permeability thickness product, temperature gradient, and 
hydrocarbon thickness were derived from the log analysis data. 
' The distributions for net sand thickness, permeability 

thickness product for pay sands, and hydrocarbon thickness 
are shown in Figs. 1 to 3. The values for the figures are based 
on the laboratory condition permeability measurements. A 
correction is necessary to relate to subsurface conditions. 
These are for the wells with pay sand for th'e entire Terry 
interval. 

Reservoir Simulation 

Substantial effort was dedicated during this quarter to the 
understanding of the reservoir fluid distribution. In this study 
the following variables are uncertain: initial reservoir pressure, 
bubble-point pressure, and fluid composition. 
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Fig. 1 Distribution of net sand thickness for the Colorado School of 
MineslDOE Terry sandstone study area. Descriptive statistics for NET: 
data points, 181; average, 23.852780; average deviation, 17.214850; 
standard deviation, 20579230; variance, 423504700; skewness, 6.751226 
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Fig. 2 Distribution of permeability thickness product for pay sands for 
the Colorado School of MineslDOE Terry sandstone study area. 
Descriptive statistics for KH: data points, 181; average, 100.376500; aver- 
age deviation, 82.125650; standard deviation, 134.671700; variance, 
18136.470000; skewness, 4.344039; and curtosis, 27.989300. 

Initial Pressure and Bubble-Point Pressure 

The maximum known pressure of 1768 psig was recorded 
in April 1976 at a depth of 4422 ft. This pressure was recorded 
before fracture stimulation with the completion fluid still in 
the well. It was noted that the well was on a vacuum. A sec- 
ond pressure of 1572 psig was recorded after fracture stimu- 
lation and well cleanup. On the basis of this information, the 
initial reservoir pressure is estimated to be between 1600 
and 1750 psia and equal to the bubble-point pressure. The 
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Fig. 3 Distribution of hydrocarbon thickness for the Colorado School 
of Mmes/DOE Terry sandstone study area. Descriptive statistics for 
HCFT: data points, 181; average, 1.458475; average deviation, 1.088671; 
standard deviation, 1360134; variance, 1.849965; skewness, 1.178234; 
and curtosis, 1.896953. 

initial pressure will be different for each fault block because 
the gas-oil contacts (GOCs) are at different depths. The 
uncertainty of the estimates may narrow during history 
matching. 

Fluid mes 
The average oil gravity was 51 "MI h m  the predominantly 

oil area and 60 "API from the gas area. The gas gravity aver- 
aged 0.8 "API for the whole focus area. On the basis of the fluid 
analysis from production reports, one set of pressure- 
volume-temperature properties will adequately model 
the reservoir fluid in the different compartments. With correla- 
tions, an oil gravity of 51 "API, and a gas gravity of O.8"API7 
the gas in solution is approximately 757 standard cubic 
feet/barrel (scfhbl). This agrees with the observed initial 
producing gas/oil ratios (GOR) in the oil zone. 

Regions 

The focus area was split into three regions. Currently, the 
relative permeability curves and PVT properties are consid- 
ered constant throughout the focus area and did not influence 
the determination of the regions. These regions were incor- 
porated into the model to account for the different GOC 
depths in different fault blocks, which correlate to either a pre- 
dominantly oil area, gas area, or an area with intermediate 
GOR values. The highly compartmentalized nature of the 
Hambert field is the result of extensive faulting. The trans- 
missibility of the faults (whether they are sealing or not) will 
be refined during history matching. 

Figure 4 is an example well log, where the shale cor- 
rected density and neutron logs indicate a GOC. The relative 
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Fig. 4 Neutron-density curve sepaFtion used to support gas-oil contact. (Art reproduced from best available copy.) 

amount of neutrondensity separation was used to support GOC 
selection. Many of the wells with neutron and density logs do 
not have a clear separation of these two curves. Cross sections 
were prepared for different parts of the, field. An example is 
shown in Fig. 5. The cross section A-A is shown on the area 
map, Fig. 6. Cross sections were made to augment the deter- 
mination of GOCs for the compartments on a depth basis. 
Perforated zone, GOR, and neutron-density data were inte- 
grated with the structural data to estimate the GOC; for exam- 
ple, the higher the GOR, the more the perforated zone was 
assumed to be saturated with gas and less with oil. The cross 
sections indicate that the gas is in the upper layers and the oil 
is predominantly in lower zones within any fault block 
having a GOC. 

Many of the wells that had an initially low GOR @re- 
dominantly oil zone) are still producing oil at reasonably 
low GOR values. For wells that started with an intermediate 
GOR value, the gas invasion is minimal and the GOC is 
within the perforated interval. The wells producing with high 
initial GORs are in a block or region that is predominantly gas, 
with little or no oil present. In these cases the GOR is constant 
at a value greater than 50,000 scabl .  

Simulation Model Layers 
The geologic description and the petrophysical analyses have 

identified nine layers. The top and bottom layers were elim- 
inated from consideration because they were shale. The iden- 
tified geologic layers were combined into five layers for the 
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Well Name 
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LAYER 2 - 
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15329 08925 09580 
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Fig. 5 Northwest-southeast Terry sandstone cross section A-A'. 

reservoir simulation model. The layers for the simulation 
model are summarized in Table 1. Most of the wells are per- 
forated in simulation model layers 3,4, and 5. 

Gross and Net Thickness 

Manual.mapping of layers 5-6 and 7-8 was performed with 
a northwest to southeast depositional trend. Computer maps 
were generated using petrophysical derived net thicknesses, 
kriging software, and the assumed depositional trend. 
Comparisons of the computer maps with the manual mapping 
of layers 5-6 and 7-8 show good agreement. The perimeter 
wells in the buffer area have been analyzed and are ready to. 
be incorporated into the final maps. 

Porosity and Water Saturation 

The porosity and water saturation values obtained by the 
petrophysical analysis are being processed in a manner sim- 
ilar to net thickness values. 
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Permeability 

The permeabilities were estimated from two sources. The 
permeabilities estimated from the production-frac type curves 
compare favorably with the permeability map developed 
using the correlation derived from log data and the mini- 
permeameter analysis. Individual permeability distributions 
for the selected layers were prepared from the log trans- 
forms. Maps were prepared using the kriging software and 
imported into the simulator. 

Relative Permeability 

Relative permeability data obtained from the Terry sand- 
stone core experimental work will be used as a starting point 
in the simulation model. These curves were obtained from the 
best of the three cores measured. The measured water relative 
permeability is very low (approximately 0.1 at residual oil sat- 
uration). This agrees with field performance, where the water 
production is insignificant. Similarly, gas .coning is not a 



problem, which may be attributed to the low vertical perme- Leases 
ability and the shale laminae of the sand bodies. Increasing 
GORs is not a problem, which supports a slow advance of the 
free gas in the reservoir. 

There are a few cases where production was reported for a multi- 
well lease. In some cases, the GOR history behaved opposite 
from what was normally expected (i.e, the GOR decreased 

4N 

3N 

Fig. 6 Terry structure map with cross section A-A'. (Art reproduced from best available copy.) 
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instead of increasing). This behavior is probably attributable 
to the inclusion of a new oil well in a lease report. Individual 
production is not available in these cases, and the history match- 
ing will be compared to lease production. 

TABLE 1 

Comparison of Geologic and Simulation 
Models 

Geologic model Descriptions Simulation model 

Layer 0- 1 
Layer 1-2 
Layer 2-3 
Layer 3-4 
Layer 4-5 
Layer 5-6 
Layer 6-7 
Layer 7-8 
Layer 8-9 

Top shale layer 
Top sand body 
Shale layer 
Sand body 
Shale layer 
Sand body 
Shaly sand body 
Sand body 
Shale layer 

Not used 
Layer 1 
Layer 2 
Layer 2 
Layer 3 
Layer 3 
Layer 4 
Layer 5 
Not used 

IMPROVED RECOVERY FROM GULF 
~ OF MEXICO RESERVOIRS 

, Contract No. DE-FG22-95BC14802 

' Louisiana State University 
Baton Rouge, La. 

1 Contract Date: Feb. 14,1995 
Anticipated Completion: Aug. 13,1995 
Government Award: $1,266,667 

Principal Investigators: 
W. Kimbrell 
2. Bassiouni 

~ A. Bourgoyne 

Project Manager: 
Edith Allison 

~ Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

This project is a 1-yr continuation of a research program 
to estimate the potential oil and gas reserve additions that 
could result from the application of advanced secondary 
and enhanced oil recovery (EOR) technologies and the 
exploitation of undeveloped and attic oil zones in the Gulf 
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of Mexico oil fields that are related to piercement salt domes. 
This research will continue work in reservoir description, extrac- 
tion processes, and technology transfer. Detailed data will be 
collected for two previously studied reservoirs a South Marsh 
Island reservoir operated by Taylor Energy Co. and one addi- 
tional Gulf of Mexico reservoir operated by Mobil. Additional 
reservoirs identified during the project will also be studied if 
possible. Data collected will include reprocessed two- 
dimensional (2-D) seismic data, newly acquired three- 
dimensional (3-D) data, fluid data, fluid samples, pressure data, 
well test data, well logs, and core datalsamples. The new data 
will be used to refine reservoir and geologic characteriza- 
tion of these reservoirs. Further laboratory investigation will 
provide additional simulation input data in the form of 
pressurevolume-temperature (PVT) properties, relative per- 
meabilities, capillary pressures, and water compatibility. 
Geological investigations will be conducted to refine the 
models of mud-rich submarine fan architectures used by 
seismic analysts and reservoir engineers. Research on advanced 
reservoir simulation will also be conducted. 

The research effort is being conducted in four major areas: 
(1) Reservoir characterization research, (2) simulation of 
extraction processes, (3) improved oil recovery, and (4) tech- 
nology transfer. 

Summary of Technical Progress 

Reservoir Characterizalbn Research 

During this quarter, 2-D and 3-D seismic data for the 
South Marsh Island 73 reservoirs' analyses were acquired. The 
2-D data have been viewed and are available at Taylor Energy 
Co. The non-exclusive sole-source 3-D data have been pur- 
chased from Geco-Prakla and are waiting to be loaded into 
workstations at Louisiana State University (LSU). The 
workstations, a Silicon Graphics Indigo 2 and a Sun Sparc 20, 
have been purchased and delivered to LSU. The systems 
are being set up. In addition, Landmark Graphics' 3-D inter- 
pretational software has been purchased and delivered. This 
software is also waiting to be loaded into the workstations. 

Updated reservoir and geologic data on the previously 
studied reservoirs in South Marsh Island 73 have been 
collected. This information will be continually updated as 
needed during the project. Reservoir fluid samples will also 
be collected for laboratory work. Additional information has 
also been requested frod Mobil in order to upgrade and 
modify characterization and simulation of the reservoir that 
they operate. 

Extraction Research-Simulation of Extraction 
Processes 

The modification of the BOAST simulator to incorporate 
adaptive localized grid refinement capabilities using finite 
methods continues. 



ASSIST IN THE RECOVERY OF 
BYPASSED OIL FROM RESERVOIRS 
IN THE GULF OF MEXICO 

Contract No. DE-AC22-92BC14831 

Louisiana State University 
Baton Rouge, La. 

Contract Date: Feb. 18,1992 
Anticipated Completion: Dec. 30,1995 
Government Award: $2,025,755 

Principal Investigator: 
Philip A. Schenewerk 

Project Manager: 
David Alleman 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this research is to assist recovery of non- 
contacted oil from known reservoirs on the Outer Continental 
Shelf (OCS) in the Gulf of Mexico. Mature offshore reservoirs, 
declining oil reserves, declining production, and other natural 
forces are accelerating the abandonment of offshore oil 
resources and production platforms. As these offshore wells 
are plugged and platforms are abandoned, an enormous vol- 
ume of remaining oil may be permanently abandoned. 
Significant quantities of this oil could be recovered with 
advanced technologies now available if the resource can be 
identified. Project research has three broad phases: data 
analysis, supporting research, and technology transfer. 

The Tertiary Oil Recovery Information System (TORIS)- 
level data will be collected on the major fields located in the 
piercement salt dome province of the Gulf of Mexico OCS. 
Representative reservoirs will be studied in detail to evaluate 
undeveloped and attic oil reserve potential. These detailed 
investigations will be used to calibrate the TORIS-level pre- 
dictive models and to assess the recovery potential of advanced 
secondary and enhanced oil recovery (EOR) processes and 
the exploitation of undeveloped and attic oil zones for salt dome 
reservoirs in the Gulf of Mexico. 

Supporting research will focus on the modification of 
public domain reservoir simulation models to accurately sim- 
ulate the conditions encountered in the piercement salt dome 
province of the Gulf of Mexico. Laboratory research will focus 
on the development of fluid relationships that will be used in 
the simulation of miscible and immiscible processes in the 
project area. 

A significant effort is planned to transfer the results of this 
project to potential users of the technology. Technology trans- 

fer activities will also provide feedback channels that will help 
keep the analysis and supporting research focused on the 
most important problems associated with this project. 

Summary of Technical Progress 

Progress continues in reducing the data to fit a simplified 
model and redescribing the resource to accommodate known 
production behavior and certain geologic assumptions. 

Much of the remaining oil offshore is trapped in formations 
that are extremely complex as a result of intrusions of salt 
domes. Conventional seismic processing techniques cannot 
clearly image these traps or the full extent of oil-bearing 
segments near the salt domes; therefore substantial volumes 
of oil may have remained uncontacted by previous drilling. 

Significant innovations have been made in seismic pro- 
cessing and mathematical migration of seismic signal. In 
addition, significant advances have been made in deviated and 
horizontal drilling technologies and applications. These tech- 
nology advances make it possible to reprocess existing seis- 
mic data to identify non-contacted portions of the reservoirs, 
which can then be contacted using advanced drilling technol- 
ogies to kick out new wells from existing wells. Effective appli- 
cation of these technologies, along with improved recovery 
methods, offers opportunities to.significantly increase Gulf of 
Mexico production, delay platform abandonments, and pre- 
serve access to a substantial remaining oil target for EOR 
and other advanced recovery processes. 

Data Reduction 

The assignment of production data to individual well loca- 
tions within each reservoir to be used in subsequent model- 
ing process is complete. Key production characteristics, 
which include the completion date, first production date, 
first significant water-cut date, first high gas/oil ratio (GOR) 
production, water-out date, last production date, and the 
annual production of each, have also been generated for each 
well. The final TORIS database is complete and has been 
checked. Production data have been matched, production 
characteristics have been determined, and missing data have 
been defaulted. 

Model Development 

A model that uses the relative production performance of 
adjacent wells within each reservoir as a means for assigning 
a greater or lesser degree of likelihood for the placement of 
an unmapped fault barrier between the wells has been devel- 
oped. The model will use a simple material balance routine 
instead of BOAST for confirmation of the redefined reservoir 
description. Work is also continuing on the development of a 
simplified model to predict the recovery of updip oil via gas 
injection cycles on the basis of model and laboratory work. 
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QUANTIFY INTER WEL L HETEROGENEITY 

Contract No. DE-AC22-93BC14893 

New Mexico Institute of Mining and Technology 
Socorro, N. Mex. 

Contract Date: Sept. 29,1993 
Anticipated Completion: Sept. 30,1996 
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Objective 

The objective of this project is to integrate advanced geo- 
science and reservoir engineering concepts with the goal of 
quantifying the dynamics of fluid-rock and fluid-fluid inter- 
actions as they relate to reservoir architecture and lithologic 
characterization. This interdisciplinary effort will integrate 
geological and geophysical data with engineering and petro- 
physical results through reservoir simulation. Subcontractors 
from Stanford University (SU) and the University of Texas 
at Austin (UT) are collaborating on the project: SU is super- 
vising the geophysical research, and UT is supervising the 
hydrologic and tracer research. Several members of the 
Petroleum Recovery Research Center (PRRC) staff are par- 
ticipating in the development of improved reservoir descrip- 
tion by integration of the field and laboratory data, as well as 
in the development of quantitative reservoir models to aid 
performance predictions. 

Summary of Technical Progress 

Sediment Lithology 

One of the purposes of this study is to determine if any of 
the features that are noted in outcrop (facies architecture, 
lithologic variability, possible correlation of petrophysical 
parameters with change in other rock properties) can be used 
to condition reservoir models to improve characterization of 
the reservoir. Additionally, because core material from the 
Sulimar Queen field is limited, it would be advantageous if out- 
crop rocks would provide suitable analogs for laboratory 
imbibition experiments. Comparison of outcrop and reservoir 
sands, therefore, is necessary to determine the differences and 
similarities. Detailed analysis of both outcrop and reservoir 
samples is under way. preliminary petrographic data indicates 
that there are sisnifici;lt differences between the two, particdar~y 
in composition of pore-filling cements. 

Figure 1 shows a compositional plot of samples examined 
to date. The outcrop and reservoir samples are fairly similar 
in framework grain composition, although reservoir rocks tend 
to have slightly more feldspar, attributed to increased disso- 
lution of feldspar from surface and near-surface weathering 
effects in outcrop samples. Both outcrop and reservoir rocks 
are arkosic to subarkosic,' which is what causes the strong 
gamma ray response in wireline logs. 

Quae 

Fig. 1 Framework grain composition of Rocky A m y o  (A) and mer- 
voir core samples (*, SQ 1-16). Samples plot in subarkose and arkosic 
sectors, with very few other rock fragments present. High feldspar con- 
tent indicates a nearby source of sediments. 

Geologic Studies 

Field Work 
Figure 2 shows composition of various pore-filling cements 

in reservoir rocks. On the basis of cement type, it can be seen 
that the two sample sets fall into distinct groups. Reservoir 
rocks contain primarily anhydrite and gypsum cements, with 
some dolomite. Outcrop samples have very little anhydrite or 
gypsum, which is to be expected given the high solubility of 
these minerals. Instead, pore space is occluded by coarse 
and finely crystalline dolomite, quartz, and various clay 

During this quarter, additional field work has been com- 
pleted. Several measured sections have been sampled on a more 
rigorous basis, which is necessary for any statistical analysis, 
and permeability and porosity data are being acquired for these 
new samples. 

, _ .  



Anhydrite +gypsum TABLE 1 

Cores Used in Centrifuge Study 

19%.2 1998.1 

Quartz cement Carbonate cement 

Fig. 2 lkianylar diagram showing composition of major pore-filling 
cements in Rocky Arroyo (A) and reservoir core samples (0, SQ 1-16). 
Most reservoir rocks contain some percentage of anhydrite or gypsum 
cement, w h e w  outcrop samples have tittle, but contain more quartz and 
carbonate cements. 

minerals, These compositional differences in pore-filling 
cement will probably preclude the use of outcrop rocks for 
wettability studies. All of the outcrop samples examined 
have been from the Rocky Arroyo area, and it is possible that 
samples from Bone Tank Draw will bear a closer resem- 
blance to those seen in the Sulimar Queen reservoir. 

Wettubility of Sulimar Queen Preserved Cores 

Porosity, % 
Length, cm 
D. cm 
I(N2r * 
K w j  
K0,swi * 
Kw,sor mD 
KoSwi * 
Amott-Water Index, I, 
Amott-Water Index, Io 
Amott-Harvey Index 
USBM Index, IUsBM 

24.49 
4.985 
3.719 
61.8 
6.28 
34 
18 
52 
0.002 
0503 
-0501 
-0.35 

23.14 
4.953 
3.716 
38 
1.22 
21 
10 
23 
0.193 
0.576 
-0.383 
-0.32 

TABLE2 

Synthetic Reservoir Brine 

Salts m S n  

NaHCO3 282 
Na2S04 4,303 
CaClZ6H~O 7,776 
MgC1243320 74,6 12 
NaCl 262,3 14 

TABLE 3 

Sequence of Experiments Capillary pressures and relative permeabilities were mea- 
sured by Westport Technology Center International (WTCI) 
using the centrifuge technique. Two samples were taken from 
sections of preserved Sulimar Queen core. The sealed core pack- 
ages were examined by computerized tomography (0 scan- 
ning to find the least heterogeneous sections. Two sections (1996.1 
to 1996.4 ft and 1998.0 to 1998.4 ft) were opened and core plugs 
drilled in the most homogeneous portions of the whole core on 
the basis of the CT images. Physical properties of the core plugs 
(dimensions, porosity, permeabilities) are given in Table 1. 

Core plugs were flushed with synthetic reservoir brine 
(Table 2) diluted to 3/4 strength. The dilution was chosen to 
preserve the ratios of ions present in the reservoir brine and 
to avoid the possibility of precipitation from the nearly satu- 
rated, full-strength brine. No further cleaning of the pre- 
served core plugs was attempted. 

Displacements were performed beginning with the flushed 
cores as outlined in Table 3. These included measurements of 
water-oil and gas-oil capillary pressure curves and relative 
permeabilities. Data and models used to fit centrifuge data, 
resulting in the capillary pressure (p,) and relative permeabil- 
ities OC;) reported, are shown in Figs. 3,4, and 5. 

The results of the centrifuge tests, with respect to the 
wettability of the preserved core samples, are included in 

defined as the ratio of water or oil that imbibes spontaneously 
to the total shift in saturation by spontaneous and forced dis- 
placement. In this case, the spontaneously imbibed volume is 
approximated by spinning the samples at very low speed. The 
combined Amott-Harvey index is given by: 

Table 1. The Amott indices to water (I,) and oil (I,) are I, =I, - I, 

Step Experiment Displacing phase 

1 pc Oil 
2 pc water 
3 pc oil 
4 1 t  water 
5 4  Oil 

L 6 P, gas 
7 1 t  gas 
8 cleaning (1)Dean-Stark 

(2) flowing toluene, 
methanol. and THF 

9 442.4 

Note: Pc, capillary pressure. k,., relative per- 
meability. kN2, 4, porosity. 
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The final wettability measure in Table 1 is the U.S. Bureau of 
Mines (USBM) index, IusBM, which is the ratio of the logs of 
the areas under the P, curves from steps 1 and 2 in Table 3. 

Both core samples imbibe oil, giving estimates for I, of 
more than 0.5. One of the samples also imbibes a significant 
amount of water. The Amott-Harvey and USBM indices 
both indicate preferentially oil-wet behavior. 

A more accurate description is probably mixed-wet because 
one of the cores imbibes both water and oil. Mixed wetting 
implies that there are surfaces that are preferentially water-wet 
and other surfaces that are more oil-wet. The fact that both 
fluids are observed to imbibe demonstrates the existence of 
interconnected pathways of both water-wet and oil-wet sur- 
faces. It should be emphasized that this evidence is not con- 
clusive vis-&-vis the reservoir since disturbances in temper- 
ature, pressure, and brine composition have all had an 
opportunity to act during the period of storage of the preserved 
core. It is the best available estimate of reservoir wettability, 
nevertheless, and fits well with accepted views on reservoir 
wetting. 

Single- Well Wertability Test Design 

The design of the single-well wettability tracer test 
(SwWrr) has changed significantly from the preliminary 
design repoaed in earlier reports. These changes were required 
because of results of new information, such as the estimated 
reservoir wettability conditions and the lower injection and 
production rates anticipated in the test well. Additional sen- 
sitivity analyses are beiig performed on the base case, and addi- 
tional factors, such as relative permeability models that 
include hysteresis and the effect of heterogeneity, are being 
evaluated. 

Geophysical Research 

The geophysical data, resulting from the crosswell tomog- 
raphy experiment that was conducted in December 1994, 
were processed to obtain a velocity tomogram and a reflection 
image. An important effort was devoted to tube-wave atten- 
uation, which consists of removing the tube-wave noise 
embedded in the recorded signals. First arrival times were picked 
with the use of the new signals and the P-wave sonic log from 
Well No. 1-16. Finally, a reflection image was derived after 
a wavefield separation using a common mid-depth gather. 

Reservoir Modeling 

In reservoir modeling, a procedure has been established to 
est&ate core porosities with the use of a neural network. Old 
style neutron logs and gamma ray logs have been correlated 
to core porosities that were available at five wells. Three of 
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Fig. 3 Capillary pressure curves for Sulimar Queen preserved cores 
from depths of (a) 1996.2 and @) 1998.1 ft. 

the wells were located in the Double L field located few 
miles north of the Sulimar Queen. With a neural network and 
the available core porosities, the correlation between old 
logs and core porosities was used to estimate the porosity in 
most of the Sulimar Queen wells. These porosities will be used 
in constructing a reservoir model. 
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RESEARCH PROGRAM ON FRACTURED 
PETROLEUM RESERVOIRS 
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Objectives 

The main objectives of this project are to develop a full 
understanding of the role of diffusive, capillary, gravity, and 
viscous forces in the flow of fluids in fractured porous media. 
The plan is to conduct a comprehensive experimental and 
theoretical research program to better understand the basic 
mixhanisms of oil recovery and recovery enhancement of frac- 
tured petroleum reservoirs. 

Summary of Technical Progress 

Expansion Rate Effect on the Initial 
Stage of Gas Phase Formation in 
Supersaturated Binaly Mixtures 

During this quarter the integral equation describing the 
nucleation and growth of bubbles in a supersaturated binary 
liquid mixture under constant expansion rate was considered. 

First, a general derivation of the integral equation describ- 
ing the time evolution of supersaturation caused by bubble 
nucleation growth was determined, and then a theoretical 
analysis of the initial state of the new gas phase formation was 
determined. The conclusion was reached that, when the 
number of microscopic nucleation sites is macroscopically 
large, the solution shows a weak dependence on the expansion 
rate, which is in contradiction with experimental data. With 
few nucleation sites, the supersaturation extremum agrees with 
experimental data. 

I I 

Water Injection in Fracturednayered Porous Media 

Work this quarter included the study of water displacement 
efficiency in layered and fractured reservoirs with tight 

layers and tight matrix, respectively. This study, which 
addresses the issue of water injection in fractured reservoirs 
with tight matrix, completed the experimental work for this 
project As a result of this study, it was established that very 
tight matrix could contribute to recovery. 

GEOSCIENCW ENGINEERING RESERVOIR 
CHA RACTERIZATION-GYPSY PROJECT 

Contract No. DE-FG22-94BC14970 

University of Oklahoma 
Norman, Okla. 

Contract Date: May 19,1994 
Anticipated Completion: May 18,1995 
Government Award: $348,000 

(Current year) 

Principal Investigator: 
Daniel J. OMeara, Jr. 

Project Manager: 
Robert Lemmon 
Bartlesville Project Office 

Reporting Period: July 1-Sep-. 30,1995 

Objective 

The overall objective of this project is to use the extensive 
Gypsy field laboratory and data set as a focus for developing 
and testing reservoir characterization methods that are targeted 
at improved recovery of conventional oil. The Gypsy fieldlab- 
oratory consists of coupled outcrop and subsurface sites that 
have been characterized to a degree of detail not possible in 
a production operation. Data from these sites entail geologi- 
cal descriptions, core measurements, well logs, vertical seis- 
mic surveys, a three-dimensional (3-D) seismic survey, cross- 
well seismic surveys, and pressure-transient well tests. 

The project consists of four interdisciplinary subprojects: 
(1) modeling depositional environments, (2) integrated 3-D 
seismic inteqmtation, (3) sweepefficiency, and (4) tracer test- 
ing. The first of these aims at improving the ability to model 
complex depositional environments that trap movable oil. The 
second is a development geophysics project that proposes to 
improve the quality of reservoir geological models through 
better use of 3-D seismic data. The third investigates the 
usefulness of a new numerical techique for identifying 
unswept oil through rapid calculation of sweep efficiency in 
large reservoir models. The fourth explores what can be 
learned from tracer tests in complex depositional environments, 
particularly those which are fluvial dominated. 
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Summary of Technical Progress 

During this quarter the main objectives involved wrapping up 
projects and beginning the writing of final reports. Work on the 
FY93 Gypsy Project (under conmt  No. DEFG22-94BC14970) 
should be completed by the end of the next quarter. 

GYPSY FIELD PROJECT IN 
RESERVOIR CHARACTERIZATION 

Contract No. DE-FG22-95BC14869 

University of Oklahoma 
Norman, Okla. 

Contract Date: April 6,1995 
Anticipated Completion: June 30,1996 
Government Award: $350,000 

(Current year) 

Principal Investigator: 
Daniel J. O’Meara, Jr. 

Project Manager: 
Robert Lemmon 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The overall objective of this project is to use the extensive 
Gypsy field laboratory and data set as a focus for developing 
and testing reservoir characterization methods that are targeted 
at improved recovery of conventional oil. The Gypsy field 
laboratory consists of coupled outcrop and surface sites that 
have been characterized to a degree of detail not possible in 
a production operation. Data from these sites entail geologi- 
cal descriptions, core measurements, well logs, vertical seis- 
mic surveys, a three-dimensional (3-D) seismic survey, cross- 
well seismic surveys, and pressure-transient well tests. 

The project consists of four interdisciplinary sub-projects: 
(1) modeling depositional environments, (2) upscaling, (3) sweep 
efficiency, and (4) tracer testing. The first of these aims at improv- 
ing the ability to model complex depositional environments 
that trap movable oil. The second entails testing the usefulness 
of current methods for upscaling from complex geological 
models to models that are more tractable for standard reser- 
voir simulators. The third investigates the usefulness of 
numerical techniques for identifying unswept oil through 
rapid calculation of sweep efficiency in large reservoir mod- 
els. The fourth explores what can be learned from tracer tests 
in complex depositional environments, particularly those 
which are fluvial dominated. 

Summary of Technical Progress 
Modeling Depositional Environments 

Activities this quarter involved modeling depositional 
environments. The aim of this work is to analyze within the 
context of interior optimal estimators the sensitivity of the recov- 
ery function to perturbations for finite dimensional estimation 
problems. If the perturbation of the parameter vector is related 
to perturbations of the parameter function in the distributed 
system, then an approach for using mathematical models to 
analyze the sensitivity of estimators to perturbations of the 
model coefficients can be determined. These methods may be 
used to optimize the problems (for example, an algorithm is 
indicated to locate observers according to a criterion that 
combines the fit-to-data functional with derivative informa- 
tion). By conducting such analyses, it is believed that better 
experiments can be designed to evaluate information available 
and to assess the value of additional information, which per- 
haps will reduce the cost of expensive data collection. 

GEOSClENCUENGlNEERINGlNEERlNG 
CHARACTERIZATION OF THE 
INTERWELL ENVIRONMENT IN 
CARBONATE RESERVOIRS BASED 
ON OUTCROPANALOGS, PERMIAN 
BASIN, WEST TEXAS AND NEW MEXICO 

Contract No. DE-AC22-93BC14895 

University of Texas at Austin 
Bureau of Economic Geology 
Austin, Tex. 

Contract Date: Sept. 29,1993 
Anticipated Completion: Sept. 28,1996 
Government Award: $354,400 

Principal Investigators: 
F. J. Lucia 
C. Kerans 

Project Manager: 
Robert Lemmon 
Bartlesville Project Office 

Reporting Period: July 1Sept .  30,1995 

Objectives 

The primary objective of this project is to investigate 
styles of reservoir heterogeneity found in low-permeability, 
pelleted wackestone-packstone facies and mixed 
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carbonate-clastic facies found in Permian Basin reservoirs by 
studying similar facies exposed in the Guadalupe Mountains. 
Specific objectives for the outcrop study include construction 
of a stratigraphic framework, petrophysical quantification 
of the framework, and testing the outcrop reservoir model for 
effects of reservoir heterogeneity on production performance. 
Specific objectives for the subsurface study parallel objectives 
for the outcrop study. 

Summary of Technical Progress 

Outcrop Activities 

Mapping and documenting ooid channel deposits contin- 
ued through the third quarter. Figure l a  illustrates the geom- 
etry of one channel deposit found in West Dog Canyon, and 
there are other channel deposits with similar geometries. The 
channels, which are perpendicular to depositional strike, are 
thought to have been formed by tidal currents. Permeability 
of the channel ooid grainstone is very high, whereas the 
flanking sandstones and packstones are dense and relatively 
impermeable. The channel is thus a super-permeability con- 
duit. Dip-elongate channel bodies appear to be confined to the 
transgressive system tract. Conversely, highstand systems-tract 
ooid grainstone bodies form strike-elongate shoals that are lat- 
erally continuous along dip and across strike for thousands of 

1 feet. Figure l b  is an isopach map of a typical ooid grainstone 
shoal found in the highstand systems tract. 

Subsugace Activities 
Dissolution of anhydrite is a major contributor to pro- 

ductivity in the South Cowden field. The dissolution results 
in higher porosity, well connected pore space, and enhanced 
permeability for a given porosity. Dissolution can be recog- 
nized in cores by (1) absence of anhydrite, (2) incipient 
inversion of anhydrite to gypsum, (3) calcite replacement of 
anhydrite, and (4) chalky anhydrite. Anhydrite dissolution and 
alteration also result in a unique. porosity-acoustic transit 
time cross plot. Figure 2a compares the transit time-porosity 
cross plot for wells with anhydrite alteration with those with- 
out anhydrite alteration. Because these trends are very different, 
they provide a wireline log method for using uncored wells to 
map the distribution of dissolution porosity. 

A map of the dissolution porosity (Fig. 2b), based on core 
and wireline log data, shows a belt of anhydrite removal and 
alteration on the eastern and southern flanks of the field. 
This suggests that the dissolution is the result of under- 
saturation waters flowing out of the Midland Basin before 
or during oil migration. Production maps show that the 
highest production is in areas of dissolution porosity. 

An initial simulation model of part of the Moss Unit has 
been prepared using a simple layering scheme and geostatis- 
tical techniques. Performance results from this model will 
be compared with results from more complicated'models 
that are being prepared, which are constrained by the 
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geology and operational history. Flow simulations using this 
simple model show higher recoveries than does actual field 
performance. 
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Fig. 1 Isopach maps of grainstone bodies from outcrops of the 
Grayburg Formation in the Brokeoff Mountains maps are based on 
measured sections (., isopach contours in feet) on Plowman Ridge and 
in West Dog Canyon. (a) Ooid grainstone channel in transgressive 
systems tract of Grayburg high-fmquency sequence 2, cycle 2, showing 
dip-elongate channel geometry. (b) Ooid grainstone body in the 
highstand systems tract of Grayburg high-frequency sequence 2, cycle 
12, showing strike parallel shoal geometry. 



80 

5 72 
ui 2 64 

C 3 56 

48 

Y 

I- 

F 

40 
0 0.06 0112 0.18‘ 0.24 0.31 

NEUTRON-DENSITY POROSITY (fraction) 

Fig. 2 Porosity enhancement from anhydrite dissolution. (a) 
Acoustic-porosity c m s  plot showing effect of dissolution porosity on 
acoustic travel time. (b) Map showing distribution of anhydrite dis- 
solution within Grayburg Formation of South Cowden field based on 
core data and acoustic log response. 

CommorLodular. poikilotopic, core Control 0 void-filing anhydrite - .  
Acoustic log control 
0 No dissolution porosity 
0 Dissolution porosity 

Altered anhydrite & gypsum 

Largescale anhydrite removal: 
calcite-lined vugs A Scattered dissolution 

porosity 

c 

45 



~. 
. ._ . . . ,, . - 



c 

RESOURCE ASSESSMENT 
TECHNOLOGY 

VISUAL DISPLAY OF RESERVOIR 
PARA METERS AFFECTING ENHANCED 
OIL RECOVERY 

Contract No. DE-AC22-93BC14892 

Michigan Technological University 
Houghton, Mich. 

Contract Date: Sept. 29,1993 
Anticipated Completion: Sept. 30,1996 
Government Award: $272,827 

Principal Investigator: 
James R. Wood 

Project Manager: 
Robert Lemmon 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this project is to provide small- to 
medium-size oil-field operators with the tools necessary for 
an enhanced oil recovery (EOR) evaluation of the same 

quality and sophistication that only large international oil 
companies have been able to afford to date. 

Summary of Technical Progress 

Spatial Database Manager 

Work on the spatial database manager proceeded in several 
areas. Microsoft Access databases are being developed to 
archive analytical data and digitized log tram. The GeoGraphix 
Exploration System software package has been in use all 
summer. The U.S. Geological Survey (USGS) Digital Land 
Grid and the National Geophysical Data Center’s Gravity Data 
(CD-ROM) were acquired and installed on GeoGraphix. 
Development of the multimedia database manager is contin- 
uing. An input interface is being constructed so that anyone 
in the project (not just experienced programmers) can easily 
input any type of data or graphics into the database manager. 

Database Initialization 

Microsoft Access was selected as the database management 
platform. A multimedia database manager shellhnterface, 
written in Microsoft Visual Basic, continues to be developed 
to archive all project data. It is fully operational, and efforts 
are being directed toward making it more user-friendly. 
Currently, project data reside in a number of programs, 
including GeoGraphix, Crocker Petrolog, Access databases, 
and the multimedia database manager. During this quarter, 
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work began on the development of Microsoft Access databases 
to archive analytical data and digitized log traces. Once in Access, 
these data can be transferred easily to a variety of applications 
software packages. With three different programs that store 
and manipulate digitized log traces (Crocker Petrolog, 
GeoGraphix QLA2, and Terrasciences Terrastation), there 
is an increased need to archive log data in one central 
location. 

Database Management 

The GeoGraphix Exploration System software package was 
used to load data into the program. Work is in progress to make 
the system operational. Although the analytical capabilities of 
the QLA2, GeoGraphix’s well-log package, are less sophis- 
ticated than Crocker Petrolog, it may be used to produce 
excellent graphic log displays and cross sections.’Digitized logs 
were loaded into QLA2, and a few trial log cross sections were 
constructed. 

The USGS Digital Land Grid data set, which contains 
surface data, such as the locations of roads, rivers, towns, etc., 
for the entire United States, and the National Geophysical Data 
Center’s Gravity Data (CD-ROM) for the state of Michigan 
were loaded into GeoGraphix as part of another U.S. Depart- 
ment of Energy (DOE) project (Class II, Michigan Basin) and 
are fully operational for that state. Once a base map and land 
grid for the state of California is set up in GeoGraphix, sur- 
face data can be displayed on any California maps made for 
the project. Production data for all wells in the Pioneer 
field area were acquired from the California Division of Oil 
and Gas and will be loaded into GeoGraphix for display as 
overlays on structure contour and other maps. 

Work on the development of the multimedia database 
manager shelYinterface for data archiving and presentation 
using Microsoft Visual Basic 3.0 continues. Interim results for 
this project were written to CD-ROM for internal distribution. 
At present, an experienced programmer is needed to input infor- 
mation to the database manager. An input interface called 
PioneerBuilder is being developed which will make it possi- 
ble for anyone in the project to input any type of data or graph- 
ics to the database manager. 

At the 1995 DOE Review Meeting for Fossil Energy 
Contractors in Oklahoma, a pseudoseismic model based on the 
precept that well logs can be substituted for seismic traces in 
visualization software and then analyzed as if they were seis- 
mic data was presented. The numerical computation and visu- 
alization software package MATLAB ‘was purchased, and 
several gamma-ray logs were input for a trial run. A pseudo- 
seismic cross section was generated, and results are encouraging. 

Organization and Management 
The management tasks have progmsed smoothly. Subgroups 

met and worked on specific tasks and subtasks. Several peo- 
ple were hired this quarter, including a part-time database pro- 
grammer, an undergraduate assistant to help in the program- 
ming, and a part-time computer draftsman. 
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Most project coordination was done by telephone and 
E-mail. The following trips were made: in July 1995 one 
researcher traveled to MTU to work on the basin and geo- 
chemical modeling subtasks with MTU faculty and staff, 
and in September 1995 another researcher traveled to MTU 
to work on the project. 

Well Logs and Well Datu 
The surface geological maps of the southern San Joaquin 

Valley prepared by the California Division of Mines and 
Geology were digitized and loaded into the computer draft- 
ing program, Canvas, where they were edited, combined into 
one large map, and colored. When complete, the integrated map 
will be printed in large format on the HP650C color plotter. 

Log Database Management 

All well-log calibration and analysis have been performed 
at Digital Petrophysics, Inc. (DPI) in the Crocker Data 
Processing Petrolog Program. Last quarter, digitized log data 
were also loaded into the Terrasciences log evaluation pack- 
age at MTU, and some preliminary evaluations of the program 
were performed. This quarter, several well logs were loaded 
into MTU’s GeoGraphix log evaluation module, QLA2, 
where they were displayed on cross sections. QLA2 will 
apparently be useful for producing polished log displays and 
cross sections. 

Core and Sample Acquisition 

Core and Cuttings 

The conventional and sidewall core library of samples is 
essentially complete. It consists of conventional cores and core 
analysis data from the UNOCAL McKittrick Front Well 
Nos. 415 and 418 in Cymric field and the Tenneco well 
No. 62x-30 in Pioneer field. Sidewall core and cuttings sam- 
ples and core analysis data from the Gary Drilling, KLC 44, 
Well No. 375x in Pioneer field are also in our possession. 
Analyses this quarter focused on the Gary Drilling Co. 
KLC 44 well. 

Fluids 

A data set containing over 77,000 geochemical analyses of 
brines recovered from wells throughout the United States 
was obtained from a commercial database vendor. The data- 
base is being organized in Microsoft Access. As soon as a 
Califomia base map has been gridded and input to GeoGraphix, 
the well locations for all California wells that contain brine 
anilyses will be plotted on the basemap. 

Data Analysis and Measurement 

Petrophysics 

Fourier transform infrared spectra. Fourier transform 
infrared (FI’IR) spectral analyses and inductively coupled 
plasma (ICP) spectroscopy chemical analyses were 

. 



completed on a suite of mineral standards. Data reduction is 
beginning. Spectral data from standards are being input to 
MATLAB, a numerical computation and visualizaa'on software 
package, which will generate non-negative least-squares fits 
to the data. ICP elemental analyses will be converted to 
oxides, and mineralogies will be calculated and used to cross- 
check the FTIR results. When the FTIR technique is perfected, 
it will be applied to core and cuttings samples and used to iden- 
tify mineral assemblages. 

Petrology 

An atlas of thin-section petrology of representative reser- 
voir samples from the southern San Joaquin Basin was 
acquired for the project. This atlas was compiled at Chevron 
Research in 1988. The atlas, which consists of several hundred 
described and interpreted photomicrographs from many fields, 
emphasizes diagenetic alteration. The photomicrographs and 
their captions will be scanned into the multimedia data- 
base manager, where they can be readily accessed on hard disk 
and eventually on CD-ROM. 

X-ray diffraction. X-ray diffraction (XRD) work this 
quarter concentrated on the cuttings samples from Pioneer field. 
Better methods were developed for removing drilling mud from 
the samples. Reports were prepared that describe in detail the 
sample preparation procedures and the analyses performed to 
date on the Pioneer cuttings samples and the core samples from 
the Cymric McKittrick Front Well Nos. 415 and 418. ICP was 
used to complete chemical analyses of selected samples from 
the McKittrick Front sample set. 

Scanning electron microscope image analysis. Arrange- 
ments have been made with UC Santa Barbara to continue the 
scanning electron microscope (SEM) image analysis work. 

Log Calibration 

Data preparation. Data preparation is complete for the 454- 
wells in the original Pioneer Anticline study area. A spread- 
sheet listing all the wells in the study, log depths and corrected 
subsea depths of the top of the Miocene in each well, and 
coordinates of the surface locations of the wells and the loca- 
tions of the intersections of deviated wellbores with the top of 
the Miocene was prepared. 

Model selection. Preliminary model selection is com- 
plete for all 13 wells in the nine-section Pioneer area plus the 
two McKittrick Front wells. Results curves were generated for 
these wells. The results curves are calculated curves showing 
lithology, percent clay, percent shale, matrix type, porosity, and 
water saturation. Calculation of results curves for the remain- 
ing wells with modem log suites is continuing. 

Modeling 

Geochemical Modeling and Mass Transfer 

The geochemical modeling program CHILLER is being 
used to model fluid-rock interaction. This has practical 
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significance because of active steamflooding of the Monterey 
and Etchegoin formations elsewhere in the southern San 
Joaquin Valley. Investigations of the feasibility of porosity pre- 
diction with CHILLER are continuing. During this quarter 
CHILLER was used extensively in another DOE project in which 
several members are participating (Class I, Eugene Island). 
Although the results are not directly applicable to this project, 
the experience gained will'be useful in studies of the Pioneer 
reservoirs. 

Basin Modeling 

Geohistory. One-dimensional (1-D) basin modeling activ- 
ities were initiated this quarter with an analysis of Elk Hills 
well No. 934-29R in the Naval Petroleum Reserve, the deep 
est well (24,442 ft) in the San Joaquin Valley. This well is 
unique in that it bottoms in Cretaceous sediments and thus gives 
as complete a Tertiary section in the subsurface as has been 
found to date. The well has excellent equilibrated downhole 
temperature profiles based on continuous temperature logging 
and a good vitrinite reflectance (R,,) profile that provide for 
calibration of the paleo-heat flow. In addition, estimates of 
the surface temperature history are available as determined 
from water depth information derived from abundant fossil 
evidence. A generalized paleo-heat flow model is provided 
by model studies of lithospheric plate interactions which 
predicts the thermal consequences of the complex plate inter- 
actions affecting the Southern San Joaquin Valley. 

The results of the 1-D modeling study of Elk Hills well 
No. 934-29R demonstrate that the downhole temperature 
profile observed in the well is not in equilibrium with observed 
R,, data. The predicted R,, value at the base of the well, on the 
assumption that the downhole temperature data represent the 
regional temperature field, is 2.4 compared with the observed 
value of 1.56. Because vitrinite is believed to equilibrate rel- 
atively rapidly, the results indicate that the observed temper- 
ature profde is not in equilibrium with the regional tempera- 
ture field in this region. In fact, examination of the complex 
structure of the Elk Hills reservoirs, which includes en ech- 
elon anticlines, transform, normal and reverse faults (suggestive 
of a flower structure), numerous discrete pressure compart- 
ments with differing temperature profiles, and recent seismic 
and tectonic activity, suggests that the observed temperature 
fields at Elk Hills are not likely to be in equilibrium but are 
reflective of migrating geothermal fluids that have been 
released episodically in the recent past up to the present day. 

Apresent-day downhole temperature profile was calculated 
to be consistent with the observed values. The assumption 
was made that & values have been minimally influenced by 
the observed nonequilibrium temperature profile and still 
reflect the true regional temperature history. The predicted 
downhole temperature at 23,800 ft is 188 "C compared with 
an observed value of 218 "C. In order to match both the & and 
temperature data in the well (Fig. l), a recent heating 
event starting within the last 50,000 yr was used. This heat- 
ing is probably caused by recent movements along the many 
faults throughout the Elk Hills structure which lead to 
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release of geothermal fluids from depth in the overpressured 
hydrocabon generation compartments. Figure 2 is a geohismy 
diagram for the Elk Hills area showing that Kreyenhagen and 
Tumey formation source rocks may still be in the late oil 
generation window. Therefore any reservoir rocks shal- 
lower than approximately 17,000 ft  are prospective. This is 
much deeper than any of the reservoirs presently being 
produced in the San Joaquin Valley, which are generally 
shallower than 10,000 ft. 

The concept of elevated temperature profiles caused 
by episodic release of geothermal fluids is not new. It is 
reflected in the oxygen isotopic compositions of vein calcite 
cements collected from core that show elevated isotope 
temperatures indicative of upwelling fluids. This phenome- 
non is also observed at North Coles Levy field to the north. 

Two-dimensional and three-dimensional basin mod- 
els. Two basin modeling programs, Akcess.basin 2-D and 
3-D basin modeling software, are being tested at MTU. 
*cess-basin software uses a finite-element formulation to 
examine the effects of thermal processes (conduction, con- 
vection, and advection), fluid-flow processes (compaction- 
driven and hydraulic-head driven), sealing mechanisms, and 
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Fig. 2 A geohistory diagram for the Elk Hills well No.934-29R showing isotherms and the oil window as defined by vitrinite dec tance  (RJ 
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sedimentation-erosion during the development of a sedi- 
mentary basin. The program also predicts hydrocarbon 
generation (timing, location, and rate) and migration patterns. 
An older 3-D version is running. The latest upgrade requires 
debugging before it can be used. 

Tecltiiology Transfer 

The main technical reports prepared and distributed were 
quarterly technical reports to DOE and internal progress 
reports, Apaper on the BasinMod study of the deepest well 

in the San Joaquin Valley is being prepared for publication. 
Work has begun on a manual for a project workshop. The 
manual will be used as the text for a course that will be first 
presented in Bakersfield, Calif., probably in the fall of 
1996. A memorandum that provided an outline for the work- 
shop and course notes, created teams and appointed team 
leaders for each task, set goals for the content of each sec- 
tion, and established deadlines was issued in September 
1995. The contents of the multimedia database manager 
were written to CD-ROM. The CDs are available for use in 
presentations. 
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RESERVOIR 
CLASSES 

WEST HACKBERRY TERTIARY PROJECT 

Contract No. DE-FC22-93BC14963 

Amoco Production Company 
Houston, Tex. 

Contract Date: Sept. 3,1993 
Anticipated Completion: Apr. 2,1997 
Government Award: $6,017,500 

Principal Investigators: 
Travis Gillham 
Bruce Cerveny 
Ed Turek 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this project is to demonstrate the techni- 
cal and economic feasibility of combining air injection with 
the double displacement process (DDP) for tertiary oil 
recovery. The DDP is the gas displacement of a water-invaded 
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oil column for the recovery of oil through gravity drainage. 
The novel aspect of this project is the use of air as the injec- 
tion fluid. The target reservoir for the project is the Camerina 
C-1,2,3 sand located on the West Flank of West Hackberry 
field in Cameron Parish, La. If successful, this project will 
demonstrate that the use of air injection in the DDP can 
economically recover oil in reservoirs where tertiary oil 
recovery is uneconomic. 

Summary of Technical Progress 

Air injection was initiated on Nov. 17,1994. During this 
quarter the West Hackberry Tertiary Project completed the first 
10 months of air injection operations. Air injection rates and 
cumulative air injected were plotted. The following events 
occurred during this quarter: (1) successful workovers on 
the Gulf Land D wells Nos. 44,45, and 51 and the Watkins well 
No. 3; (2) the unsuccessful repair attempt on the Watkins well 
No. 16; (3) gathering of additional bottomhole pressure data; 
(4) air compressor operations and repairs; and (5) technology 
transfer activities. 

Workovers on the GulfLand D 
Wells Nos. 44,45, and 51 
and Watkins Well No. 3 

In the Gulf Land D well No. 51 (air injector), corrosion in 
the tubing caused pressure communication between the tub- 
ing and the tubmgdasing annulus. During July 1995, the well 



was pulled and the tubing was replaced with coated tubing. The 
source of the corrosion was the mixture of potassium chloride 
(KC1) purge water and oxygen or carbon dioxide (CO,) 
downhole in the well. The KCl purge water had been injected 
each time air injection stopped to cool the injector wellbore 
and to prevent downhole explosions caused by mixing hydro- 
carbons with heated air in the wellbore. To alleviate corrosion, 
the use of the KC1 purge water system was stopped in June 1995 
with no apparent negative consequences. 

At this point in time, the poor run time seen for the air com- 
pression system has resulted in much lower air injection vol- 
umes than originally predicted. To compensate for lower 
than expected air injection volumes, the flood pattern was mod- 
ified by recompleting two wells that were higher on structure 
and closer to the air injector in Fault Block IV than the wells 
in the original project design. These two wells are the Gulf Land 
D wells Nos. 44 and 45. A structure map for the top of the Cam 
C-1 is included as Fig. 1. In August 1995, the Gulf Land D well 
No. 45 was recompleted back to the Cam C-1,2 sand after pre- 
viously watering out in the identical completion interval in 
December 1990. On August 17,1995, the Gulf Land D well 
No. 45 tested gas lifting at a rate of 190 barrels of oil per day 
(BOPD), 451 barrels of water per day (BWPD), and 25 thou- 
sand standard cubic feet per day (MSCFD) with no evidence 
of nitrogen production. After 1 month of production, the 
Gulf Land D well No. 45 had declined to a rate of 60 BOPD 
and 450 BWPD. The source of the oil production in the Gulf 
Land D well No. 45 is either caused by response to air injec- 
tion or by zones producing through a gravel pack that had pre- 
viously sanded up. Although the oil cut has declined in the Gulf 
Land D well No. 45, the oil cut declined during a time frame 
when air injection operations were suspended for ongoing com- 
pressor repairs. Of particular interest will be the trend of the 
oil cut in the Gulf Land D well No. 45 after air injection is 
restarted. Aproduction plot for the project reservoir is included 
as Fig. 2. 

SIightly upstructure to the GulfLand D well No. 45 in Fault 
Block IV, the Gulf Land D well No. 44 was recompleted to the 
Cam C-1,2 sand in an attempt to validate that the oil production 
seen'h the Gulf Land D well No. 45 resulted from the air injec- 
tion project. This was a difficult recompletion, which involved 
fishing a packer and a perforating gun out of the well while 
cleaning the well out to the Cam C-1,2 sand. During October 
1989, a recompletion to the Cam C-1,2 in the Gulf Land D well 
No. 44 tested at a rate of 0 BOPD, 500 MSCFD, and 275 BWPD 
and was shut in awaiting a recompletion to the Cam B-1 
sand. On October 8,1995, the Gulf Land D well No. 44 tested 
gas lifting at a rate of 0 BOPD, 0 MSCFD, and 413 BWPD 
with no evidence of nitrogen production. A total of 
411 MSCFD of air has been injected into the Gulf Land D well 
No. 51 in Fault Block IV since the start of air injection on 
November 17,1994. After additional air injection in Fault Block 
N, the oiI cut in the Gulf Land D well No. 44 should increase. 

In Fault Block 11, the Watkins well No. 3 produced 
nitrogen-contaminated gas from suspected communication 
between the well's completion interval and the project sand, 

the Cam C-1,2,3 sand. The Watkins well No. 3 was squeezed 
with cement to prevent crossflow between the two zones 
and temporariIy abandoned. 

Unsuccessful Repair Attempt 
in the Wdkins Well No. 16 

On March 27,1995, the Watkins well No. 16 (air injector) 
developed pressure communication between the tubing and the 
tubing-casing annulus. Air injection into the Watkins we11 
No. 16 was immediately stopped because of concerns regard- 
ing corrosion and casing integrity. Arepair was initiated dur- 
ing August 1995 to replace the highly corroded tubing in the 
Warkins well No. 16. While an attempt was being made to squeeze 
cement into a high-permeability interval in the upper portion 
'of the Cam C-1,371 ft of tubing was cemented in the wellbore. 
Subsequent fishing operations to recover the tubing proved to 
be unsuccessful and the well was temporarily abandoned. 

The unsuccessfuI repair of the Watkins well No. 16 left Fault 
Block II without an air injector. Fortunately, an earlier air injec- 
tion workover had prepared the nearby Watkins well No. 18 
for service as a producer, and with a minimal amount of 
work the Watkins well No. 18 can be converted to an air injec- 
tor. The Watkins well No. 18 conversion will only require 
replacing the tubing, tree, and packer. From a surface facili- 
ties perspective, only 400 ft of air injection line will be 
needed to carry the air from the Watkins well No. 16 surface 
location to the Watkins well No. 18 surface location. Before 
the line can be installed, flowline permits will be required. In 
addition, the air injection well-site control skid and RTU 
will be moved from the Watkins well No. 16 surface location 
to the Watkins well No. 18 surface location. Before airinjec- 
tion in the Watkins well No. 18 can begin, an Underground 
Injection Committee (UIC) permit is also needed. 

Gathering of Additional Bottomhole 
Pressure Data 

A minimum of three bottomhole pressure surveys are 
taken every quarter to assess the effect of air injection on reser- 
voir pressure. The most recent series of bottomhole pressure 
surveys were taken in August 1995. A plot of bottomhole pres- 
sures is included as Fig. 3. In Fault Block II, pressure data col- 
lected since the start of air injection indicate that reservoir pres- 
sure had increased by 50 psi to 3350 psi and then had fallen 
to 3311 psi over a prolonged period of production without 
injection. In Fault Block IV, bottomhole pressure surveys 
show that the reservoir pressure had increased by more than 
200 psi since the start of air injection. The pressure response 
seen thus far is the result of air injection and confms the orig- 
inal geologic picture (see Figs. 4 and 5). 

Air Compressor Operations and Repairs 

Air compressor mechanical failures have continued to be 
a significant cause of air injection downtime. Discussion of 
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Air Injector 

Fig. 1 Structure map for the Cam C-1 sand. 
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Fig. 2 Production plot for the Cam C-l,2,3 sand, West Hackberry Air Injection Project. 

the significant mechanical failures that occurred this quarter 
and a follow-up on two failures that occurred the previous quar- 
ter to the turbochargers on the reciprocating compressor 
engine and the screw compressor cooler follow. All repairs 
have been covered under warranty by the equipment manu- 
facturers except for the turbochargers. 

The mechanical failure that occurred during the previous 
quarter to both turbochargers on the Waukesha 9390 GL 
engine that drives the reciprocating compressor was diagnosed 
to be caused by insufficient lubrication as a result of hot 
shutdowns. This occurs when the turbos, which operate at high 
temperature and revolutions per minute, continue to spin 
(because of momentum) in the turbine wheel after the engine 
oil pressure has dropped during shutdown. A post-lube shut- 
down system has been installed, which should prevent future 
turbo failures. When the engine shuts down, the pre-lube 
pump starts automatically and lubricates the engine for. 3 to 
5 min after shutdown, which allows the turbos to coast down 
while being lubricated. In addition, the engine oil pump was 
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adjusted from the previous setting of 45 to 55 psi, and the oil 
pressure shutdown switch was set to 35 psi from the previous 
setting of 25 psi. This post-lube system will be tested on the 
9390 engine and later installed on the 5108 engine driving the 
screw compressor. 

The mechanical failure that occurred to the oil cooler of the 
Atlas Copco ZR-6 screw compressor during the previous 
quarter was caused by a defective casting end plate, which 
allowed communication between the oil and water. The cooler 
was replaced by Atlas Copco, and the failure should be a one- 
time occurrence. 

Rod packing failures have continued to be a problem on the 
Ariel JGK-4 reciprocating compressor. The failures have 
occurred on throws 1 and 3, which are the rods for the higher 
pressure stages 3, 4, and 5. Stages 4 and 5 are a tandem 
cylinder sharing the same rod and will be referred to only as 
stage 4 for the remainder of this discussion. Examination of 
the failed parts indicated a heat-related failure. New packing 
cases were designed and installed for the 3rd and 4th stages. 
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The new packing cases are water-cooled for heat dissipation, 
have two lube points instead of one for better lubricant distribu- 
tion, have four seal-ring assemblies instead of five to reduce 
friction, use polymer-filled Teflon rings instead of carbon-filled 
Teflon to reduce friction, and use bronze backup rings instead 
of cast iron for better heat dissipation. This resulted in a rod 
temperature reduction from 300+"F, which was causing fail- 
ures, to an acceptable 187 OF. The rod temperatures were 201, 
203, 181, and 187 O F  on stages 1,2,3, and 4, respectively, on 
August 14,1995, whenAnderol555 (SAE 30 wt) was the lubri- 
cant. The rod temperatures were 226,238,182, and 180 O F  on 
stages 1,2,3, and4, respectively, on October 10,1995, when 
Mobil Rarus 829 (SAE 40 wt) was the lubricant. The higher 
rod temperatures recorded on October 10,1995, on the 1st and 
2nd stage rods could be the result of additional friction caused 
by the more viscous SAE 40 wt oil. However, the constancy 
of the temperatures on the 3rd and 4th stage rods shows that 
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Tertiary Project. + , Watkins well No. 16. m, Gulf Land D well No. 51. 

the water-cooled packing assemblies are dissipating heat 
effectively. This appears to have solved the problem, and 
reasonable rod packing life is expected in the future. In future 
installations, water-cooled packing assemblies should be 
installed for stages where the discharge pressure exceeds 
1000 psig or where high compression ratios are causing dis- 
charge temperatures in excess of 300 OF. 

Compressor valve failures have been a recurring problem 
on the Ariel JGK-4 recipmtbg compressor. The failures have 
occurred mostly on the 3rd and 4th stages:The failures have 
been caused by improper valve springing for actual operating 
conditions, incorrect valve springs installed by a nonauthorkd 
valve service center, and excessive heat caused by other 
mechanical and lubrication failures. New Hoerbiger valves 
have been installed with the latest recommended springing 
for actual operating conditions. All replacement valves in 
inventory have been serviced by Hoerbiger and updated with 
the new springing. Future valve repairs will be performed 
only by Hoerbiger authorized service centers to prevent 
incorrect springs from being installed. 

In August 1995, a mechanical failure occurred to the pis- 
ton and rings on the 4th stage of the reciprocating compres- 
sor. The rings were found to be disintegrated and extruded 
because of high heat, and the cylinder and piston were scored 
because of metal-to-metal contact. The failure appeared tobe 
caused by lack of lubrication. Ariel has designed, manufac- 
tured, and installed a new piston and rod assembly for the 
4th and 5th stages. The new piston design incorporates 
rider bands to reduce friction and adds piston-to-cylinder 
clearance to improve lubrication flow around the piston and 
rings. New 4th and 5th stage cyhders were also replaced because 
of scoring. The lubrication distribution system was modified 
to improve lubrication to the 4th and 5th stage cylinders. A larger 
force-feed lubricator pump was installed for the 3rd, 4th, 
and 5th stages to increase capacity, and the metering valves 
for the 4th and 5th stage cylinders were changed to double the 
lubrication rate:The lubricant was also changed to Mobd Rarus 

829 synthetic diester (SAE 40 wt) because of the successful 
experience in Ariel's high-pressure seismic air compressors. 

The compressors are currently running, and 4.2 million stan- 
dard cubic feet per day (MMSCFD) is being injected into the 
Gulf Land D well No. 5 I with a wellhead surface injection 
pressure of 2200 psig. With the repairs and modifications com- 
pleted, improved run time is expected throughout the remain- 
der of the project. 

INCREASING WATERFLOOD RESERVES 
IN THE WILMINGTON OIL FIELD 
THROUGH IMPROVED RESERVOIR 
CHARACTERIZATION AND RESERVOIR 
MANAGEMENT 

Contract No. DE-FC22-95BC14934 

The City of Long Beach 
Long Beach, Calif. 

Contract Date: Mar. 21,1995 
Anticipated Completion: Mar. 20,2000 
Government Award: $936,664 

Principal Investigators: 
D. Sullivan 
D. Clarke 
S. Walker 
C. Phillips 
J. Nguyen 
D. Moos 
K. Tagbor 

Project Manager: 
Edith Allison 
Bartlesville Project Office ~ 

Reporting Period: July 1Sept .  30,1995 

Objective 

The objective of this project is to transfer technologies, 
methodologies, and findings developed and applied to other 
operators of Slope and Basin clastic reservoirs. Methods to 
identify sands with high remaining oil saturation and to 
recomplete existing wells with the use of advanced comple- 
tion technology will be studied. 

For the identification of the sands with high remaining oil 
saturation, a deterministic three-dimensional (3-D) geologic 
model will be developed and state-of-the-art reservoir man- 
agement computer software will be used. The wells identified 
by the geologic and reservoir engineering work as having the 
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best potential will be logged with a pulsed acoustic cased-hole 
logging tool. The application of the logging tools will be opti- 
mized in the laboratory by development of a rock-log model. 

Wells that have the best oil production potential will be m m -  
pleted. The recompletions will be optimized by evaluation of 
short radius and ultrashort radius lateral recompletions. 

Summary of Technical Progress 

Reservoir Characterization 

Progress has been made on the development of rock-log and 
fluid-log models needed to calibrate acoustic log data, which 
will be compared with theoretical expectations. Stanford Uni- 
versity has made laboratory measurements on dry core sam- 
ples from the Upper Terminal Zone of Fault Block IV to 
determine the dynamic and static properties of the dry rock m e .  
Investigators will resaturate the sample and repeat the mea- 
surements. The end result will be a dry and saturated elastic 
modulus to test the Biot-Gassmann model for fluid effects in 
these materials. Stanford is also writing a computer applica- 
tion to investigate the relationships among log properties 
and the volumes of clay, quartz, feldspars, mica, water, and oil. 

Acoustic logs were run in two cased-hole aquifer wells, two 
cased-hole recompletion candidate wells, and an open-hole new 
well. The new well will also be logged after casing is set in 
order for investigators to examine the difference in the two sit- 
uations. These data will help in the interpretation of all the cased- 
hole acoustic logs. The new well also had a 30-ft conventional 
core successfully recovered in the Upper Terminal Zone of Fault 
Block IV. This will give investigators information on in situ 
fluid saturations and pore structure, which will go into build- 
ing the rock-log and fluid-log models. 

Reservoir Engineering 

All injection and production data from Fault BlockIV of the 
Wilmington field have been input into the computer and qual- 
ity controlled for missing wells, missing years, duplicated wells, 
duplicated zones, etc. These data must be converted to a data- 
base and then exported to a reservoir management software pro- 
gram. This program will generate production and injection 
bubble maps, isocut maps, isobaric maps, net oil sand thickness 
maps, cumulative production and injection maps, etc. With 
these data, candidates for logging and recompletion will be 
generated. 

Detenninistic 3-0 Geologic Modeling 

Tidelands Oil Co. has completed inputting directional 
surveys and quality controlling the sub-zone markers and 
fault picks for each well in the project databases. The 
NEWEMA database was found deficient in its subsidence cor- 
rection and other program subroutines. Investigators are 
modifying the NEWTLMA code and recompiling the program. 
New maps will be generated that will help identify production 

units and potential logging candidates. Production units are 
sands that are isolated and can be exploited from existing 
wells along with selective reperforation of idle penetrating 
wells. 

Pulsed Acoustic Logging 

Five wells were logged with acoustic tools from Magnetic 
Pulse Inc. (MPI) and Schlumberger. Well No. FY-67 (aquifer 
well) was logged with a Schlumberger tool string consisting 
of the ultrasonic imager, dipole sonic imager, and orientation 
device. The log showed a good casing-to-cement bond and 
recorded good compressional wave data but poor and unre- 
liable shear wave data. Schlumberger processors attribute 
the lack of shear wave recovery to the fact that the shear slow- 
ness of the formation is less than the shear slowness of the mud 
wave, thereby masking the desired acoustic wave recovery. MPI 
ran the XACT acoustic tool and found similar problems with 
shear wave recovery but obtained good compressional wave 
recovery. 

Well No. 167-W (aquifer well) was also logged with the same 
Schlumberger and MPI acoustic tools. A poorer cement bond 
was found in this well than in well No. FY-67, but a good com- 
pressional wave was obtained. In addition, no reliable shear 
wave was recovered. MPI believes that with further pro- 
cessing a low-resolution shear wave can be processed. 

Aquifer wells were logged in order to obtain a baseline 
response to the acoustic devices in a sand that was water sat- 
urated at or near 100%. Two logging companies were utilized 
to gather the same data at a different hquency, power, and tool 
design for comparative purposes. Results for the two companies 
are in excellent agreement in areas of good compressional wave 
recovery. 

Wells No. X-32 and No. Y-67 were only logged with the 
ME'I acoustic tool. Results were similar to those in the aquifer 
wells; that is, good compressional wave recovery but poor 
shear wave recovery. These results are attributed to poor 
casing-cement-formation bond, and/or eccentered casing, 
and/or eccentered tools, and/or gas or other fluids behind 
the casing, which prevents recording of dipole data. 

New well No. 169-W was logged open hole by both 
Schlumberger and MPI. In addition, a 3 0 4  conventional 
core was recovered in the Upper Terminal Zone of Fault 
Block IV. Results are being processed and are not yet avail- 
able. This well will also have acoustic log run after casing has 
been cemented in place. 

Technology Transfer 

Technology transfer activities include planning a field 
trip to the Wilmington Field for the American Association of 
Petroleum Geologists (AAPG) in association with their 1996 
national meeting in San Diego. Stanford University has 
updated the U.S. Department of Energy @OE) waterflood 
project home page on the World Wide Web, and inquiries 
have been received from all over the world. This historical 
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record wilI be updated as developments warrant. Investigators 
attended a meeting of the Log Characterization Consortium 
SpeciaI Interest Group on Shear Wave Logging (LCC-SIG) in 
Houston, Tex. 

ADVANCED SECONDARY RECOVERY 
DEMONSTRATION FOR THE 
SOONER UNIT 

Contract No. .DE-FC22-93BC14954 

Diversified Operating Corporation 
Denver, Colo. 

Contract Date: Oct. 21,1992 
Anticipated Completion: Nov. 30,1995 
Government Award: $788,592.86 

(Current year) 

Principal Investigator: 
Terry Camrnon 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

This project will demonstrate the cost-effectiveness of 
geologically targeted infii drilling and improved reservoir 
management to increase waterflood recovery of the Cretaceous 
Muddy D formation in the Denver-Julesburg @-J) Basin in 
northeast Colorado. The project involves multidisciplinary reser- 
voir characterization and evaluation of process response with 
the use of three-dimensional (3-D) seismic data, reservoir sim- 
ulation, transient well tests, and production tests of produc- 
ing wells. 

Summary of Technical Progress 

The Sooner D sand unit is located about 100 miles north- 
east of Denver, Colo. The Cretaceous D sand has good p&ary 
recovery but disappointing waterflood performance. The 
majority of waterflood projects have produced only about 20% 
of the original oil in place (OOIP). The poor waterflood 
recovery is attributed to reservoir heterogeneity and poor 
reservoir management practices. Prior to this project, 3-D seis- 
mic surveys had not been used in the D-J Basin for exploration 
or development of D sand reservoirs. 

60 

Three we& have been drilIed by the project based on 
3-D seismic and integrated reservoir characterization study. 
Oil production has increased in September 1995 to 54.0 m3/d 
[340 barrels of oil per day (BOPD)] after the completion of 
well No. SU 21-16-9. Combination-attribute maps from 3-D 
seismic data closely predicted the net-pay thickness of the new 
well. Interwell tracer tests with sodium bromide indicate a high- 
permeability channel between two wells. 

Field Operations 

The Sooner Unit is producing 54.0 mVd of oil (340 BOPD) 
and 325 m3/d of water [2045 (BWPD)] as of September 1995 
(Figs. 1 and 2). Cumulative oil production is 214,000 m3 
(1,346,000 bbl). This represents 20% of the OOIP. The Unit is 
currently injecting 461 m3/d of water (2900 BWPD). The 
Unit currently has 11 producing wells, 5 water-injection wells, 
1 water-supply well, and 5 shut-in wells. One well has been 
plugged since the project began in October 1992 (Fig. 3). 

In September 1995, a new well was completed, No. SU 
21-16-9, targeted on the basis of 3-D seismic interpretation 
and located approximately in the SESE of sec. 16, T. 8 N., 
R. 58 W. Production from the well is 10.3 m3/d of oil and 
65.2 m3/d of water (65 BOPD and 410 BWPD). This well 
is the third well drilled by the project (Fig. 3). 

Two wells were completed as producers and one well was 
completed as a water-injection well. Oil production from the 
two producers is about 23.8 m3/d (150 BOPD) or 44% of the 
unit total. 

3-0 S e h i c  Reservoir Characterization 

The project acquired 19.9 km2 (7.7 square miles) of 3-D seis- 
mic data that covered the entire Sooner Unit. It was found that 
the amplitude and isochron of the D sand horizon waveform 
correlate reasonably well with reservoir development; how- 
ever, there are problems when one attribute map is solely used 
for prediction of reservoir development. For this reason, 
combination attribute-correlations were developed from 
empirical relationships between seismic attributes of the D sand 
and adjacent lithology. Correlations were developed for gross 
thickness, net pay thickness, and hydrocarbon porosity feet. 
These correlations predicted a net pay thickness of 8.8 & 
1.2 m (29 _+ 4 ft) for well No. SU 21-16-9 location. The actual 
net pay thickness of the well is 7.9 m (26 ft) with above- 
average porosity development (Fig. 4). Net pay maps, based 
solely on electric logs, predicted much thinner reservoir 
development at the location of the new well. A comparison of 
the differing reservoir deveIopments and trends with and 
without seismic data can be made from the hydrocarbon 
porosity-feet map constructed h m  seismic-attribute correlations 
pig. 5)  and the porosity-feet map made prior to field unitization 
using only electric logs (Fig. 6). The multiple-regression 
correlation technique appears to be valid and offers the abil- 
ity to selectively target higher density drilling locations with 
confidence for improved waterflood sweep. 
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Inter- Well Injection lkacers Objective 

Sodium bromide was injected in well No. SU 10-28 to test 
the degree of water channeling to well No. SU 7-28. This well 
pair has had the best secondary performance in the Unit with 
15,899 m3 (100,000 bbl) of oil produced at well No. SU 
7-28 since water injection began at well No. SU 10-28. 
Current production at well No. SU 7-28 is 5.5 m3 of oil and 
45.3 m3'd of water (35 BOPD and 285 BWPD). The tracer 
material was detected at well No. SU 7-28 in 24 h. The pres- 
ence of a high-permeability channel between these wells 
supports previous interpretations of a strong north-south per- 
meability trend in the reservoir and that gel polymer treatments 
at injection wells may improve waterflood performance. 

APPLICATION OF INTEGRATED RESERVOIR 
MANAGEMENTAND RESERVOIR 
CHARACTERIZATION TO OPTIMIZE 
INFILL DRILLING 

Contract No. DE-FC22-94BC14989 

Fina Oil and Chemical Company 
Midland, Tex. 

Contract Date: June 13,1994 
Anticipated Completion: June 12,1999 
Government Award: $1,174,264 

Principal Investigator: 
P. K. Pande 

Project Manager: 
Rhonda Lindsey 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 
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The objective of this project is to demonstrate the application 
of advanced secondary recovery technologies to remedy pro- 
ducibility problems in a typical shallow shelf carbonate reser- 
voir of the Permian Basin, Texas. The technologies to be 
demonstrated are (1) development of an integrated reservoir 
description created with the use of reservoir characterization 
and reservoir management activities, and integration and 
modeling of the data from three-dimensional (3-D) simulation; 
(2) development of an integrated reservoir management plan 
through optimization of completion and stimulation prac- 
tices and reservoir surveillance; and (3) field demonstration 
of the geologically targeted Mi drilling and waterflood 
program- 

Summary of Technical Progress 

Management and Administration 

At this stage, the main emphasis of the project is geo- 
statistics and reservoir simulation in support of the field 
demonstration for Budget Period II. 

Reservoir C h a r a c t e n d n  and Anulysis 

Geological Analysis 
Minor adjustments have been completed on the core-log 

rock-typing algorithm. The algorithm is used to identify pay 
and nonpay rock types over the entire North Robertson Unit 
NU). The resulting new rock type data will be used in 
conjunction with injection surveys and temperature surveys 
to refine flow unit tops for the entire Unit. Subsequently 
these refined tops will form the basis for updating the devel- 
opment geology at NRU (mapping, cross sections, etc.). 

Reservoir Performance Analysis 

Production data for the NRU have been analyzed with 
material-balance decline type-curve analysis. All primary 
(40-acre) and secondary (20-acre) producing wells have been 
analyzed to determine total movable volumes and formation 
flow characteristics (permeability and skin factor) on the 
basis of individual well performance. Maps of original oil in 
place (OOIP), horizontal permeability (kh), and estimated ulti- 
mate recovery FUR) with the use of primary production 
data and maps of kh and EUR with the use of secondary pro- 
duction data have been generated and compare well with the 
geological interpretation. The amount of pay rock type in each 
well will be cross-referenced with cumulative oil production 
in an effort to improve the definition of reservoir rock types. 

Decline type-curve and waterflood performance analy- 
ses indicate that the NRU is not performing as well as expected 
under secondary recovery operations. This indicates the 
need for a complete review of the fluid-flow behavior in the 
reservoir (required for reservoir simulation) and of the 



completion and stimulation procedures used in the past. This 
work is critical for determination of the placement of the 
10-acre infill wells and for optimization of future completion 
and stimulation practices. In addition, a new waterflood- 
water influx performance type curve is being formulated to 
more accurately monitor the performance of individual wells 
and patterns. These studies are nearing completion and will 
be presented at the next Technical Committee meeting. 

Pressure-transient (buildup and falloff) data are being 
used to estimate reservoir pressure and formation flow char- 
acteristics. The estimated bottomhole pressures from buildup 
surveys conducted during 1985 to 1991 and the current pres- 
sure falloff and buildup tests have been tabulated for use in the 
geostatistical analysis and reservoir simulation. The analyses 
of the buildup tests indicate that the hydraulic fracture treat- 
ments were relatively ineffective (short fracture half-lengths) 
in creating good pressure sinks at the wellbore because of the 
presence of large, discontinuous gross pay intervals contain- 
ing many individual layers and possessing no effective bar- 
riers to vertical fracture propagation. Future completions, 
stimulations, and hydraulic fracturing jobs will target speci- 
fied pay intervals as defined by the core-log model in order 
to improve completion efficiency and interwell conformance. 

Integrated Reservoir Description 

The stratigraphic and flow unit zonation of the Unit is com- 
plete and is being used for the deterministic and geostatisti- 
cal reservoir description. The work was reviewed with the 
University of Tulsa for use in the geostatistics and reservoir 
flow simulation. 

Geostatistical Analysis 

The geostatistical reservoir description has been generated 
for the fmt modeling area (sec. 329) with a stepwise'approach 
that includes the following sequence: (1) Rock-type simula- 
tion, (2) porosity simulation, (3) permeability simulation, 
and (4) upscaling of petrophysical properties. 

Rock-type simulation. The first step in the geostatistical 
reservoir description is to simulate the underlying rock types, 
which determines the petrophysical properties. The rock- 
type data are first transformed into categorical variables 
(these may be represented mathematically in a binary type for- 
mat). Isotropic and anisotropic variograms describing the 
spatial relationships are then generated. The anisotropic var- 
iograms provide information on the direction of maximum or 
minimum continuity and anisotropy ratio. Sequential Gaussian 
simulation is then used to estimate rock-type values at specific 
points. This involves defining a search neighborhood around 
sampled locations. 

Porosity simulation. Only the points that have the same 
rock type as the unsampled points are used in the porosity sim- 
ulation process. As with the rock-type simulation, spatial 
analyses using variograms are performed. This is followed by 
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sequential Gaussian simulation to assign porosity values as a 
function of rock type at unsampled locations. 

Permeability simulation. The conditional permeability dis- 
tribution for each rock type is generated by plotting per- 
meability and porosity. These permeability data are then 
divided into several porosity classes. For each porosity class, 
the cumulative conditional distribution (ccdf) of the 
permeability is then generated. Finally, when the porosity 
and rock type of a grid node are known, the ccdf plot is 
used to assign a random permeability to a specific grid node. 
In this way, all permeability data will be honored, including 
extreme values (i.e., high-permeability streaks) that may 
affect reservoir performance. 

Upscaling of petrophysical properties. Upscaling is 
required to assign grid-block permeabilities and porosities 
because rock type, porosity, and permeability data are 
generated geostatistically on a very fine grid with 1-ft verti- 
cal intervals. This is accomplished with a tensor method. 

Geostatistical reservoir descriptions are also being gener- 
ated for the sec. 5 and sec. 327 modeling areas. 

Reservoir Simulation 

The results of both deterministic and geostatistical reser- 
voir simulation are being compared in the modeling areas, The 
goal is to ascertain the advantages and/or disadvantages of the 
deterministic vs. the geostatistical techniques. Although it is 
more time-consuming to obtain the reservoir description for 
geostatistical simulation, it should yield a more realistic rep- 
resentation of the actual reservoir flow mechanisms, hetero- 
geneities, and compartmentalization that are present. Differ- 
ences are expected in the predictive mode for simulations 
considering different geologically targeted infill drilling 
options because many options may have equal or similar 
probabilities of success. 

The deterministic simulation for the sec. 329 area is com- 
plete. Predictive runs have been made to determine the best 
option for intill drilling. Economics are being performed on 
various development configurations. The model has also 
been set up at Fina, Midland, Tex., as well as at the University 
of Tulsa. At Fina, the model has been converted to run on sim- 
ulation software from Scientiiic-Software-lntercomp (SSI). 
Initialization and history matching for the sec. 5 and sec. 327 
models are under way. 

Initialization parameters for the models are as follows: Two 
pressure-volume-temperafure (PVT) regions are being used, 
one for the Glorieta, Upper Clearfork, and Middle Clearfork; 
the second region for the Lower Clearfork. Available steady- 
state and unsteady-state relative permeability data are 
being used primarily to define displacement end points. 
Historical oil and water production data are also being used 
as relative permeability data for the history match. Initial 
water saturations are being obtained with well-log data ftom 
the 20-acre infill wells (which were drilled after unitization 
in 1987). 



Integrated Reservoir Management 

Well Deepenings 

Twenty-two well deepening candidates were identified 
(10 producing wells and 12 injectors) on the basis of the 
flow unit and kh and horizontal porosity mapping 
exercises that were performed with the core-log model 
results. The deepening candidates are all located along the 
northern periphery of the Unit. Subsequent log analysis 
and simulation modeling in sec. 329 of the Unit has 
indicated that the actual deepening potential may be 
somewhat less than was estimated initially in that particular 
area. 

In sec. 329, a review of existing completion data has 
indicated that the MF6 flow unit is predominantly a 
water producer. This eliminates the deepening potential 
for all injection wells in the area as they are already 
drilled and completed to the base of MF5. Several 
producers in the area still have MF4 and MF5 deepening 
potential in the Lower Clearfork, and further analyses are 
being performed to verify this potential. Southeast along 
the shelf edge there are still several wells with MF4 to MF6 
deepening potential, and as one moves in this direction 
away from sec. 329, the oil-producing potential of the MF6 
flow unit increases. 

Well No. NRU 3603 (sec. 324) was deepened approx- 
imately 110 ft through the base of the MF6 flow unit at 
+. 7300 ft. The interval was cored and a full suite of 
open-hole logs was recorded to obtain additional infor- 
mation on the Lower Clearfork interval. Both log and core 
analyses revealed approximately 40 to 50 ft of net pay within 
the interval, and with movable oil indicated from the log 
analysis and a moderate amount of oil stain on the core 
(with good fluorescence through the pay intervals), it was 
believed that this should be a productive interval. The well 
was perforated with bullet guns in order to reduce the injec- 
tion pressure required to break down the formation dur- 
ing the acid job. The fracture job was designed to create 
a vertically confined fracture with a half-length of 260 ft. 
A tip screenout was noted during the job. The well is cur- 
rently being placed on pump and will be put on test for 
several weeks to evaluate the potential of this lower 
zone (isolated from existing producing interval with a 
packer). 

A field implementation strategy for further deepen- 
ings is being developed. 

Additional Completions 

Wells with additional completion potential in the Lower 
Clearfork have been identified on the basis of initial sim- 
ulation modeling and the thermal decay time (TDT) log- 
ging program. A ranking process is being developed to rank 
the best wells for additional completion. Field imple- 
mentation for additional completions is expected during 
the next few quarters. 

Pressure Falloff Tests 

Ten tests have been completed with surface pressure data 
acquisition. Initial results show that the current reservoir 
pressure in areas around the injection wells is between 3000 
and 4000 psia. All of the injection wells analyzed appear 
to be well stimulated; however, this may be the result of 
extensive fracture propagation caused by continuous injec- 
tion at or near the fracture pressure of the formation. A few 
tests indicate that offset injection wells may be in contact 
with each other via hydraulic fractures. Falloff data acqui- 
sition will continue in order to get as much usable data as 
possible for simulation history matching and subsequent 
infill drilling. 

Pressure Buildup Tests 

Additional bottomhole pressure buildup surveys are ' 

being recorded throughout the Unit to c o n f i i  the results 
of the pressure falloff program (which uses surface pres- 
sure data acquisition) to provide further data for pressure 
matching during reservoir simulation and to locate areas 
of the reservoir (if any) that have not been effectively 
repressured. A new pressure data-acquisition technique will 
be used for several of the tests in which data are sent 
uphole real-time with the use of radio signals via the 
wellbore strata. It is believed that the use of this emerging 
technology is in keeping with the goals of this project 
for the identification of such techniques. Although the 
cost of the survey is only slightly more than the usual 
pressure buildup test, this method allows pressures to be 
monitored real-time at surface to determine how a test is 
proceeding and when it may be terminated. 

In addition, in some future tests both surface and down- 
hole pressure acquisition techniques will be used to com- 
pare the relative data quality from both test types. 
Measurement of the surface pressure and monitoring of 
the fluid level height during the test will allow a buildup 
to be performed without the cost associated with pulling 
a well to run downhole shut-in devices. Because of the low 
reservoir permeability of the ClearforWGlorieta in this area, 
however, extremely long wellbore storage periods result 
if a well is not shut in downhole, and it is often difficult 
to obtain quality test results. In addition, because wellbore 
fill is a major problem in this area, it is always a good idea 
to tag .the fill or clean out the well prior to testing to 
acquire representative data. 

Six pressure buildup tests are complete and at least four 
more are planned. Initial results indicate that the average 
reservoir pressure in the areas surrounding the producing 
wells is between 1600 and 3000 psia, and the pressure level 
appears to be directly correlated to the degree of reservoir 
continuity between injectors and producers. 

Further analyses verify that well stimulation and 
hydraulic fracturing are still major concerns on the newer 
(1987 to 1991) producers, and these problems are being 
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addressed by using cased-hole dipole sonic logs to find 
untreated intervals, estimate fracture height growth from 
the initial stimulations, and compile data on rock mechan- 
ical properties that have been estimated in the past. New 
stimulation and fracturing techniques will be used on the 
well deepenings and some recompletions will be attempted 
on existing wells in an attempt to find optimum methods 
for completion and stimulation prior to drilling 10-acre infill 
wells, A stimulation database will be set up to determine 
which stimulation methods, fluids, and volumes produce the 
best completions. 

Conformance Control Workovers 

These workovers are being considered to address com- 
munication problems. These phenomena are typical of 
waterfloods in low-permeability carbonate formations 
and result in early water breakthrough and poor sweep effi- 
ciency. Results from the core-log model analyses and 
geostatistical simulation will be used to target only zones 
that contribute significantly to production. With produc- 
tion from (and injection into) only the major pay intervals, 
well conformance should improve significantly. 

The conformance problem between existing injection 
and producing wells occurred because all current injectors 
were completed, stimulated, and fractured as producing wells. 
When these wells were put on injection, the Lower 
Clearfork interval, into which most of the hydraulic frac- 
ture propagated, will usually take the most water. This has 
resulted in poor sweep efficiency in many areas. Future 
injection well completions must be performed so that 
water is injected equally into all identified pay intervals. 

TDT Logging 

The evaluation of the current water saturation profile 
throughout the unit will be done using TDT logs. The 
new data can be compared with original water saturation 
data for reservoir surveillance purposes and are being 
used as an additional history match parameter for reservoir 
simulation. In addition, several bypassed pay intervals have 
been identified that will be completed in the near future. 
Six surveys have been completed to date. 

The TDT method may also be used in conjunction with a 
production logging survey to identiQ zones that contribute most 
to production and to verify or disprove previous conclusions re- 
garding the relative contributions of the Glorieta, Upper, 
Middle, and Lower Clearfork. Because these wells do not pro- 
duce naturally (pumping wells), flow will be induced by 
injection of nitrogen to create an artificial pressure drop in the 
area of a downhole packer-type flowmeter tool. Production rate 
and fluid density will be measured. An initial survey was unsuc- 
cessful because of the inability to initiate a stable flow rate. 
The test design will be modified, and if feasible, another 
survey will be attempted in the near future. If successful, this 
work will be extremely valuable when well deepenings, 
recompletions, and infill drilling are performed. 

3 

Technology Transfer 

A project newsletter has been developed, but software 
bugs in the desktop publishing software have prevented 
final completion. A new version of the software is being 
installed. 

~ ~ ~~~~~ 

THE USE OF INDIGENOUS 
MICROFLORA TO SELECTIVELY 
PLUG THE MORE POROUS ZONES 
TO INCREASE OIL RECOVERY 
DURING WATERFLOODING 

Contract No. DE-FC22-94BC14962 

Hughes Eastern Corporation 
Jackson, Miss. 

Contract Date: Jan. 1,1994 
Anticipated Completion: June 30,1999 
Government Award: $524,893 

Principal Investigators: 
Lewis R. Brown 
Alex A. Vadie 

Project Manager: 
Rhonda Lindsey 
Bartlesville Project Office 

Reporting Period: July 1Sept.  30,1995 

Objective 

The objective of this work is to demonstrate the use of 
indigenous microbes as a method of profile control in water- 
floods. It is expected that, as the microbial population is 
induced to increase, the expanded biomass will selectively 
block the more-permeable zones of the reservoir and 
thereby force injection water to flow through the less- 
permeable zones, which will result in improved sweep 
efficiency. 

This increase in microbial population will be accom- 
plished by the injection of a nutrient solution into four injec- 
tors. Four other injectors will act as control wells. During 
Phase I, two wells will be cored through the zone of 
interest. The core will be subjected to special core analy- 
ses in order to arrive at the optimum nutrient formulation. 
During Phase 11, nutrient injection will begin, the results 
will be monitored, and adjustments to the nutrient com- 
position will be made, if necessary. Phase II also will include 
the drilling of three wells for postmortem core analysis. 
Phase I11 will focus on technology transfer of the results. 



One outcome expected of this new technology is a pro- 
longation of economical waterflooding operations (i.e., eco- 
nomical oil recovery should continue for much longer peri- 
ods in the producing wells subjected to this selective 
plugging technique). Results from work accomplished under 
DOE Contract No. DE-AC22-90BC14665 will be incor- 
porated as appropriate. 

Summary of Technical Progress 

Phase I: Planning and Analysis 

The concepts for the new technology to be evaluated are 
scientifically sound and have been proven effective in labo- 
ratory experiments. It is necessary to perform laboratory 
tests on live cores from the reservoir of interest, nevertheless. 
Two wells will be drilled for this purpose and special core 
analyses will be conducted in order to fine tune the exact con- 
centration of, and schedule for, additions of nutrients to the 
injection water. 

Whereas the main purpose for drilling the two wells is to 
obtain cores suitable for use in the laboratory work, a secondary 
purpose is to obtain production data that will indicate the sweep 
efficiency of the existing waterflood. At the conclusion of 
Phase I, a specific feeding regime will have been formulated 
for each of the injection wells. Because the injection wells all 
vary in terms of years of service, differences in channeling are 
anticipated and a different feeding regime may be needed for 
each well. 

The work for Phase I of the project has been divided into 
seven tasks. The first five, which are complete, are the drilling 
of two new injection wells for the acquisition of cores and other 
data, on-site handling of cores, core analysis to determine 
microbial enhanced oil recovery (MEOR) requirements, 
microbial analyses of cores, and laboratory waterflooding test 
of live cores. 

Acquisition of Baseline Data 

Chemical and microbiological analyses of injection water 
and production fluid are continuing and have been expanded 
to include all four patterns. Test patterns (control and test) involve 
8 injectors, 23 producers, and 2 newly drilled wells. Routine 
tests are being conducted on the water to determine calcium 
carbonate, chloride, nitrate-nitrogen, phosphate, potassium, 
sulfate, sulfide, aerobic heterotrophs, anaerobic heterotrophs, 
aerobic oildegrading bacteria, and anaerobic oildegrading bac- 
teria. Routine tests on oil are performed to determine aliphatic 
profile, gravity, viscosity, and surface and interfacial ten- 
sion. Test data received from Hughes Eastern Corp. for wells 
located in all patterns (pilot and control) were entered into the 
database for gas/oil ratio (GOR) and water/oil ratio (WOR) 
calculation. 

Analysis of Baseline Data 

The analysis of baseline data'is in progress. 

Phase 11: Implementation 

injection and the analysis of results. 

Design of Field Demonstration 

The implementation phase involves initiation of nutrient 

The design of the nutrient injection skids and initiation of 
nutrient injection have been completed and reported. During 
the current quarter, nutrient injection continued with few 
problems. The test pattern waterflood injection rates vary 
from 330 barrels of water per day (BWPD) in the 34-9 
No. 2 well (Test Pattern 2) to 700 BWPD in the 11-5 
No. 1 well (Test Pattern 3). Test Patterns 1 and 3 receive nutri- 
ents consisting of potassium nitrate and monosodium hydro- 
gen phosphate, while Test Patterns 2 and 4 receive molasses 
in addition to the other nutrients. Test Patterns 1 and 3 exhibit 
a downward trend in injectivity, which may indicate micro- 
bial growth causing permeability restriction. The other two test 
patterns are injecting at a relatively constant rate. Consistent 
increases in oil production have occurred in some wells, 
although none were expected before late 1995. Traces of 
nitrate have been detected in one producing well in Test 
Pattern 3. 

Analysis of produced water in Test Pattern 1 continues for 
detection of the tritium tiacer injected on April 27,1994. To 
date, the tracer has only been detected in the 2-13 No. 1 
well. 

Reservoir Characterization 

Recovered cores are being tested for porosity and perme- 
ability. Geological studies of each 1-ft section of the core are 
in progress. Scanning electron microscope photos were made 
of some of the t+t cores, which reveal the mineralogy as well 
as the presence of bacteria. 

Analysis of Results 

Chemical and microbiological analyses are continuing 
on samples from wells in all patterns. Particular empha- 
sis is being placed on evaluating the gas chromatographic 
data because changes in profiles are being observed in 
wells in the first test pattern. Also being emphasized is 
the test for nitrate-nitrogen since it has been found in the 
fluid from one of the test wells. Nitrate-reducing organ- 
isms should be stimulated by the nutrient additions and 
indeed have been found in several of the wells in the first 
two test patterns. Tests for this physiological group of 
microorganisms are being conducted .monthly. Other 
chemical, microbiological, and petrophysical parame- 
ters of fluids from 8 injector wells and 25 producer wells 
are still being monitored. To date, none of the parameters 
being monitored by laboratory analyses have demon- 
strated changes that definitely can be attributed to micro- 
bial activity in the reservoirs, although changes in the 
aliphatic profiles of oil  from some wells in Test 
Pattern 1 have been noted. 



GREEN RIVER FORMATION 
WATERFLOOD DEMONSTRATION 
PROJECT, UINTA BASIN, UTAH 
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Lomax Exploration Company 
Salt Lake City, Utah 

Contract Date: Oct. 21,1992 
Anticipated Completion: Mar. 31,1995 
Government Award: $1,304,000 

Principal Investigators: 
John D. Lomax 
Dennis L. Nielson 
Milind D. Deo 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this project was to understand the water- 
flood mechanisms under way in Monument Butte Unit water- 
flood and apply the technology, if possible, to the Travis and 
the Boundary Units. Also, plans are to transfer the waterflood 
technology to nearby units, fields, and reservoirs. 

Summary of Technical Progress 

The reservoir characterization and reservoir simulation 
activity have revealed that the reservoirs spanned a much larger 
area than was originally envisioned. As a result, unit expan- 
sions were undertaken this quarter, and reservoir simulation 
activity that spans a large 45-section area began. 

Production Update 

The cumulative production as of Sept. 30,1995, for some 
of the project wells and wells drilled for unit expansions are 
summarized in Table 1. 

Geostaristical Modeling 
A45-section area was considered for analysis. The area was 

bordered by sec. 18, T. 9 S., R. 16 E. at the southwest comer; 
sec. 16, T. 9 S., R. 17 E. at the southeast comer; sec. 28, 
T. 8 S., R. 17 E. at the northeast comer; and sec. 29, T. 8 S., 
R. 16 E. at the northwest comer. Five different sands were 
selected for analysis: D, B, C, Lower Douglas Creek, and A. 
Because D was the most extensively flooded reservoir, it 
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TABLE 1 
Cumulative Production 

Unit well Oil, Gas, Water, 
identification bbl mcf bbl 

10-34 
9-34 
7-34 
2A-35 
Unit 

Monument Butte Unit (Unit Wells) 

15,600 22,001 4,265 
19,385 14,958 3,117 
9,324 14,562 615 
8,695 3,467 234 

1,067,782 2,220.903 177,169 

Monument Butte Unit (Unit Expansion Wells) 

6-34 3,413 11,382 2,211 
13-25 2,503 1,305 200 
5-34 4,682 2,791 236 
14-36 9.923 20.199 1.210 
16-36R 2.721 1,030 424 

lkavis Unit 

5-33 
Unit 

12-21 
10-2 1 
Unit 

4,392 
291 ,OS 1 

17.282 
1,381.127 

Boundary Unit 

975 
579 

182.98 1 

1,339 
0 

606.735 

586 
17,292 

4.167 
579 

23.61 1 
~ ~ 

Note: bbl, barrels; mcf, thousand cubic feet. 

was modeled first. In the 45-section area, the D-sand data were 
available for 228 wells. The thicknesses of D-sand in these wells 
were used in a geostatistical model to generate statistically pos- 
sible reservoir images with the use of both luiging and con- 
ditional simulations. 

First, variograms were constructed for the given data set. 
The variogram was modeled, and variogram parameters were 
determined. The variogram model was then used in an ordi- 
nary kriging algorithm to generate D-sand thicknesses over 
the entire area. The image generated with luiging is shown 
in Fig. 1. Kriging generates a highly smoothed image that 
does not represent spatial variability very accurately. 

Conditional simulations were performed with the use of the 
Gaussian simulation method. The data f ie  was first con- 
verted to a Gaussian mode, and then a variogram was gener- 
ated with the new data set and fit to a variogram model. 
Gaussian sequential simulations were performed.1 The sim- 
ulation output was then inverted to the the data values. Two 
of the several thickness maps generated with this technique 
are shown in Figs. 2 and 3. The conditional simulations gen- 
erate images that better represent the spatial variability in the 
reservoir. 

Reservoir property data (based on logs) are available for 
most wells in the area at 2-ft resolution. Thickness-averaged 
porosities and water saturations will be used to create pseudo 
three-dimensional (3-D) reservoir images over the 45-section 
area for all the sands. Reservoir flow simulations will then be 



I ' 0.0 

Fig. 1 D-sand thicknesses (in feet) in the 45-section area around the Monument Butte Unit generated with the use of 
kriging. 

Fig. 2 D-sand thicknesses (in feet) in the 45-section area around the Monument Butte Unit generated with sequential 
Gaussian simulation. The area is bounded by the same sections as in Fig. 1 (see also Fig. 3). 

Fig. 3 D-sand thicknesses (in feet) in the 45-section area around the,Monument Butte Unit generated with sequen- 
tial Gaussian simulation. The area is bounded by the same sections as in Fig. 1 (see also Fig. 2). 
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conducted to establish reservoir connectivity and to determine 
the effects of primary production and water injection in some 
sectors on other portions of the field. 

A 12-section subset of the preceding model was chosen for 
the construction of true reservoir images. This exercise 
involved generating vertical variograms and combining them 
with the x-y variograms. Because this activity is at least two 
orders of magnitude more time-consuming than generating 
pseudo 3-D images, comparison of the output of the two 
models over the 12-section area will reveal if true represen- 
tation is necessary, especially for reservoirs that have relatively 
thin sands. Results of the combined geostatistical modelingl 
reservoir simulation will be presented at the Society of 
Petroleum Engineers/U.S. Department of Energy Improved Oil 
Recovery Symposium in 1996. 

Near- Wellbore Effects 

The analysis of the effect of cold-water injection on wax 
precipitation and subsequently on oil recovery continued. 
The material and energy balance equations were reduced to 
a set of three coupled partial differential equations, which 
were solved with the generalized method of characteristics. 
Oil recovery curves were constructed, and cold-water injec- 
tion recoveries were compared to the case when the injection 
was at reservoir temperature. Depending on the system 
parameters, the wax precipitation is seen to reduce oil 
recovery by 5 to 10% late in the life of the flood. 

IMPROVED RECOVERY DEMONSTRATION 
FOR WILLISTON BASIN CARBONATES 

Contract No. DE-FC22-94BC14984 

Luff Exploration Company 
Denver, Colo. 

Contract Date: June 10,1994 
Anticipated Completion: Dec. 31,1997 
Government Award: $1,778,014 

Principal Investigator: 
Larry A. Carrel1 

Project Manager: 
Chandra Nautiyal 
Bartlesville Project Off ice 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

The objectives of this project are to demonstrate targeted 
infill and extension drilling opportunities, better determina- 
tions of oil in place, methods for improved completion effi- 
ciency, and the suitability of waterflooding in certain shallow- 
shelf carbonate reservoirs in the Williston Basin in Montana, 
North Dakota, and South Dakota. 

Improved reservoir characterization with the use of three- 
dimensional (3-D) and multicomponent seismic tools is beiig 
investigated for identification of structural and stratigraphic 
reservoir compartments. These seismic characterization tools 
are integrated with geological and engineering studies. 
Improved completion efficiency is beiig tested with extended- 
reach jetting lance and other ultrashort-radius (VSR) lateral 
technologies. Improved completbn efficiency, additional 
wells at closer spacing, and better estimates of oil in place 
will result in additional oil production by primary and 
enhanced recovery processes. 

Technology Pans fer 

site (http://everest. chfe.utah.edu). 
Some project results have been posted at a World Wide Web 

References 

1. C. V. Deutsch and A. G. Journal, GSLIB Geosruristicul Software Library 
and User's Guide, Oxford University Press, New York, 1992. 

Summary of Technical Progress 

/ 

The project team has been assessing finalizing budget 
period 1 tasks and planning activities and schedules for next- 
year activities. Some of the major items are: (1) obtain 
another consultant for petrographical studies, (2) obtain 
another consultant for geophysical activities, (3) technical 
reassessment of Cattails two-dimensional (2-D), three- 
component (3C) seismic data, (4) interpretation of strati- 
graphic and fault events with Cold Turkey Creek 3-D seismic 
data, and (5) identification of candidate wells for lateral or 
horizontal completions. 

A 3-mile, 2-D, 3C seismic line was recorded with con- 
verted compressional waves (dynamite) over the Cattails 

http://everest


(Ratcliffe) field in Richland County, Mont. The data were 
processed by Western Geophysical in Denver, Colo. The 
quality of converted-wave data is poor to fair. Acquisition 
parameters were based on modeling performed at Western. 
Field recordings show a significant source-generated noise 
train that dominates the split-spread records. A dynamite 
source of 2.5 to 5.0 lb per shot instead of 10 lb per shot 
would have reduced the noise problem. Longer offsets of 
8000 ft  instead of 5000 ft  would have also improved the 
data. It is not clear whether adequate data exist on the 
horizontal components to evaluate or measure shear-wave 
splitting. Proposals have been solicited for further processing 
and interpretation. 

A4.Csquare-mile 3-D survey was recorded over the Cold 
Turkey Creek (Red River) field in Bowman County, N. Dak. 
Basic interpretation and mapping of horizon-time events are 
complete. Proposals have been solicited for further strati- 
graphic and faulting interpretations. 

The completion of petrographical studies of the Ordovician 
Red River and Mississippian Ratcliffe have been delayed. 
Alternative consulting parties to finish this work will be 
evaluated. 

Demonstration of lateral completion methods from cased 
wells has refocused on three technologies: (1) Ammo-licensed 
USR with carbon-fiber pipe and knuckle joint, (2) steered- 
short-radius with downhole motor and conventional drillpipe, 
and (3) coiled tubing with downhole mohx The USR technology 
with carbon-fiber pipe is attractive from a cost viewpoint. 
Drilling laterals with the steered-motor assembly is more 
expensive but can achieve greater lateral penetration. Coiled 
tubing operations are prohibitively expensive because there 
are no large-diameter units in the Williston Basin, and mobi- 
lization and subsistence costs would be great. Further efforts 
to use extended-mch (50 ft plus) jetting lance technology have 
beea postponed until the tools are redesigned and can func- 
tion-at depths of 9500 ft  and bottomhole temperatures of 
230 "E 

Use of the Amoco-licensed USR technology is planned for 
December 1995 at the Steams No. A-19 well, Buffalo field, 
Harding County, S .  Dak. This well was evaluated for water 
injectivity in a 30-d test in April 1995. Afollow-up injectiv- 
ity test will be performed if a lateral is successfully drilled. 

Interest in horizontal drilling for the Red River Upper 
Member has increased. Eight rigs are currently drilling hor- 
izontal wells in an area just west and north of the Bowman- 
Hading Red River study area outline. The horizontal legs 
being drilled are about 3000 ft. The North Dakota Industrial 
Commission has issued spacing orders for two horizontal 
wells per section (640 acres). The drilling cost and production 
results from these horizontal wells are being carefully mon- 
itoied because this technology may be appropriate for projkt 
activities. 
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RECOVERY OF BYPASSED OIL IN THE 
DUNDEE FORMATION USING 
HORIZON TAL DRlL LING 

Contract No. DE-FC22-94BC14983 

Michigan Technological University 
Houghton, Mich. 

Contract Date: Apr. 28,1994 
Anticipated Completion: Apr. 27,1997 
Government Award: $295,000 

(Current year) 

Principal Investigator: 
James R. Wood 

Project Manager: 
Chandra Nautiyal 
Bartlesville Project Office 

Reporting Period: July 1Sept .  30,1995 

Objective 

The objective of this project is to demonstrate that oil 
production from fields in the Dundee forniation (Devonian) 
of Michigan can be substantially increased, perhaps restored 
to near-original production levels, with the use of horizontal 
drain wells. The approach combines proven, costeffective hor- 
izontal drilling technology with modem reservoir character- 
ization and management. In addition to field trial at Crystal 
Field, 30 Dundee fields will be characterized. Well logs, 
other well data, drilling, and production data and rock sam- 
ples from the Dundee formation will be assembled and input 
into a commercial database manager specifically designed for 
gas and oil operations. Computer models describing the dia- 
genetic, stratigraphic, and thermal evolution of the Michigan 
Basin will be developed and applied to the Crystal Field 
reservoir. A postmortem study is scheduled to monitor the 
effect of the horizontal well on Crystal Field production. 

Summary of Technical Progress 

Reservoir Characterization 

Well and well log data sets and production data sets for all 
30 fields are complete. Tops have been picked on all forma- 
tions in all wells. The well location and formation tops data 
sets are also complete. 

Well Log Acquisition, Digitization, and Analysis 

The TOW No. 1-3 HD-1 weII in Crystal field was spudded 
on Sept. 20,1995, and cored and logged through the Dundee' 
one and one-half weeks later (see Fig. 1). From the Dundee, 



-2360 

-2370 

-2380 
= c W 

; cn 
m 
3 
v) 

-2400 

-2410 

-2420 
-2 

DISTANCE FROM ORIGINAL SURFACE LOCATION, ft 

Fig. 1 Dundee structure at horizontal well. 

59.3 ft of core was recovered from the top, and the well was 
then drilled 150 ft below the base of the core to total depth (TD) 
at the top of the Detroit River anhydrite. The vertical well was 
then logged from TD at the base of the Dundee (3334 ft) to the 
base of casing (683 ft), which corresponds approximately to 
the base of the glacial till. Haliburton ran three consecutive log 
suites, which included a gamma-ray and dual laterolog with 
microresistivity, a lithodensity log (compensated formation 
density plus photoelectric factor), and a compensated neutron 
log. The logs were then correlated with a high degree of 
confidence and combined. The top 12 to 14 ft of the Dundee 
displayed good oil staining in the core. The log suite, there- 
fore, has good coverage of both the oil leg and the water leg 
in the Dundee formation. Log evaluation has begun. 

Well log analysis and regional geological studies are beiig 
carried out by graduate students at Western Michigan Univer- 
sity 0. Well data, including drillers’ logs and wireline 
logs for 8526 wells, including 4785 wells that penetrate the 
Dundee, are in the oil and gas well data set. Maps and cross 
sections have been completed for Crystal field and 30 other 
Dundee oil fields in the Michigan Basin. These maps have been 
plotted on S1/2 x 11 in. pages and have been compiled by field 
into single folio-sized poster sheets. 

Well log analysis with TerraSciences’ TerraStation software 
is under way. Lithologies and water saturations continue to be 
calculated for selected wells in the 30 fields in the sevencounty 
study area with density-porosity and Pickett cross plots. 

QLA2, GeoGraphix’s well log package, has been acquired 
along with other modules in the GeoGraphix Exploration 
System (GES). Although its analytical capabilities are perhaps 
less sophisticated than those of TerraSciences, it may be used 
to produce more polished log displays and cross sections. 
Digitized logs were loaded +to QLA2, and a few trial log cross 
sections were constructed. 

Core Acquisition and Analysis 
The uppermost Dundee reservoir was cored in the TOW 

No. 1-3 HD-1 well. The coring point was in the lowermost 
Bell Shale, immediately above the Dundee. Out of a possible 
60 ft, 59.3 ft of core was recovered. 

Dolomite extends almost to the top of the Dundee, and the 
nonporous cap limestone, which is normally 10 to 15 ft thick 
in much of Crystal field, is only 2 ft thick in theTOW No. 1-3 
well (Fig. 1). The upper 15 ft  of the Dun& is heavily h t u r e d  
in core and contains centimeter-sized vugs. Most fractures are 
subvertical with highly variable azimuths, but some fractures 
are developed at lower angles. Most fkctures and vugs are lined 
with white, spamy dolomite. The top of the Dundee in the well 
was encountered 8 ft  lower than projected. Together, these 
observations suggest that a topdown solution process (karst?) 
led to fracturing and collapse of the uppermost Dundee, which 
resulted in development of enhanced porosity. 

The 12 to 14 ft of oil staining at the top of the Dundee in 
the core indicates significant unrecovered oil. A change in the 



appearance of the lower 4 to 5 ft of the oil-stained interval may 
indicate either a transition zone or a swept zone where the 
oil-water contact moved up as a result of primary oil production. 
Log evaluation may help to differentiate between these two 
alternatives. 

The core is being housed at WMU, where a detailed core 
description is beiig made. After samples are collected for thin- 
section and scanning electron microscope (SEM) work, the core 
will be shipped to Omni in Houston, where a core gamma-ray 
log will be run and the core will be photographed under 
plane and ultraviolet light to reveal sedimentary structures and 
heterogeneities in oil saturation. Finally, porosity and perme- 
ability analyses and Dean Stark extractions will be performed 
by Omni on whole-core samples taken at 1-ft intervals. 

About 50 cores of the Dundee formation from throughout 
the state of Michigan have been identified and are available 
in public repositories &e., the WMU Core Research Lab., the 
University of Michigan Subsurface Lab., the Wayne State 
University core facility, the Central Michigan University 
core facility, and the Michigan Geological Survey core repos- 
itory in Lansing). Many of these cores will be described and 
samples will be taken for thin-section, X-ray-diffraction, and 
SEM analyses to determine mineralogy and porosity charac- 
teristics. Cuttings samples from 60 to 100 Michigan wells are 
also available. 

Rock work has begun at WMU and will continue into 
Phase II. SEM analyses of selected samples from the nearest 
cored well to Crystal Field (Leonard Oil Co., Lee No. 1, 
Montcalm County, Mich.) were performed to investigate 
microtextures in the Dundee reservoir, including intercrystal- 
line porosity and fractures. 

Fourier ’Jkansform Infrared Spectroscopy 

Fourier transform infrared m) spectral analyses and 
inductively coupled plasma (ICP) chemical analyses were com- 
pleted on a suite of mineral standards. Data reduction is 
beginning. Spectral data from standards will be input to 
MATLAl3, a numerical computation and visualization software 
package, which will generate non-negative least-squares 
(NNLS) fits to the data. ICP elemental analyses will be con- 
verted to oxides, and mineralogies will be calculated and 
used to crosscheck the FTIR results. When the FTIR technique 
is perfected, it will be used to analyze Dundee core samples. 

Fluid Samples 

Hydrocarbon and produced-water samples will be col- 
lected h m  the research well in Crystal field. If possible, arrange- 
ments will be made to sample fluids from other Dundee 
fields as well. Inorganic geochemical analyses of produced 
brines will be used in conjunction with isotope and fluid- 
inclusion analyses of core and cuttings to determine the ori- 
gin and history of the porosity-producing dolomitizing fluid. 

A data set containing more than 77,000 geochemical 
analyses of brines from wells throughout the United States 
was acquired from a commercial database vendor. The 

database is being input to and organized in Microsoft Access. 
The well locations for all Michigan wells that contain brine 
analyses were plotted on a basemap with GeoGraphix (Fig. 2). 

Database Management 

Project personnel at WMU are using TerraSciences’ 
Ternstation software to analyze and archive project data. The 
Michigan Technological University 0 group is using 
GeoGraphix to analyze project data. Microsoft Access data- 
bases are being developed to archive analytical data and 
digitized log traces. Once in Access, these data can then 
be transferred easily to a variety of applications software 
packages. 

Well-data (drillers’ logs and scout tickets), log-data, and 
production-data sets for all 30 Dundee fields are complete and 
are stored in the TerraSciences’ database at WMU. Digitized 
well logs from selected wells were read into the WMU data- * 

base, and many intervals have been evaluated for water sat- 
uration and other calculated parameters. These calculations are 
continuing and will be made for the Dundee reservoir inter- 
val in most wells in the seven-county study area that contain 
modem log suites. 

The GES software package was acquired and installed on 
a personal computer in the Subsurface Laboratory at MTU. 
Logs, formation tops, and other data were loaded into the pro- 
gram and the system was made operational. Well location data 
were input from the 10,000-well database acquired from 
Angstrom. Dundee tops and initial production (IP) data for 
Winterfield field were input, and three-dimensional (3-D) 
surface visualizations of structure and production data were 
constructed for the Dundee reservoir. Tops for the other 30 fields 
in the study are being loaded into GeoGraphix. 

The US. Geological Survey Digital Land Grid was also 
acquired. This data set contains surface data, such as the 
locations of roads, rivers, and towns, for the entire United States. 
All data for Michigan were input to GeoGraphix and are 
available for use. 

An important component of a study will be the determination 
of whether structural deformation in the area is reflected in the 
gravity maps. For this study, the National Geophysical Data 
Center’s Gravity Data CD-ROM was acquired, and the 
Michigan portion of the data set was loaded into GeoGraphix. 
Bouguer anomaly and second-derivative contour maps were . 
constructed and displayed at several scales, including the 
state, seven-county study area, and field levels. 

Development of the Multimedia Database Manager 
shellhterface for data archiving and presentation with 
Microsoft visual Basic 3.0 continues. Interim results were writ- 
ten to CD-ROM for internal distribution. 

An input interface called PioneerBuilder, which will make 
it possible for anyone in the project to input any type of data 
or graphics to the Database Manager, is being developed. When 
it is working satisfactorily, any special needs and changes nec- 
essary for handling the Michigan data will be defined, the 
Multimedia shell will be replicated and modified if necessary, 
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and a second input interface called CrystalBuilder will be writ- 
ten to handle the Michigan data. When complete, all Dundee 
data, maps, cross sections, photomicrogmphs, etc., will be loaded 
into the Michigan Multimedia Database Manager where they 
can be easily archived and accessed. 

Drilling 

Anew cross section of the Dundee formation was co-cted 
with the use of an improved technique for projecting wells onto 
the section plane. It provided new detail and insights into the 
structure of the dolomitexap-limestone contact at the top of 
the Dundee, a surface that has a profound effect on attic oil dis- 
tribution in the field (Fig. 1). It proved useful in planning the 
final trajectory for the horizontal leg of the TOW No. 1-3 HD-1 
research well in Crystal field. 

The TOW No. 1-3 well was spudded on Sept. 20,1995, 
cored through the upper 60 ft of the Dundee formation, 
drilled to the base of the Dundee, and logged from the base of 
the Dundee to the base of the glacial till. During drilling 
through the Dundee, several lost-circulation events were 
experienced. The well was then cemented and plugged back 
to the top of the Traverse Lime, and a 10-in. directional well- 
bore was drilled on the curve to convert the vertical well to a 
horizontal one. It took 3 d and 600 vertical ft to drill the curve, 
and when the horizontal leg entered the Dundee, it was 
400 ft  laterally distant from the original intercept of the 
vertical well with the top of the Dundee. The curve was 
then lined with 85/8-in. casing and drilling of the 77/8-in. 
horizontal leg commenced. A measurement while drilling 
(MWD) gamma-ray log was run to monitor orientation of 
the horizontal leg. - 

After 90 ft of horizontal leg was drilled, the well encoun- 
tered a pocket of high porosity (probably vugs and frac- 
tures), a major lostcirculation event ensued, and the well blew 
out. Oil blew out around the drill string in a column that cas- 
caded 15 to 20 ft above the drill floor. The well was.quickly 
brought under control. At the time of the blowout, the well was 
beiig drilled with a mud capable of holding 1500 psi.Because 
the Dundee reservoir is maintained at hydrostatic pressure 
by a very active water drive, the well should produce at 
about 1400 psi. 

Because of the high reservoir porosity, permeability, and 
pressure arid the propensity to lost circulation in the area 
penetrated by the horizontal wellbore, the decision was made 
to suspend horizontal drilling and to complete the well in the 
Dundee. Although the well is capable of much higher produc- 
tion rates, initially it will be produced at 30 to 50 barrels of oil 

per day (BOPD) to prevent water coning. If expectations 
are met, the well wilI pay out in 2 to 3 yr and continue on 
production for 10 to 15 yr. 

Thus the play concept tested, that bypassed attic oil 
remained in the Dundee reservoir between wells that had 
been produced at excessively high flow rates and had coned 
water during primary production, appears to be correct, and 
the TOW No. 1-3 HD-1 well is considered a scientific success 
and appears destined to become an economic success. 

Technology Transfer 

Internet Home Page 

The Dundee Project now has its own home page on the 
Internet, which is networked to the Geology Department at 
W. It can be reached at 

http://~.~ch.edu/geology/corelab/co~res.h~ 

Multimedia Presentations on CD-ROM 
Work has continued on the Visual Basic programming for 

the Multimedia Database Manager. 

AAPG Computer Applications 

Practical Reservoir Characterization is to be published as 
a volume in the American Association of Petroleum ~eologiits 
(AAPG) Computer Applications in Geology senes.1 One of the 
case &dies will be a paper on the Dundee reservoir in 
Winterfield field. 

Basin Modeling 

A data set containing information on more than 10,OOO 
Michigan wells was acquired from Angstrom. The data set 
includes well locations, formation tops, lithologies, etc., ~ a 
form that can be read directly into the GES software. The 
data are being-input to GeoGraphix. GeoGraphix has also 
been used to analyze gravity data in the vicinity of Wmterfield 
field. The numerical computation and visualization soft- 
ware package MATLAB has been installed, and gamma-ray 
logs from wells in Winterfield field have been input. A 
pseudoseismic cross section was generated, and the results 
are encouraging. 

Reference 

1. A. Wylie and J. Huntoon (Eds.), Prucficul Reservoir Churucfedzution, 
American Association of Petroleum Geologists Computer Applications 
in Geology Series, in press. 
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APPLICATION OF RESERVOIR 
CHARACTERIZATION AND ADVANCED 
TECHNOLOGY TO IMPROVE RECOVERY 
AND ECONOMICS IN A LOWER QUALITY 
SHALLOW SHELF CARBONATE RESERVOIR 

Contract No. DE-FC22-94BC14990 

Oxy USA, Inc. 
Midland, Tex. 

Contract Date: Aug. 3,1994 
Anticipated Completion: June 14,1996 
Government Award: $2,023,000 

Principal Investigator: 
Archie Taylor 

Project Manager: 
Chandra Nautiyal 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

The Class 2 Project at the West Welch Unit 0 was 
designed to demonstrate the use of advanced technologies 
to enhance the economics of improved oil recovery (IOR) 
projects in lower quality shallow shelfcarbonate (SSC) reser- 
voirs to recover additional oil that would otherwise be 
abandoned. Accurate reservoir description is critical to the 
effective evaluation and efficient design of IOR projects in the 
heterogeneous SSC reservoirs. Reservoir characterization 
technologies being demonstrated include advanced petro- 
physics, three-dimensional (3-D) seismic interpretation, 
cross-wellbore tomography, advanced reservoir simulation, 
carbon dioxide (Cod  stimulation treatments, hydraulic 
fracturing design and monitoring, and mobility control 
agents. 

Summary of Technical Progress 

The WWU is one of four large waterflood units in the 
Welch field in the northwestern portion of Dawson County, 
Tex. The Welch field was discovered in the early 1940s 
and produces oil under a solution gas drive mechanism 
from the San Andres formation at approximately 4800 ft. 
The field has been under waterflood for 30 yr and a signifi- 
cant portion has been infill drilled on 20-acre density. 
A 1982-1986 pilot CO, injection project in the offsetting 
South Welch Unit (SWU) yielded positive results. The recent 
installation of a C02 pipeline near the field allowed the 
phased development of a miscible C02 injection project at 
the SWU. 

4 

The reservoir quality is poorer at the WWU because of 
its location relative to sea level during deposition. Because of 
the proximity of a C02 source and the C02 operating 
experience that would be available from the SWU, WWU is 
an ideal location for demonstrating methods for enhancing 
economics of IOR projects in lower quality SSC reservoirs. 
This Class 2 project concentrates on the efficient design 
of a miscible CO, project based on detailed reservoir char- 
acterization from advanced petrophysics, 3-D seismic inter- 

Substantial progress has been made in both the petro- 
physical analyses and the tomography processing. Both of these 
phases are running behind schedule. The geologic model is 
dependent upon the petrophysical analysis and the seismic and 
tomography interpretations. The actual reservoir simulation 
cannot start until the geologic model is complete, although all 
the preliminary simulation work is being done. 

Petrophysical Analysis 

-. pretations, and cross-wellbore tomography interpretations. 

Sequence stratigraphy indicates periodic flooding of the 
study area during deposition, which created thin beds of 
fine-grain, nonpermeable material. These beds create 
no-flow boundaries that extend across the demonstration 
area and can be identified from the gamma-ray logs. Use of 
the gamma-ray logs to identify no-flow boundaries has 
increased the number of layers in the geological model 
from 8 to 11. This increases the likelihood that unperforated 
flow units are present in some of the wells. Further division 
of the zones between the flow barriers into the four established 
rock types will be attempted, which may add additional 
layers to the geologic model. 

Further work with the Carman-Kozeny equation resulted 
in derivation of a permeability relationship in which informa- 
tion from standard porosity-resistivity log suites is used. 
With the use of neural network analysis, log responses that 
have meaningful relationships to the functions in the Kozeny 
equation were identified. Gamma-ray log response has been 
found to correlate to surface area. Resistivity responsehas been 
used to derive the required cementation factor. The resulting 
equation is 

100 x $3 K =  
mNR x GR2 x (1 - $)2 

where, K = permeability, mD 
= porosity,fraction 

m~~ = Nugent cementation factor calculated from 
the resistivity porosity 

GR = normalized gamma-ray response in the inter- 
val (ranges > 0 3 1; 0 values cause division 
by zero) 

Acomparison of the calculated permeability from log data to 
whole-core permeability is shown in Fig. 1. 
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Fig. 1 Comparison of West Welch Unit calculated permeability from log 
data (solid line) to whole-core permeability (dashed line). 

3-0 Seismic Interpretation 
New seismic-guided horizontal porosity maps will incor- 

porate the revised layering obtained from the petrophysical work. 
Also, tomography data will be merged with the surface seis- 
mic data to attempt to refine the vertical resolution. 

Tomography 

-processing is nearing completion on all prtions of the tomog- 
raphy data. Compressional wave, interwell-vertical seismic pro- 
file,' shear-wave, and reflection tomograms are complete. 
The first Poisson's ratio tomogram is complete with the 
remainder waiting for computer resources. 

Reservoir Simulafion 

Work has concentrated on gathering completion informa- 
tion and laboratory data for use in the waterflood history 
match because the geologic model is not ready. Layer thick- 
nesses are ready for use in the model. The next steps will 
include setting well completion intervals and building 
production-rate files from historical data. 

CO, Stimulation Treatments 

The latest data from the five C02-treated wells show one 
well with less than a 1-yr payout and the other four not 

reaching payout even with a $0.70/thousand cubic ft  COz 
price. Additional study, which incorporates the reservoir 
characterization work, is needed to explain why the other 
four wells failed to pay out. Issues to investigate include: 

How does treatment size affect results when the net pay 
is compared to the gross interval? 

Should treatment intervals be limited to certain layers? 
*What effect do low-pressure discontinuous layers have on 

production response? 

Hydraulic Fracturing 
Initial passive seismic results from the fracture treatment 

on the 4807 well were not as anticipated. The initial inter- 
pretation identified 30 seismic events that have at least 5 
clear signals from different stations. An additional 229 events 
with 4 clear signals may add to the current inteqretation. Results 
from the 30 events show that one wing of the fracture extends 
more than 500 fi to the east with one event occuning at 90 degrees 
to and 500 ft from the east end of the fracture. Similar results 
have been reported by other investigators. Propagation of the 
other wing appears to have gone to the southeast for more than 

, 1000 ft. The seismic events at the ends of the fracture, how- 
ever, suggest that the fracture grew upward, completely out 
of the main pay. 

The falloff analysis gave more conventional results and 
showed an effective fracture half length of 400 ft  when 60 ft 
pay thickness was assumed. This is similar to the fracture area 
predicted by the fracture modeling. The post-fracture model, 
however, shows that the fracture grew out of zone at the 
wellbore, with a fracture height of 174 ft and a half length of 
180 k Another fracture treatment is planned on a new untreated 
well to gain additional insight into fracturing mechanics. 

Technology Transfer 
During the quarter presentations were made by team 

members to three industry groups within the Permian Basin. 
A presentation on methods of converting seismic attributes 
to log properties to the West Texas Geological Society 
included the pore volume maps generated at the West Welch 
project. 

At a seminar at the CEEDPetroleum Industrial Alliance 
Facility between Midland and Odessa, Tex., the results of the 
engineering, petrophysic, geologic, seismic, and tomographic 
aspects of the West Welch project were presented. A demon- 
stration of the seismic attribute to log property conversion 
method with commercially available low-cost software on a 
personal computer (PC) was included. 

The reservoir characterization research laboratory held 
its Fall Industrial Associates meeting in Carlsbad, N. Mex. 
Oxy team members presented two posters illustrating the 
use of seismic attributes to estimate log properties and exam- 
ples of the tomograms that have been developed at West 
Welch. 
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CO, HUFF ’ N  PUFF PROCESS IN A 
LIGHT OIL SHALLOW SHELF 
CARBONATE RESERVOIR 

Contract No. DE-FC22-94BC14986 

Texaco Exploration and Production Inc. 
Midland, Tex. 

Contract Date: Feb. 10,1994 
Anticipated Completion: Dec. 31,1997 
Government Award: $502,609 

(Current year) 

Principal Investigator: 
Scott C. Wehner 

Project Manager: 
Jerry Casteel 
Bartlesville Project Office 

Reporting Period: July 1-SeF 30,1995 

Objective 

The principal objective of the Central Vacuum Unit (CVU) 
carbon dioxide (CO,) Huff ’n’ Puff (HnP) project is to 
determine the feasibility and practicality of the technology 
in a waterflooded shallow shelf carbonate (SSC) environ- 
ment. The results of parametric simulation of the CO, HnP 
process coupled with the C W  reservoir characterization 
components will determine if this process is technically 
and economically feasible for field implementation. The 
technology transfer objective of the project is to disseminate 
the knowledge gained through an innovative plan in support 
of the U.S. Department of Energy’s (DOE) objective of 
increasing domestic oil production and deferring the abandon- 
ment of SSC reservoirs. 

Summary of Technical Progress 

Geostatistical Realizations 

The geostatistical portion of the project has been completed 
Geostatistics, along with other more common approaches, 
have been used to distribute wellbore porosity data to 
interwell locations (cells) within the geological model. Kriged 
porosity values were generated with Texaco’s Gridstats 
program. Normalized wireline porosity data from 455 wells 
in the project area were input to the program, along with 
picks for the top of the Grayburg dolomite, Grayburg sand- 
stone, and San Andres. This exercise was expected to provide 
a more realistic distribution of the data than the typical 
algorithm used in standard mapping software. Initial geosta- 
tistical results proved too conservative relative to current 
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and forecast recoveries. Continued investigation into the 
impact of various inputs, however, resulted in relatively sim- 
ilar results. The difference between the geostatistics and 
other approaches stemmed from a misformatted datafile. 
Table 1 compares the three methods of porosity distribution 
and the resulting original oil in place (OOIP). 

TABLE 1 

Porosity Distribution Model Comparison 

Model type 

OOIP 
Central Vacuum 
unit, MMBO 

StrataModel deterministic (power factor, 2) 209.6 
StrataModel statistical (power factor, 5 )  20 1.4 
Gridstats (Texaco geostatistics software) 211.1 

Note: OOP, original oil in place; Mh4B0, million barrels of oil. 

The neural network, which was introduced in earlier 
reports, was applied to the porosity distributions to define the 
permeability. Capillary pressure data were combined and 
used in calculating the OOIP. 

Resulting OOIP calculated from the geostatistical- 
program-derived porosity compares favorably to that from 
the distributions (deterministic and statistical) within the 
StrataModel program. The lower value for the StrataModel 
statistical (power factor, 5)  model was to be expected. The 
porosity values of actual wireline measurements are not 
maintained at wellbore cells with this particular approach. 
The resulting calculations tend to represent the reservoir 
flow units as a more continuous architecture, with lower 
porosity in any given zone of comparison (Le., the data 
are heavily averaged). The StrataModel deterministic and 
Gridstats (geostatistics) approaches were quite similar in 
OOIP calculations. But it is only the geostatistical approach 
that does not rely heavily on any Gser-defined input (power 
factor for scaling). Had the investigators chosen different 
scaling factors in StrataModel, the results could have been 
quite variable, or the StrataModel statistical approach 
could have even had a similar result to the other two. Both the 
Geostatistical and StrataModel deterministic approaches 
match fairly well with the estimated ultimate recovery fore- 
cast trends. 

Site-Specijk Simuhtion 

Western Atlas’ VI€-COMP simulator was used to conduct 
a parametric study of the CO, HnP technology. The equation 
of state developed in the previous part of this project was used. 
The basic objectives of the parametric study were to identify 
reservoir characteristics that might be favorable or unfavor- 
able and to identify the best operational procedures. The 
results, which have been reported previously, were incorpo- 
rated into a site-specific model. 
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A site-specific model was selected in the north half of 
sec. 6, T. 18 S., R. 35 E. The model covers an area that was 
developed on 10-acre spacing in 1995. The site covers 160 acres, 
which includes four of the original m-acre, five-spot injection 
patterns. Producers are located on the periphery of the model. 
The site spans various reservoir architectures. The northwest 
pattern is more contiguous and has exhibited textbook water- 
flood characteristics. The southeast quarter is more heteroge- 
neous and has had a much poorer waterflood history. The model 
site covers the margin between the Northwest Shelf and the 
Delaware Basin. Four of the six production wells within the 
interior of this model are considered candidates for the CO, 
HnP technology. 

The model was finely gridded. Additional local grid refine- 
ment was imposed at individual producing wellbores in an effort 
to more accurately mimic the process. This refinement was 
necessary because the injected volume otherwise would 
typically only reflect changes in a single cell. The model 
had 22 columns and 26 rows, coupled with 12 layers, which 
results in 6864 cells, exclusive of the local grid refinements. 
History matching the waterflooded period of 1978 (initial 
water injection) through 1995 was performed. Although the 
primary production is available, it cannot be accurately 
history matched with the current equation of state because it 
was developed from pressure-volume-temperature (PVT) 
studies on the waterflooded oil properties. No PVT data are 
available before waterflooding. The history match was con- 
cluded in August 1995. A forecast was developed for the 
field demonstration(s). 

Methods were identified during the earlier parametric 
simulation studies which could be used during HnP history 
matching to compensate for the absence of flow mechanisms 
important for Hnl? processes. Commercial reservoir simula- 
tors, such as the one that was used, do not have a number of 
the mechanisms that have been identifiedsuggested as being 
present in HnP processes. The mechanisms that are absent 
include diffusion during the soak period and increased oil 
relative permeability (from relative-permeability curve 
hysteresis) during the production phase. These are important 
because diffusion permits CO, to move away from the 
well and oil to move back toward the well during the soak and 
because increased oil relative permeability leads to a larger 
oil rate during the production phase. Methods were found to 
overcome these simulator limitations. An increase in the 
gas-oil capillary pressure to very large levels was found to 
mimic diffusion, and a method was found to change the 
relative-permeability curves in mid-simulation so that an 
increase in the oil relative permeability (curve) during 
the production phase could be approximated. In addition, 
the VIP-COMP simulator can include directional relative 
permeability so that a decrease in the gas relative permeability 
can be modeled. A decrease in the gas relative permeabiiity 
is another mechanism claimed to occur in an HnP. Although 
these procedures to overcome simulator limitations were 
identified, they were not used during the parametric studies 

but were instead left to be used as needed for history 
matching the field demonstration(s). A moderately large 
gas-oil capillary pressure and trapped gas hysteresis were the 
only special relative-permeability features used in the para- 
metric studies. These same approaches were applied to the site- 
specific area in generating a forecast. 

Following the introduction of the C0,in the demonstration 
site, production will be monitored and history matched with 
the compositional simulator. The preceding mechanisms will 
be incorporated as warranted. 

Waterjlood Review 

A review of past operations is not complete without a 
comparison to the initial hydrocarbons in the formation. The 
procedures for calculating O O P  within StrataModel software 
were developed and tested. OOIP was calculated for each cell 
in the model. The calculation of OOIP in this manner requires 
porosity, permeability, and water saturation values for each 
cell in the model. Porosity is derived from the distribution 
of porosity data from each well location. The neural net- 
work described in previous reports is used to determine 
the permeability for each cell. The Leverett J function 
was used to calculate initial water saturation for each cell. 
Polygons for unit boundaries and waterflood patterns were 
added to the model. These polygons al1owed.summation of 
OOIP for specific areas and individual waterflood pattern 
review. Summation by stratigraphic sequence is also possible, 
which allows each of the five sequences to be summed indi- 
vidually. Many parameters, such as net pay and hydrocarbon 
pore volume, were investigated and mapped. 

Current observations are that, overall, either (1) the prop- 
erty is experiencing ultimate recovery efficiencies above 
normal, at approximately 44.8% OOIP; (2) the OOIP is too 
low; or (3) two independent approaches to estimating ultimate 
recoveries, although equivalent in findings, resulted in 
erroneous forecasts. Investigations continued during the thiid 
quarter of 1995. The site-specific modeling helped address 
this issue during the history matching phase. The history 
matching went smoothly. This was attributed to the detail 
provided in the geologic model coupled with the initialization 
parameters developed within this study. The simulation sug- 
gests that the calculation and distribution of hydrocarbons are 
good. Overall, volumes and efficiencies fit with structural and 
geologic trends. It is inferred, therefore, that the ultimate 
recovery efficiency is above normal when compared to other 
San Andres waterfloods. 

I 

Demonstration DesigdProcedures Pluming 

A demonstration site was selected within the site-specific 
simulation area. The C W  No. 97 was selected because of 
its relatively high water cut (simulations suggest greater 
efficiency with higher water cuts). The electrical submersible 
pump was exchanged for a Rotaflex rod pump system. This 
should provide better pumping efficiencies during the 
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high gas production periods following introduction of the CO, 
to the reservoir system. 

A contract was finalized with Phillips Petroleum Co. to tem- 
porarily dispose of the C02-contaminated gas production. A 
temporary polypropylene line will be installed to transport the 
low-pressure gas to an offlease gathering point. 

Arrangements for the supply of CO, have been investigated 
and selected. A pipeline alternative was investigated but 
was found to be somewhat costlier for the near-term 
demonstration component. Services for trucking and inject- 
ing the CO, were solicited, and services were awarded to 
CO,. Inc., Midland, Tex. Injection is planned to begin in 
November 1995. 

The CVU No. 97 will be broken out of the existing satel- 
lite and diverted through an isolated satellite for testing 
purposes. 

Technology Transfer 

The Petroleum Technology Transfer Council, a joint 
venture between the Independent Producers Association of 
America and DOE, is providing quarterly and annual 
technical reports on an industry bulletin board called 
GO-TECH, This will allow more timely dissemination of 
information to interested parties. 

Aconsortium led by the Colorado School of Mines selected 
the CVU as a site to conduct a four-dimensional, three- 
component seismic study. The project would attempt to 
monitor dynamic reservoir conditions associated with the 
introduction of CO, into the reservoir along with stress field 
changes. The information gained through this proposed seis- 
mic demonstration would complement the subject project at no 
cost. The information may provide necessary data for refine- 
ments to the reservoir model (layering, flow capacity, fracture 
orientation, etc.) and fluid characterization (saturations, fluid 
flow, etc.). 

IMPROVED OIL RECOVERY IN FLUVIAL- 
DOMINATED DELTAIC RESERVOIRS 
OF KANSAS-NEAR TERM 

Contract No. DE-FC22-93BC14957 

University of Kansas 
Lawrence, Kans. 

Contract Date: June 18,1993 
Anticipated Completion: Dec. 31,1998 
Government Award: $2,007,446 

Principal Investigators: 
Don W. Green 
G. Paul Willhite 

Project Manager: 
Rhonda Lindsey 
Bartlesville Project Off ice 

Reporting Period: July 1Sept .  30,1995 

Objective 

The objective of this project is to address waterflood prob- 
lems of the type found in Cherokee Group reservoirs in 
southeastern Kansas and in Morrow sandstone reservoirs in 
southwestern Kansas. Two demonstration sites operated by dif- 
ferent independent oil operators are involved in the project. 
The Nelson Lease (an existing waterflood), located in Allen 
County, Kans., in the northeastern Savonburg field, is oper- 
ated by James E. Russell Petroleum, Inc. The Stewart field (on 
latter stage of primary production), located in Finney County, 
Kans., is operated by North.American Resources Co. 

General topics to be addressed will be reservoir manage- 
ment and performance evaluation, waterflood optimization, 
and the demonstration of recovery processes involving off-the- 
shelf technologies that can be used to enhance waterflood 
recovery, increase reserves, and reduce the abandonment 
rate of these reservoir types. 

The reservoir management portion of the project will 
involve performance evaluation and will include such work 
as reservoir characterization and the development of a reser- 
voir database, identification of operational problems, identi- 
fication of near-wellbore problems, identification of unrecovered 
mobile oil and estimation of recovery factors, and identification 
of the most efficient and economical recovery process. The 
waterflood optimization portion of the project involves 
only the Nelson Lease. Optimization will be based on the 
performance evaluation and will involve design and imple- 
mentation of a water cleanup system for the waterflood; 
application of well remedial work, such as polymer gel 
treatments to improve vertical sweep efficiency; and changes 
in waterflood patterns to increase sweep efficiency. Finally, 



plans are to implement an improved recovery process on 
both field demonstration sites. 

Summary of Technical Progress 

Savonburg Field Project 

Water Plant Development 

The air flotation unit forms a froth on top of the water 
level which is removed as part of the water cleanup process. 
It has been determined that the froth has not been removed 
appropriately. The top of the air flotation unit has been 
removed, therefore, to modify the slop weir. Obviously the 
hydraulic-induced circulation was not as good as thought. 
The slop weir was modified, and a froth wiper was installed 
to remove the foam rapidly from the surface of the water with 
the intentions of preventing large bubbles from forming. 
The entrained solids from the collapse of a large bubble tend 
to sink in the air flotation tank and carry over to the clean 
water weir. 

A small-scale test of the Consolidated Electro-Floc process 
was conducted. The water stream was split immediately 
ahead of the air flotation unit. A portion of the stream was 
passed through the device, which consisted of a series of 
aluminum plates with a small voltage imposed across them. 
A strong floc was consistently formed. It appeared, how- 
ever, that retention time through the flotation unit was inad- 
equate to achieve the full effect. 

Tank pads were constructed and piping was revamped, 
and two additional 400-bbl fiberglass tanks were installed. 
This will provide adequate clear-water storage and allow 
flexibility for the other vessels to be used for testing to opti- 
mize the water treatment process. 

Pattern Changes and Wellbore Cleanup 

In July 1995, well No. RW-1 was washed, jetted, and 
acidized. After a top-hole casing repair, the well was reacti- 
vated and placed back on injection. Coiled tubing acid and 
chemical treatments were performed on injection wells 
Nos. RW-9, RW-12, and H-12. Well No. K-50 was reactivated 
and received two small acid-chemical treatments. Tubing 
leak problems occurred in converted injection well No. H-5.. 
Atubing string was replaced. In August 1995, the following 
producing wells were pulled: Nos. H-16, H-21, H-30, K-41, 
and K-43. In September 1995, the following injection wells 
were treated by coil tubing: Nos. KCW-1, KW-6, KW-7, 
KW-8, KW-10, RW-12, and RW-13. Each treatment con- 
sisted of 25 gal of 28% hydrochloric acid with normal 
chemical additives. Four producing wells were serviced 
NOS. H-24, H-25, K-41, and K-54. 

Reservoir Development (Polymer Flooding) 

Equipment to inject polymer was placed on location. The 
equipment was tested for reliability. 

Field Operations 

Normal field operations have included monitoring wells on 
a daily basis; repairing water plant, piping, and wells as 
required; collecting daily rate and pressure data; and solving 
any other daily field operational problem that might occur. 
Production statistics are summarized in Table 1. 

TABLE 1 

Savonburg Field Oil Production 

oil production, 
Month BOPD 

October 1993 
November 1993 
December 1993 
January 1994 
February 1994 
March 1994 
April 1994 
May 1994 
June 1994 
July 1994 
August 1994 
October 1994 

26.4 
30.7 
32.0 
30.8 
30.9 
30.3 
29.1 
28.5 
30.3 
28.9 
24.6 
23.0 

Oil production, 
Month BOPD 

November 1994 25.7 
December 1994 27.8 
January 1995 27.0 
February 1995 25.3 
March 1995 22.4 
April 1995 22.4 
May 1995 25.0 
June 1995 23.9 
July 1995 26.8 
August 1995 25.2 
September 1995 24.8 

Technology Transfer 

A workshop on Exploitation of Mature Reservoirs- 
Results on Savonburg Project was held at Allen County 
Community College in 101% Kans., Aug. 9,1995. 

Methodologies used on this project were presented as a 
case study at a seminar on Increasing Profitability in Marginal 
Oil Fields in August 1995. 

Stewart Field Project 

DesigdConstruct Waterflood Plant 

The construction of the water injection building and 
the major piping to this building is complete. The injection 
building contains two quintiplex pumps, motors, filtering 
equipment, suction and discharge piping, pressure recorders, 
flowmeters, electrical wiring, and controls. The injection 
building is designed for a maximum volume of 10,000 barrels 
of water per day at 2000 psi. The water supply tankage has 
been set and is part of the central facility tank farm. The 
water supply tankage consists of three 1000-bbl and one 
300-bbl fiberglass tanks. The major plumbing is complete on 
the water supply tankage. 

DesigdConstruct Injection System 

The second water supply well (Sherman No. 3-9) was 
recompleted in the Topeka formation. Electricity and fiberglass 
water supply lines were run to the two water supply wells. A 
4-in. fiberglass injection trunkline was trenched and installed 
over 3.5 miles of the length of the field. The 3-in. fiberglass 
injection lateral lines were trenched and installed to most of 
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the proposed injection wells. Conversion of five of the six 
initial proposed injection wells is complete. 

DesigdConstruct Battery Consolidation and 
Gathering System 

Concrete tank farm and water supply tankage founda- 
tions were poured. Central battery oil tanks (four 1000-bbl) 
and the central battery heater treater were set. Major piping 
on the production side was constructed and installed. The 
majority of the 4-in. fiberglass gathering line across the 
length of the field was trenched and installed. Approximately 
one-third of the producing wells were tied into the gathering 
line to the central tank battery. 

Waterflood Operations and 
Reservoir Management 

reporting sheets were provided. 
A company pumper was hired, and daily information 

IMPROVED OIL RECOVERY IN 
MISSISSIPPIAN CARBONATE 
RESERVOIRS OF KANSAS- 
NEAR TERM-CLASS II 

Contract No. DE-FC22-93BC14987 

University of Kansas 
Lawrence, Kans. 

Contract Date: Sept. 18,1994 
Anticipated Completion: Sept. 17,1998 
Government Award: $3,169,252 

Principal Investigators: 
Tim Carr 
Don W. Green 
G. Paul Willhite 

Project Manager: 
Chandra Nautiyal 
Bartlesville Project Off ice 

Reporting Period: July 1- Sept. 30,1995 

Objective 

The objective of this project is to demonstrate incremen- 
tal reserves from Osagian and Meramecian (Mississippian) 
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dolomite reservoirs in western Kansas through application of 
reservoir characterization to identify areas of unrecovered 
mobile oil. The project addresses producibility problems in 
two fields: the Schaben field in Ness County, Kans., and the 
Bindley field in Hodgeman County, Kans. The producibility 
problems to be addressed include inadequate reservoir char- 
acterization, drilling and completion design problems, and 
nonoptimum recovery efficiency. 

Summary of Technical Progress 

Work this quarter has continued to concentrate on reservoir 
characterization and the continuation of initial technology trans- 
fer efforts. The second well was successfully drilled, cored, 
logged, and tested. The remaining well should be drilled dur- 
ing the next quarkr. Work on reservoir characterization is pro- 
gressing, and related technology transfer has been initiated and 
should accelerate in 1996. 

Acquisition and Consolidation of 
Available Data 

Acquisition and consolidation of existing geologic, digi- 
tal log, and production data are complete. After protracted per- 
mitting and scheduling problems, the second of three new wells 
was drilled during the quarter. Well No. 1 Foos A-P Twin was 
spudded on Aug. 4,1995, and completed on Sept. 1,1995. An 
excellent core was recovered along with a good log suite and 
test information. The cores from both new wells have provided 
valuable new insight into the Mississippian reservoir at 
Schaben field. The new cores will be examined in detail and 
compared with previously existing cores from both Schaben 
and Bindley fields. Included in the detailed examination 
will be minipermeameter work. Ritchie Exploration as 
operator is pushing to expedite the permitting and drilling for 
the last well. Subject to hole conditions and tool availability, 
a magnetic resonance imaging log will be run in the remain- 
ing well. 

Reservoir Characterization 

Work during this quarter has concentrated on generating a 
detailed geologic reservoir characterization for the northern 
part of the Schaben field (in and around sec. 30, T. 19 S., 
R. 21 W.). Geologic reservoir characterization work has used 
both the pseudoseismic technique and the computer workstation 
to recognize and map small faults and complex stratigraphic 
geometries within the reservoir units. This work is being inte- 
grated with the data from the new wells and with analysis of 
engineering data. The work will form the basis for an initial 
reservoir simulation for Schaben field. 



APPLICATION OFADVANCED RESERVOIR 
CHARACTERIZATION, SIMULATION, AND 
PRODUCTION OPTIMIZATION STRATEGIES 
TO MAXIMIZE RECOVERY IN SLOPE AND 
BASIN CLASTIC RESERVOIRS, WEST TEXAS 

Contract No. DE-FC22-95BC14936 

University of Texas at Austin 
Austin, Tex. 

Contract Date: Mar. 31,1995 
Anticipated Completion: Mar. 30,1997 
Government Award: $1,010,208 

Principal Investigator: 

, 

Shirley P. Dutton 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

The primary objective of this project is to demonstrate that 
detailed reservoir characterization of slope and basin clastic 
reservoirs in sandstones of the Delaware Mountain Group in 
the Delaware Basin of West Texas and New Mexico is a 
cost-effective way to recover a higher percentage of theorig- 
inh oil in place through strategic placement of infill wells and 
geologically based field development. Project objectives are 
divided into two major phases. The objectives of the reservoir 
characterization phase of the project are to provide a detailed 
understanding of the architecture and heterogeneity of two 
fields, the Ford Geraldine Unit and Ford West field, which pro- 
duce from the Bell Canyon and Cherry Canyon formations, 
respectively, of the Delaware Mountain Group, and to com- 
pare Bell Canyon and Cherry Canyon reservoirs. For reservoir 
characterization, three-dimensional (3-D) seismic data, high- 
resolution sequence stratigraphy, subsurface field studies, 
outcrop characterization, and other techniques will be used. 
Once the reservoircharacterization study of both fields is com- 
plete, a pilot area of approximately 1 square mile in one of the 
fields will be chosen for reservoir simulation. The objec- 
tiv& of the implementation phase of the project are to (1) apply 
the knowledge gained from reservoir characterization and 
simulation studies to increase recovery from the pilot area, 
(2) demonstrate that economically significant unrecovered oil 
remains in geologically resolvable untapped compartments, 
and (3) test the accuracy of reservoir characterization and flow 
simulation as predictive tools in resource preservation of 
mature fields. A geologically designed, enhanced-recovery 
program (carbon dioxide flood, waterflood, or polymer flood) 

and a well completion program will be developed, and one 
to three infill wells will be drilled and cored. Through tech- 
nology transfer workshops and other presentations, the 
knowledge gained in the comparative study of these two 
fields can then be applied to increase production from the 
more than 100 other Delaware Mountain Group reservoirs. 

Summary of Technical Progress 

Geophysical Characterizalhn 

Seismic acquisition began on May 26, 1995, and was 
completed on July 25,1995. The 3-D parameters used are given 
in Table 1. 

During acquisition, Ponca City Processing (PCP) plotted 
each field file and verified field reel headers and observer 
records. The recording quality looked very good; an insignif- 
icant number of bad traces was noted. PCP received the fmal 
shipment of field data at the beginning of August 1995, bring- 
ing the total to 232 reels, 5373 source positions, and 4,483,596 
traces. The geometry was verified, and trace editing was 
completed. The total number of bad tram edited was very low 
(0.03 5%). 

Deconvolution of the entire survey was completed after a 
subset of the data was tested for deconvohtion parameters. 
Testing of single-trace, sourceconsistent, and surfa&ansistent 
deconvolutions yielded comparable results. By the end of the 
quarter, good progress had been made on optimizing statics 
program parameters, and processing was continuing. 

TABLE 1 

Reservoir Parameters 

Area, square miles 
Bin size, ft 
Spread 
Receiver line spacing, ft 
Receiver flags, ft 
Receiver arrays 
Array dimension 
Source line spacing, ft 
Source flags, ft 
Source arrays 
sweep 
Sample rate, ms 
Listen time, s 

36 
ll0X 110 
8 lines x 96 channelsfline (768 channelsfline) 
1100 
220 
24 geophonesflinear array 
220 ft inline, 100 ft crossline 
880 
220 
4 vibs x 8 sweeps (using 5 vibs) 
8 to 60 W 1 2  s long 
2 
4 

Reservoir Characterization 
Data collection and database construction continued. 

Additional logs from the Ford Geraldine Unit (133) and the 
Ford West field (42) were coIIected at Conoco offices in 
Midland, Tex. Corresponding location coordinates were also 
obtained from Conoco. The database now comprises well logs 
fiom 305 wells. Seventy-eight log curves have been loaded into 
Landmark’s Openworks database. 
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The geographic locations of 277 wells were determined by 
matching well coordinates provided by Conoco and American 
Petroleum Institute numbers on Conoco’s well files. A base 
map showing well locations was created with Landmark 
software. Log digitization is continuing. A total of 182 logs 
have been digitized (about 60% of the logs in the database). 
Of these, 151 are from the Ford Geraldine Unit and 31 are 
from the Ford West field. 

The outcrop characterization task to establish sequence 
stratigraphy was postponed to concentrate effort on gathering 
the subsurface database for reservoir characterization. 

REVITALIZING A MATURE OIL PLAY: 
STRATEGIES FOR FINDING AND 
PRODUCING UNRECOVERED OIL 
IN FRIO FLUVIAL-DELTAIC 
RESERVOIRS OF SOUTH TEXAS 

Contract No. DE-FC22-93BC14959 

University of Texas at Austin 
Bureau of Economic Geology 
Austin, Tex. 

Contract Date: Oct. 21,1992 
Anticipated Completion: Aug. 31,1996 
Government Award: $817,911 

Principal Investigators: 
Noel Tyler 
Raymond Levey 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

Project objectives are divided into three major phases. 
The first phase, reservoir selection and initial framework 
characterization, consisted of the initial tasks of screening fields 
within the play to select representative reservoirs that have a 
large remaining oil resource and are in danger of premature 
abandonment and performing initial characterization studies 
on selected reservoirs to identify the potential in untapped, 
incompletely drained, and new pool reservoirs. The second 
phase involved advanced characterization of selected reser- 
voirs to delineate incremental resource opportunities. Subtasks 
included the volumetric assessments of untapped and incom- 
pletely drained oil and an analysis of specific targets for 
recompletion and strategic infill drilling. The third and final 
phase of the project consists of a series of tasks associated 
with documentation of results, technology transfer, and the 
extrapolation of specific results from reservoirs in this study 
to other heterogeneous fluvial-deltaic reservoirs within and 
beyond the Frio play in South Texas. 

The goals of the industrial associates program that is the 
source of industry cofunding to this project are to develop an 
understanding of sandstone architecture and permeability 
structure in a spectrum of fluvial-deltaic reservoirs deposited 
in high- to low-accommodation settings and to translate this 
understanding into more-realistic, geologically constrained 
reservoir models to maximize recovery of hydrocarbons. 

Summary of Technical Progress 

Work during this quarter consisted of documentation of the 
second phase tasks associated with the delineation of untapped 
and incompletely drained reservoir compartments and new pool 
reservoirs in selected Frio fluvial-deltaic sandstone inter- 
vals in Rincon and Tijerina-Canales-Blucher (TCB) fields 
as well as tasks related to the transfer to industry of the 
technologies that aided in delineation. Documentation of 
tasks for the second phase has concluded, and the bulk of the 
effort has turned toward technology transfer. 
. The process of multidisciplinary advanced reservoir 
characterization has been documented in a Topical Report 
accepted for publication by the U.S. Department of Energy. 
Reservoirs within Rincon field, Starr County, Tex., were 
used to illustrate the process of characterization and the 
potential for reserve growth in the mature reservoirs of the Frio 
fluvial-deltaic play. Additionally, the operator of TCB field 
has begun a series of recompletions that have proved the 
validity of project recommendations and added incremental 
production from one of the reservoirs studied. 

Results of the Frio fluvial-deltaic study have been used in 
two workshops developed by other programs at the Bureau of 
Economic Geology (BEG), The University of Texas at Austin, 
to reach management and geoscientists from a spectrum of 
operating companies ranging from small independents to 
large multinational corporations. Plans and schedules are 
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also being made for two workshops specifically designed to 
transfer the results of the Frio fluvial-deltaic project to oper- 
ators within the play. Finally, the ideas surrounding a 
microcomputer-based Geologic Advisor software are matur- 
ing, and the minimum requirement targets for computers 
capable of running the software have been set. 

Documen fation of Untapped and Incompletely 
Drained Compartments and New Pool Reservoirs: 
An Example from Rincon Field 

Reservoir compartment architecture and inmmental recov- 
ery opportunities for selected reservoirs within the Frio 
fluvial-deltaic sandstone (Vicksburg Fault Zone) play were 
identified, and final documentation was completed during 
this quarter. The following summary illustrates the procedure 
used and the results obtained. An analysis of eight reservoirs 
in Rincon field indicates that 4.7 million barrels of mobile oil 
(MMI30) remain (Table 1 and Fig. 1) and can be targeted by 
the methods used in this study. 

Overview 
The foundation for evaluating a reservoir and identifying 

remaining mobile oil is the recognition of compartmentalization 
within the reservoir. Although the effects of structural com- 
partmentalization are widely appreciated, the contribution 
of stratigraphic variability is generally underrecognized. 
High-frequency stratigraphic correlation of fluvial-deltaic 
sequences within Rincon field shows that units as thin as 
20 ft and thinner represent separate depositional episodes 
with consequently independent channel patterns and that 

these sandstone bodies act as partially or wholly isolated 
fluid-flow pathways or compartments. The permeabiities of 
interbedded floodplain or bayfill mudstones are several orders 
of magnitude lower than those of the reservoir sandstones, and 
they hydraulically isolate reservoirs where as little as 2 ft of 
shale separates sandstones. Where vertically successive chan- 
nel sandstones overlie one another, the sandstoneon-sandstone 
contact can still act to prevent or decrease fluid flow between 
sandstones because of the silty channel-top lithofacies of the 
underlying channel or the mudclast-rich lag deposits at the base 
of the overlying channel. 

Because of these relationships, thick massiveappearing sand- 
stones, such as the D-4 through D-6 in the upper right of 
Fig. 2, cannot be treated as a single reservoir. Instead, each'dep 
sitional unit must be mapped separately to determine its 
reservoir volume and distribution. Past completions must 
then be tabulated for each unit as an indication of depletion. 
Areas of low completion density within each depositional unit 
present targets for potential recompletions or infiil drilling. 

Rincon D-4 Reservoir 
The D-4 mervoir in Rincon field is an example of how addi- 

tional incremental oil production potential can be found in a 
mature reservoir- The D-4 is just one of four depositional units 
within the more massive-appearing D reservoir in the middle 
Frio formation (Fig. 2). It is composed of a series of dip- 
oriented sandstone bodies (Fig. 3) that show an upward- 
fining log pattern. Regional relationships and sedimentary 
features in core from Rincon field support the interpretation 
that the D-4 represents the deposits of a fluvial channel sys- 
tem within an upper delta plain setting. 

TABLE 1 

Comparison of Sandstone Geometry and Oil Production Among 
Frio D and E Reservoir Flow Units 

E 4  E3 E2 El D-6 D-5 D-4 D-3 

Stacking pattern 
Mean net sand thickness 
Reservoir a m  
Percent reservoir (acre/ft 

in primary channel facies) 

Sandstone Architecture 

A A A-R R P P-A A A 
8.0 7.1 8.3 6.0 8.8 10.5 7.1 6.2 
532 1843 1931 462 975 1734 532 294 

77 92 83 - - 99 78 57 

Reservoir Development 

Allocated mobile oil production 
@asedonkHcalculations) 486 1405 3453 23 583 2129 712 492 

Humber of completions 21 35 39 17 11 30 14 15 
Percent completions in 

68 71 73 
Percent total oil produced from 

Percent total oil produced from 

primary channel facies 50 71 62 - - 

primary channel facies 96 91 66 - - 94 93 99 

reservoir zone 7 31 51. 1 19 62 16 3 
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Fig. 1 Mean (50% probability) and conservative estimates (95% prob- 
abilities) of remaining mobile oil (RMO) in Frio D and E reservoir 
sandstones in Rincon field. Under conservative estimates, at least 4.7 mil- 
lion barrels of oil (MMBO) remain in these two intervals. 

Fig. 2 llvpe logs for Rincon field illustrating (a) the general depositional 
sequence for the productive Frio-upper Viiburg reservoir interval, @) the 
stntignphlccontext of the middle Frio resentoirsequence, and (c) the reser- 
voir nomenclature of individual pruducing units within the Frio &E 
Interval. 

Figure 3 shows the net sandstone distribution, the oil-water 
and gas-water contacts (which parallel structure contours), and 
past completions within the D-4, as well as the past comple- 
tions in the vertically adjacent D-5 unit. Of greatest import are 
the solid diamonds and squares indicating past completions 
within the D-4. Note the paucity of completions compared with 
those in the underlying D-5 unit (Fig. 4), which is more mas- 
sive and was thus a preferred target for completions. 

In the D-4, note the two crossing channel systems near the 
center of the producing area. The reservoir sandstones within 
each are likely to be laterally isolated from one another with 
respect to fluid flow by areas of floodplain mudstones (the areas 
of less than 5 ft of net sandstone) or, where the channels cross, 
by a layer of low-permeability mudclast rip-up conglomerate. 
The northeast and southwest channel segments (Fig. 3) have 
only had a total of three completions and likely repment incom- 
pletely drained compartments, whereas the northwest and 
southeast channel segments have not been exploited at all and 
remain as untapped compartments. 

Testing of Identified Untapped and 
Incompletely Drained Compartments: 
Tijerina-Canales-Blucher Field 

A series of recompletion and infill opportunities have 
been identified in the Scott and Whitehill reservoirs of TCB 
field, Jim Wells County, Tex., on the basis of a study similar 
to that illustrated for the D-4 reservoir. The opportunities 
in the Whitehill reservoir were tabulated and assigned a 
qualitative risk factor that took into consideration compart- 
mentalization, past drainage, and measured resistivity. 

The field operator has since recompleted one well that was 
categorized as moderate risk because of its intermediate 
resistivity values and proximity to a past completion that 
drained a large volume of gas from the reservoir. The well, 
Blucher No. 59, had maximum uncorrected resistivities 
from the induction log depth (ILD) tool of 10 a-m and is 
within 650 ft  of the Blucher well No. 3, which produced 
approximately 5 billion cubic feet sf gas from the Whitehill 
reservoir (Fig. 5), within what is interpreted to be the same 
large compartment (well No. 59 postdates Blucher well 
No. 3 production). Blucher well No. 59 was completed in 
September 1995, flowing 268 thousand cubic feet per day 
and 200 barrels of water. The presence of gas and high water 
cut is interpreted as evidence of partial communication with 
Blucher well No. 3, which suggests an incompletely drained 
compartment. 

At least three other lower risk recompletion opportunities 
have been identified but remain untested. These wells are either 
producing at very economic rates from other reservoirs or are 
producing at low rates at low pressures but have flat decline 
curves. In these cases, the operator does not wish to jeopar- 
dize stable economic production by attempting a recomple- 
tion. In addition, 14 other recompletion opportunities with risks 
similar to or less than that of Blucher well No. 59 have been 
identified in the Whitehill zone. 

.c 

a7 



I 
98' 62' 

SANDSTONE THICKNESS (ft) AND RESERVOIR FACIES a 0 (Floodplainlinterdistributary facies) 10-15 (Channel thalweg) 

26" 55' 

26" 51' 

- 
0-5 (ChanneVbar margin or overbank facies) 

5-10 (Channel thalweg) 

15-20 (Primary channel axis andlor point bar) 

WELL STATUS 
Completionlproduction in zone 0 Completion/oil production from 

W Completion/production in zone (watered out) 
H Completion/production in vertically 

8 Completion (no production) 

another reservoir zone 

another reservoir zone 
No production 

@ Completion/gas production from 

adjacent sub-unit (D-5 zone) 

A Water injection well 

Fig. 3 Map illustrating sandstone thickness distribution, productive limits, past completions, and untapped and incompletely drained reservoir com- 
partments in the Frio D-4 reservoir unit of Rincon field. 
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Fig. 4 Map illustrating the sandstone thickness distribution, productive limits, and past completions within the Frio D-5 reservoir interval, Rincon 
field. 
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Amalgamated channel belts 

Isolated channel belts 

Possible recompletion 

Time structure contour 

Hydrocarbon reservoir 

Fig. 5 Map showing reservoir compartment distribution, productive limits, identified recompletiodii  opportunities, and 
results of one recompletion within the upper Whitehill reservoir of TCB field. Three mompletion opportunities evaluated 
as having lower risk than the current recompletion are annotated. 

Technology Transfer 

The focus of efforts in this project has turned to the trans- 
fer of technologies developed or used during the first two phases. 

Technology transfer activities during the quarter included 
the presentation of project results in two outside workshops, 
planning for two workshops focusing exclusively on Frio 
fluvial-deltaic reservoir characterization, and tentative outlining 
of the Geologic Advisor microcomputer-based software. The 
approach to reservoir characterization that was used in this 
project, along with results of the resource assessment for the 
Frio fluvial-deltaic sandstone (Wcksburg Fault Zone) play, 
was presented to operators of this play during August 1995 in 
Houston, Tex., as part of a workshop developed jointly by 
the BEG, the Petroleum Technology Trk fe r  Council, and the 
Texas Independent Producers and Royalty Owners. A total of 
29 operators, geologists, engineers, and geophysicists attended. 
The first part of the presentation was an introduction to Texas 
oil and gas plays and reserve'growth concepts; the. second 
section was a slide presentation on Frio fluvial-deltaic sand- 
stone play characteristics; and the third section encompassed 
reservoir characterization methodology. 
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The second workshop was developed by the BEG and the 
Gas Research Institute (GRI) to make geologists, engineers, 
and geophysicists aware of the breakthroughs in prediction of 
reservoir architecture within a sequence stratigraphic frame- 
work. The workshop consisted of a 3-d field trip to examine 
exposures of the Ferron sandstone in Utah. In addition to rep- 
resentatives from the BEG and GRI, the trip was attended by 
22 geoscientists from large independents, major integrated 
petroleum companies, and Latin American oil companies. 

Two Frio workshops are being planned to transfer the 
techniques and results of this project. The workshops are 
intended primarily for independent operators and major oper- 
ators who controI the great bulk of mature reseivoirs in the Frio 
fluvial-deltaic sandstone (Vicksburg Fault Zone) play. 
Workshops will be held in two locations accessible to the iden- 
tified audience. Discussions are currently being held with rep- 
resentatives from @e South Texas Geological Society, San 
Antonio, Tex., and the Houston Geological Society, Houston, 
Tex. Both workshops will be given in 1996. 

A software package, Geologic Advisor, is being developed 
to assist operators in planning and implementing an inte- 
grated reservoir characterization study. The software illustrates 



the flow path and technologies required in such studies and will 
include a hypertext-type help system; for example, the primary 
flow path for a study includes determining reservoir architecture. 
By activating a highlighted word or symbol, another panel with 
information on how to identify reservoir architecture will be 
displayed, Among the steps shown might be identification of 
depositional facies. By activating this phrase, a series of pan- 
els relating facies to typical log profile might be shown. 

The approach to reservoir characterization will be a gen- 
eralized summary of the process developed by the BEG, 
drawing on nearly 30 yr of accumulated experience. The 
details of the process will include characteristics inherent 
in the Frio fluvial-deltaic system. Petrophysical data gathered 
during this study will be incorporated, and specific examples 
of reservoir characterization studies from the play will be 
used. 

Geologic Advisor uses a multimedia approach, incor- 
porating text, graphics, animation, and application tools, 
such as spreadsheets, to guide the user through the four basic 
and cumulative steps in identifying reserve growth potential: 
determining reservoir architecture, establishing fluid-flow 
trends, integrating architecture and fluid flow, and combining 
the results of previous steps to identify the reserve growth 
potential of the reservoir. Spreadsheets will allow the user to 
enter their reservoir-specific data and execute algorithms 
that create a quick-look ranking of reservoirs in terms of 
reserve growth potential or that calculate reservoir volumet- 
r ic~  and drainage areas. Geologic Advisor is intended to be com- 
patible with personal computers currently used by indepen- 
dent operators. 

Characterization of Heterogeneity Style 
and Permeability Structure in a Sequence 
Stratigraphic Frame work in Fluvial-Deltaic 
Reservoirs (Matching Funds Source) 

Because of the worldwide importance of resources in 
fluvial-deltaic reservoirs, a consortium of oil companies is 
funding research at the BEG aimed at reservoir characterization 
of fluvial-deltaic depositional systems. The goals of this 
program are to develop an understanding of sandstone 
architecture and permeability structure in a spectrum of 
fluvial-deltaic reservoirs and to translate this understanding 
into more-realistic, geologically constrained reservoir mod- 
els. The approach is to quantify the interrelationships among 
sequence stratigraphy, depositional architecture, diagenesis, 
and permeability structure through detailed outcrop charac- 
terization. This industrial associates program is the source of 
the 50% cofunding for the Bureau's Class I Oil Project. One 
focus of this project is the Upper Cretaceous Ferron sandstone, 
a fluvial-deltaic system deposited in a high-accommodation 
setting in Utah. Styles and scales of reservoir heterogeneity 
are predictable and can be related to a stratigraphic framework 
This predictive relationship reduces the amount of uncer- 
tainty associated with correlation and spatial distribution of 
small- and intermediate-scale features in poorly constrained 
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stratigraphic systems. Because this approach is genetically 
based, it is not reservoir-specific but is applicable to reservoirs 
from analogous stratigraphic, depositional, and diagenetic 
settings. 

INTEGRATED APPROACH TOWARD 
THE APPLICATION OF HORIZONTAL 
WELLS TO IMPROVE WATERFLOODING 
PERFORMANCE 

Contract No. DE-FC22-93BC14951 

University of Tulsa 
Tulsa, Okla. 

Contract Date: Jan. 1,1993 
Anticipated Completion: Dec. 31,1996 
Government Award: $250,973 

Principal Investigator: 
Balmohan G. Kelkar 

Project Manager: 
Rhonda Lindsey 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this project, in Glenn Pool field, Tulsa 
County, Okla., is to address the producibility problems of 
lack of reservoir continuity and poor injectivity and attempt 
to improve secondary recovery performance through reservoir 
characterization studies and horizontal well injection tech- 
nology. The project will compare the costs and benefits of 
using state-of-the-art data vs. conventional data for water- 
flood optimization and horizontal well placement. The tech- 
nology transfer plan will target regional independent opera- 
tors through technical workshops. 

This project is divided into two stages. In Stage I of the 
project, part of the Glenn Pool field (william B. Self Unit) was 
studied. Cross borehole tomography surveys and formation 
microscanner logs were conducted through a newly drilled well. 
A detailed reservoir description was developed on the basis 
of an integrated approach with combined state-of-the-art data 
and conventional core and log data. Alternate reservoir man- 
agement strategies were evaluated to improve the mervoir per- 
formance, including drilling of a horizontal injection well. It 
was observed that selective completion of many wells followed 



by an increase in the injection rate was the most feasible 
option to improve the performance of the Unit This management 
plan is being implemented and the performance is being 
monitored. Stage II of the project will involve selection of part 
of the same reservoir (Berryhill Unit, Tract 7), development 
of reservoir description with the use of conventional data only, 
simulation of flow performance with the use of a developed 
reservoir description, selection of an appropriate reservoir man- 
agement plan, and implementation of the plan followed by mon- 
itoring of reservoir performance. 

Comparison of the results of two budget periods will 
allow evaluation of the utility of collecting additional data 
using state-of-the-art technology and of the application of 
an optimum reservoir management plan to improve sec- 
ondary recovery performance of marginal oil fields. 

Summary of Technical Progress 
During this quarter implementation of the reservoir man- 

agement plan began in the field. Six wells have been completed 
and stimulated. The production at the beginning of the reser- 
voir implementation plan was in the range of 13 to 15 bbVd. 
At present, the production has increased by an additional 
13 to 15 bbVd. This production is fairly steady over the last 
2 months. As other wells are completed and stimulated, the 
overall production from the Unit is expected to increase even 
further. Simultaneously, a new water injection system is 
being implemented to increase the water injection rate. The 
system is in place and will be operational soon. 

Stage II Project 

Effective September 1, work on Stage II of the project 
began. The collection of data (core, log, maps, and production 
data) began. 

Crosswell Seismic Data 

Although the project is in the evaluation stage for the 
recompletion plan, work continues on the crosswell seismic 
data acquired in 1994. Velocity anisotropy is an important issue 
at the project site. Unfortunately, no academic or government 
tomography code was available that could incorporate 
anisotropy effects. A general-purpose seismic imaging code, 
however, can be modified to include anisotropy. The prevailing 

opinion still is that crosswell travel-time tomography is of insuf- 
ficient resolution to constrain the geological interpretation, but 
it is hoped that inclusion of anisotropy effects will deliver the 
best tomography result consistent with the data. 

Three-Dimensional Seismic Survey 

Athree-dimensional(3-D) surface seismic survey is being 
acquired on part of the Glenn Pool field, including the W. B. 
Self Unit. This survey by the University of Tulsa 0 includes 
in-kind contributions by Uplands Resources, TU, Mercury 
International Technology (MK), and Nemeha Resources. 

A 3-D seismic survey is proposed fo be shot over part of 
the Glenn Pool field, including the W. B. Self Unit. The total 
area of the survey will be approximately 10 square miles. 
Although related to the ongoing U.S. Department of Energy 
(DOE) research project involving Uplands Resources and 
TU, this seismic survey is to be acquired, processed, and 
interpreted through in-kind contributions and without use of 
DOE funds. The market value of the survey is approximately 
$300,000. The objective is to acquire memeha), process 
(MIT), and interpret (TU) a 3-D seismic survey over an area 
including and extending beyond the Self Unit. Specific 
interpretation objectives include (1) analysis of the Glenn 
sand interval for evidence of channels andor  reservoir 
quality indicators, (2) structural interpretation of the Wilcox 
formation, and (3) structural interpretation of the Arbuckle 
formation. 

With the growing trend toward 3-D seismic use in all 
phases of exploration and production, this project will serve 
as an example and a stimulus to 3-D work in the shallow-oil 
province of northeastern Oklahoma. The data will be confi- 
dential for a period of 1 yr commencing at the time acquisition 
is complete. In this period, however, certain portions of the data 
may be shown by the partners for purposes of advertising 
and/or technical presentation. Beyond the I-yr confidentiality 
period, the data may be released whole or in part at the dis- 
cretion of each partner individually. 

Technology Transfer Activities 

Project members will participate in the traveling workshop 
series organized by Petroleum Technology Transfer Council, 
which will demonstrate the success of various Class I projects 
to the independent operators. 



INCREASED OIL PRODUCTION 
AND RESERVES FROM IMPROVED 
COMPLETION TECHNIQUES IN THE 
BLUEBELL FIELD, UINTA BASIN, UTAH 

Contract No. DE-FC22-92BC14953 

Utah Geological Survey 
Salt Lake City, Utah 

Contract Date: Sept. 30,1993 
Anticipated Completion: Sept. 30,1998 
Government Award: $228,653 

Principal Investigator: 
M. Lee Allison 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The objective of this project is to increase the oil produc- 
tion and reserves in the Uinta Basin by demonstration of 
improved completion techniques. Low productivity is attrib- 
uted to gross production intervals of several thousand feet that 
contain perforated thief zones, water-bearing zones, and 
unperforated oil-bearing intervals. Geologic and engineering 
characterization and computer simulation of the Green River 
and Wasatch formations in the Bluebell field will determine 
reservoir heterogeneities related to fractures and depositional 
trends. This will be followed by drilling and recompletion 
of several wells to demonstrate improved completion techniques 
based on the reservoir characterization. Technology transfer 
of the project results will be an ongoing component of 
the project. 

Summary of Technical Progress 

This is the final quarter of the geologic and reservoir 
characterization phase of the project. The period was spent 
synthesizing the individual tasks into a set of final recom- 
mendations and designing an oil-field program to dem- 
onstrate the various aspects of the study. The demonstra- 
tion consists of three parts: (1) recomplete several zones in 
the Michelle Ute well; (2) redrill and stimulate a few select 
beds in the Malnar Pike well; and (3) select a location, drill, 
and complete a new well. The demonStration includes 
both improved reservoir evaluation and stimulation 
techniques. 
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Characterization Study 

Characterization of outcrop and core shows that the best 
potential reservoir rock type in the Green River and Wasatch 
formations is arenite. Intergranular permeability of more 
than 0.1 mD occurs only when clay content is 4% or less and 
intergranular porosity is more than 5%. Total gamma-ray 
count, which is generally logged in most wells, is a poor 
indicator of clay content. Uranium content, which contributes 
to the total gamma-ray count, varies independently of 
clay content. Clay content is generally less in the Wasatch 
formation than in the Green River formation. 

Examination of core from the Bluebell field shows that all 
potential reservoir rock types are moderately fractured and that 
fracture density is not depth related. Two approximately 
orthogonal fracture sets (NW-SE and W-E) are present at the 
surface, but in the subsurface fractures tend to be oriented NW- 
SE at shallow depths and W-E at deeper horizons. Most frac- 
tures in the Bluebell cores are 90% or more calcite-filled. 

Homogeneous reservoir simulation models of the Michelle 
Ute and Malnar Pike wells show that the wells only drain a 
40043 (120-m) radius. Even in the 400-ft (120-m) radius 
area, the remaining oil saturations are fairly high. The pres- 
sure influence of a well is also felt over a similar distance. In 
the Michelle Ute and Malnar Pike wells, additional beds 
were perforated during a period of years following the initial 
completion. In both wells the first set of perforations accounted 
for most of the oil produced. In the models, low absolute per- 
meabilities were used to match the production history. The use 
of progressively lower permeabilities was necessary as new 
beds were perforated in both wells in order to match the his- 
tories. The low permeabilities employed in the history match 
indicate that: (1) even though there is a great deal of oil still 
in the reservoir, unless the permeabilities are artificially 
enhanced, it is not producible at economic rates; and (2) the 
new zones perforated have lower permeabilities than ini- 
tially opened zones. It may be that formation damage continues 
behind pipe, in unperforated zones, so that when these zones 
are eventually opened, they do not produce as well as the ini- 
tially opened zones or the stimulation treatments are less 
effective as more beds are added. 

Single-well reservoir simulations were also performed 
'with dual-porosity, dual-permeability fractured models. These 
fractured reservoir models show that the radius of influence 
of the well on the reservoir is about lo00 ft (300 m). Most wells 
in the Bluebell field are drilled at one well per section; there- 
fore little of the oil in place (OIP) is being drained. 

Even state-of-the-art reservoir engineering techniques do 
not permit reliable identification of individual beds or facies 
that are significant oil producers. Drill-stem test data, water 
analyses, and core and fracture data provide limited data. Even 
more critical is the total lack of any production history of indi- 
vidual beds. On the basis of criteria derived from the char- 
acterization study, various bed parameters (clay content, bed 
thickness, porosity, saturation, oil volume, and drilling shows) 
have been evaluated and mapped, and volumetric calculations 



and reservoir simulations were done in the study area The eval- 
uation is a better characterization of the reservoirs than that 
previously done. This evaluation will be compared with the 
actual results from the demonstration wells to quantiQ the reli- 
ability of the various individual bed parameters and the over- 
all comprehensive analysis. 

Data were gathered on 246 stimulation treatments con- 
ducted within the Bluebell field. The data were evaluated by 
the Hallibuxton Energy Services Tech Team in Denver, Colo., 
and Vernal, Utah. The evaluation has resulted in specific rec- 
ommendations for the fluids, additives, volumes, and rates 
for the stimulation treatments to be used in the demonstration 
wells. 

Work by Coastal Oil and Gas Corp. (ANR Production) in 
neighboring Altamont field has shown that poor diversion dur- 
ing a stimulation treatment can result in the stimulation flu- 
ids going into only one or two highly permeable (perhaps 
intensely fractured) intervals. Large increases in the amount 
of diversion material have improved the number of beds that 
could be stimulated. Coastal's results indicate that original pres- 
sure zones in the well may partially control where treatment 
fluid goes. 

Proposed Demonstration 

A three-part demonstration is recommended to show 
how oil recovery can be improved from old and new wells 
in the Bluebell field (1) recomplete the Michelle Ute well, 
(2) recomplete the Malnar Pike well, and (3) drill and com- 
plete a new well. For the three-part demonstration, the results 
of the characterization study and analysis of individual beds 
in the Michelle Ute, Malnar Pike, and neighboring wells 
will be used. Each part of the demonstration is designed to 
allow detailed documentation of the success or failure of 
each aspect of the characterization and stimulation 
techniques. 

Michelle Ute Well 

The first part of the demonstration will be to recomplete the 
Michelle Ute well by stimulating individual pressure zones 
[each about 500 ft  (150 m) thick] with a high-diversion, low- 
friction treatment. 

Volumetric calculations and reservoir simulations show that 
the Michelle Ute well has much less OIP per individual bed 
than the Malnar Pike well. It is anticipated, therefore, that many 
more beds will need to be stimulated in the Michelle Ute well 
for the treatment to be economical. 

Several pressure zones were identified in the Michelle 
Ute well with the use of drilling mud data. The top of a pres- 
sure zone is defined by a drilling kick, which requires an increase 
in mud weight, Pulsed neutron decay and dipole sonic logs will 
be run before treatment to further evaluate remaining oil sat- 
urations and determine which beds currently have open frac- 
tures. Each pressure zone will be stimulated separately, and 
each will contain a different radioactive tracer. Tracer, tem- 
perature, spinner, and dipole sonic logs will be run after all 

zones have been stimulated and the well is cleaned. The logs 
will quantify how well the treatment fluids were d i s p e d  which 
beds are producing and how much, and how many beds had 
fractures opened or induced by the treatment. The results 
will be compared with the original formation evaluations, and 
the beds in the Malnar Pike well will be reevaluated. 

Malnar Pike Well 

The second part of the demonstration will be to horizon- 
tally drill 10 ft  (3 m) directionally into three or more key beds 
in the Malnar Pike well. Pulsed neutron decay and dipole sonic 
logs will be run in the Malnar Pike well if they are shown to 
be effective in the Michelle Ute well. Cased-hole logs will be 
used with the revised formation evaluations to help select indi- 
vidual beds for stimulation. Three or more beds will be drilled . 
horizontally for a distance of up to 10 ft  (3 m) with an 
extended-reach hydro-jet lance tool. The beds will be isolated 
and individually stimulated with a pinpoint injection tool. After 
the well has been stimulated and cleaned, temperature and 
spinner logs will be run to determine the contribution each bed 
is making to the production of the well. The results will be com- 
pared with the formation evaluations made before treatment. 
The formation evaluation parameters proven to be the most 
reliable in the Michelle Ute and Malnar Pike wells will be 
determined. 

New Well 

The third part of the demonstration will be to select a 
location and drill, evaluate, perforate, and stimulate a new well 
on the basis of the knowledge gained from the characteriza- 
tion study and results of the first two parts of the demonstra- 
tion. The oil-producing beds identified in Michelle Ute and 
Malnar Pike wells will be correlated and mapped. These data 
will be used to help select a location for a new well. Formation 
evaluation, selection of perforated intervals, and type of stim- 
ulation in the new well will be based on the experience 
gained from the Michelle Ute and Malnar Pike demonstrations. 

Benefits and Value 

Michelle Ute and Malnar Pike wells are barely economic 
given production amount and current petroleum prices. 
Recompletions have been attempted in both of these wells 
with little success. Improved recompletion techniques will 
increase the total recovery and prevent premature abandonment 
of Michelle Ute, Malnar Pike, and many other wells in the 
Uinta Basin. The Bluebell field encompasses 249 sections 
(square miles). Within the field boundary, 33 sections have never 
been drilled and 123 sections have only one well per section. 
An improved completion technique that increases primary 
recovery will make additional development drilling more 
economically appealing. 

The low recovery in older wells and the possibility for 
hundreds of additional development wells gives Bluebell 
field and the Uinta Basin a potential for recovering more than 
a hundred million barrels of oil. Even a more conservative 
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5 to 10% incremental increase in recovery could result in the 
recovery of more than ten million barrels of oil from the 
Bluebell field. After the demonstrations have been completed 
and evaluated, the financial benefit resulting from the project 
will be more accurately determined. 

INCREASED OIL PRODUCTION AND 
RESERVES UTILIZING SECONDARY/ 
TERTIARY RECOVERY TECHNIQUES 
ON SMALL RESERVOIRS IN THE 
PARADOX BASIN, UTAH 

Contract No. DE-FC22-95BC14988 

Utah Geological Survey 
Salt Lake City, Utah 

Contract Date: Feb. 9,1995 
Anticipated Completion: Feb. 8,2000 
Government Award: $786,880 

Principal Investigator: 
M. Lee Allison 

Project Manager: 
Rhonda Lindsey 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objectives 

The primary objective of this project is to enhance domes- 
tic petroleum production by demonstdon and technology trans- 
fer of an advanced oil-recovery technology in the Paradox Basin 
in southeastern Utah. If this project can demonstrate techni- 
cal and economic feasibility, the technique can be applied to 
approximately 100 additional small fields in the Paradox 
Basin alone and result in increased recovery of 150 to 200 mil- 
lion bbl of oil. This project is designed to characterize five 
shallow-shelf carbonate reservoirs (Fig. 1) in the Pennsylvanian 
(Desmoinesian) Paradox formation and to choose the best can- 
didate for a pilot demonstration project for either a waterflood 
or carbon dioxide (CO&flood project. The field demonstra- 
tion, monitoring of field performance, and associated validation 
activities will take place in the Paradox Basin within the 
Navajo Nation. The results of this project will be transferred 
to industry and other researchers through a petroleum exten- 
sion service, creation of digital databases for distribution, tech- 
nical workshops and seminars, field trips, technical presentations 
at national and regional professional meetings, and publica- 
tion in newsletters and various technical or trade journals. 
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Fig. 1 Illustration showing the five shallow-shelfcarbonate fields (dark 
shading with names in bold type) on the Navajo Nation, San Juan 
County, Utah, targeted for geological and reservoir characterization. 

Summary of Technical Progress 

Four activities continued this quarter as part of the geological 
and reservoir characterization of carbonate mound buildups 
in the Paradox Basin: (1) field studies, (2) development well 
completion operations, (3) reservoir analysis and modeling, 
and (4) technology transfer. 

Field Studies 

During this quarter base maps and new isochron maps cov- 
ering project fields were prepared and cores were described 
from selected project wells with special emphasis on bound- 
ing surfaces of possible flow units. Reservoir data, conven- 
tional cores and cuttings, geophysical logs, and other infor- 
mation from the project fields and regional exploratory wells 
were collected by the Utah Geological Survey (UGS). Well loca- 
tions, production reports, completion tests, core analysis, 
formation tops, and other data were compiled and entered in 
a database developed by the UGS for the 51 project wells. 

The five project fields, Runway, Heron North, Anasazi, Mule, 
and Blue Hogan, are located in the Paradox Basin of south- 
east Utah (Fig. 1); they are five of several satellite carbonate 
mounds around the Greaterheth field.’ Oil and gas are pro- 
duced from the Pennsylvanian (Desmoinesian) Desert Creek 
and Ismay zones of the Paradox formation. The fields were dis- 
covered in 1990 and 1991 as part of an ambitious explo- 
ration program conducted within the Navajo Nation by 
Chuska Energy Co. (now Harken Southwest C o p )  and sev- 
eral Australian companies. Seismic surveys and subsurface geol- 
ogy were used to identify prospects. Each carbonate mound 
is expressed on seismic coverage (Fig. 2) by isochron 
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TABLE 1 

Geological and Engineering Data for Project Fields in the Paradox 
Basin, San Juan County, Utah 

Water Reservoir Initial 
Depth,* Area, Pay, Porosity, Permeability, saturation, temperature, reservoir 

Field ft acre ft % mD % "F pressure,psi 
~~ 

Runway 5896 193 72 11.8 10.0 25.2 126 2162 
HeronNorth 5584 110 60 15.0 17.7 32.2 126 1934 
Anasazi 5574 165 57 14.1 135.3 28.1 138 1945 
Mule 5655 48 47 13.0 20.1 31.0 128 2050 
BlueHogan 5400 89 82 9.1 33.6 29.0 128 1800 

*Average depth to the top of the reservoir. 

Fig. 3 Three-dimensional net view to the southwest of the surface on top of the Mississippian Leadville Limestone and the north-bounding faults 
that control the localization of small algal and other carbonate buildups, such as at the Runway field. This computerized presentation was pro- 
duced from a closely spaced seismic grid. (Art reproduced from best available copy.) 

in 1991 at an IPF of 605 BOPD and 230 MCFGPD from the 
Desert Creek zone. The North Heron prospect was identified 
as a seismic anomaly. 

The Heron North field is a lenticular, northwest to south- 
east trending linear mound-beach complex that is 0.75 mile 
long and 0.5 mile wide. The reservoir consists of a bioclastic 
calcarenite mound above a salt- and anhydrite-plugged phyl- 
loid algal mound. This calcarenite mound type, which is also 
productive in the Heron well No. 35-H 0.5 mile southeast of 
Heron North, developed in a cahonate-beach-&foreshore envi- 
ronment with moderately high wave energy. Trough crossbedding 
is often present. The reservoir consists of alternating 2- to 
Cft-thick packages of uniform beach calcarenite and poorly 
sorted foreshore and storm lag rudstone or breccia deposits. 
An 8-ft-thick anhydrite lies immediately above the reservoir 
interval and creates an effective seal. The principal reservoir 

rocks in the field are porous, sucrosic, dolomitized grainstone 
and' packstone (calcarenite) above tight bafflestone com- 
posed of algal stromatolitic mats. The calcarenite and bafllestone 
intervals are separated by low-permeability, dolomitized 
wackestone and mudstone. Stylolitization, secondary cemen- 
tation, and evaporite plugging are modest in the upper portion 
of the reservoir but increase with depth. Pores are often lined 
with bitumen, which in many instances plugs pore throats. 

As of Jan. 1,1995, cumulative production from Heron North 
field was 191,152 BO and 0.261 BCFG.3 Estimated primary 
recovery is 990,000 BO and 2.65 BCFG. 

Anasazi Field 
Anasazi field consists of four wells. The discovery well, the 

Anasazi well No. I, was completed in 1990 at an IPF of 
1705 BOPD and 833 MCFGPD from the Desert Creek zone. 
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The Anasazi prospect, near the southwest edge of Greater Aneth 
field, was identified as a seismic anomaly along the east 
flank of the Desert Creek anticline. During the last contract 
quarter, a modified seismic interpretation was completed for 
the field and converted into a gross Desert Creek isopach map. 

Anasazi field is a lenticular, west to northeast trending 
lobate mound 0.9 mile long and 2000 to 3000 ft wide. The 
reservoir consists of a phylloid algal mound. This mound type, 
which dominates the area southwest of Greater Aneth field, 
developed where shallow water depth and low wave energy 
allowed establishment of phylloid algal colonies on paleo- 
highs. The principal reservoir rock in the field is porous algal 
bafflestone, some grainstone, and dolomitized zones interbed- 
ded with low-permeability wackestone and mudstone. 
Extensive freshwater dissolution and early dolomitization have 
resulted in good to excellent porosity development and per- 
meability modification. 

As of Jan. 1, 1995, cumulative production from Anasazi 
field was 1,535,090 BO and 1.138 BCFG? Estimated primary 
recovery is 2,069,392 BO and 1.89 BCFG. Preliminary 
analysis of Anasazi field indicates that the Desert Creek 
reservoir is a prime candidate for a COz miscible flood 
demonstration. 

Mule Field 

Mule field consists of two wells, the Mule well No. 31- 
K-1 (N) discovery well and the Mule well No. 31-M, com- 
pleted in 1991 and 1992, respectively. The Mule well No. 31- 
K-1 (N) tested approximately 10 bbl of oil per hour (based 
on several swab tests) with water cut increasing on each 
test and produced only 283 BO before being shut in. The 
Mule No. 31-M offset well had an IPF of 735 BOPD and 
97 MCFGPD from the Desert Creek zone. The Mule prospect, 
near the southwestern edge of the Greater Aneth field, was 
identified as a seismic anomaly. During the last contract quar- 
ter, a seismic program was laid out for the field, and new seis- 
mic interpretations and mapping commenced. 

The Mule field is a lenticular, northeast to east trending 
linear mound-mound flank deposit that is 0.5 mile long 
and 900 ft wide. The reseNoir consists of a phylloid algal mound 
combined with mound flank detrital deposits. Several beds 
in the Mule well No. 31-K-1 (N) core exhibit characteristics 
of mound flank deposits, such as downslope gravity trans- 
port and sharp erosional basal c o n k s .  The top of the phyl- 
loid algal interval is highly irregular with several cross- 
cutting zones of dissolution cavities possibly from karsting 
during subaerial exposure. The principal reservoir rock in the 
field is porous algal bafflestone Fig. 4), crinoidal packstone, 
and dolomitized zones interbedded with low-permeability 
wackestone, mudstone, and dolomite. Incomplete dolomi- 
tization and secondary anhydrite replacement have resulted 
in poor reservoir properties in some intervals. 

As of Jan. 1, 1995, cumulative production from Mule 
field was 315,106 BO and 0.178 BCFG.3Estimated primary 
recovery is 430,603 BO and 0.288 BCFG.3 

Fig. 4 Core surface view of highly productive, dolomitized, phylloidal 
algal plate bafflestone from the Mule well No. 31-M, Mule field. (See 
Fig. 2 for seismic line through wd.) Note good visual shelter porosity. Core 
diameter, 3.5 in. (Art reproduced from best available copy.) 

Blue Hogan 
Blue Hogan field consists of one well, the Blue Hogan well 

No. 1-J-1, completed in 1991 at an IPF of 1167 BOPD and 
722 MCFGPD from the Desert Creek zone. The Blue Hogan 
prospect, near the southwest edge of the Greater Aneth field, 
was identified as a seismic anomaly along the east flank of the 
Desert Creek anticline. 

Blue Hogan field is a lenticular, northwest to southeast trend- 
ing linear mound that is 0.5 mile long and 1000 ft  wide. The 
reservoir consists of a phylloid algal mound. The principal reser- 
voir rock in the field is porous algal bafflestone and dolomi- 
tized zones interbedded with low-permeability wackestone and 
mudstone. 

As of Jan. 1, 1995, cumulative production from Blue 
Hogan field was 269,106 BO and 0.239 BCFG? Estimated p i -  
mary recovery is 645,000 BO and 0.968 BCFG. 

Development Well Completion Operations 

The first project development well, thehasazi  6H No. 1 
in the An&azi field [SE1/4NE1/4 sec. 6, T. 42 S., R 24 E., Navajo 
Nation, San Juan County, Utah (Fig. l)], was completed on 
Sept. 15,1995, for an P F  of 31.3 BOPD, 25 MCFGPD, and 
7.5 bbl of water per day in the Desert Creek and Ismay 
zones. An algal bafflestone interval in the Desert Creek zone 
was perforated from 5723 to 5730 ft  and acidized. The result- 
ing test indicated that the pressure and permeability in the 
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interval were too low to yield any meaningful data. A dolomite 
interval in the upper section of the Desert Creek was perfo- 
rated from 5680 to 5694 ft. This interval was subsequently 
acidized and swab tested for 2 BOPD. After the swab test, a 
200-h pressure buildup was mn. A skin factor and permeability 
of +13 and 1.2 mD, respectively, were derived from the pres- 
sure buildup test, Given the high skin damage, the zone was 
reacidized. Several additional intervals were perforated, 
including the upper Ismay zone from 5526 to 5531 ft. 
Production facilities have been installed and the well flow rate 
has stabilized at 17 BOPD from the gross perforated intervals 
of 5664 to 5741 ft and 5526 to 553 1 ft. 

Reservoir Analysis arid Modeling 

Reservoir Analysis 

Conventional core was obtained from the Desert Creek zone 
of the Anasazi 6H No. 1 well. Selected plugs from the reser- 
voir are being used to determine oil-water and gas-oil rela- 
tive permeability measurements. These data will be incorpo- 
rated into the Anasazi reservoir flow simulation model. Whole 
core intervals were scanned with the use of computerized axial 
tomography (CAT) techniques to ensure that permeability mea- 
surements are based on comparable pore systems. The three 
most homogeneous intervals were selected for additional 
analysis. Upon further examination and CAT scans, one inter- 
val appeared as the most homogeneous and contains the 
highest porosity. Four transverse plugs were taken from this 
interval for detailed CAT scans and porosity and relative 
permeability measurements (Fig. 5). A variety of features 
were observed with the use of these techniques, including 
anhydrite-filled vugs, both micro-vuggy and intercrystalline 
porosity, patches of bitumen-filled pores, and areas of non- 
porous carbonate mudstone. 

Reservoir Modeling and Simulation 

A field-scale, compositional reservoir simulator will be used 
for the reservoir analysis of one of the project fields. Both water- 
flooding and CO, flooding are being evaluated. Permeability 
variations, reservoir pressures, production data, and other 
information are being incorporated into the simulation so 
that reservoir response can be predicted accurately. During the 
contract quarter, various one-dimensional (1-D) and two- 
dimensional (2-D) reservoirs models were created and tested. 

Oil-water capillary pressure and relative permeability 
data were compiled into a data set suitable for reservoir sim- 
ulator input. A 1-D model initialization data set was also 
assembled for depletion analysis. Mechanistic l-D and 2-D 
models and rate data deck were constructed. Pressure- 
volumetemperature (PVT) data from project fields were 
reviewed. This information will be entered into a computer pro- 
gram to develop a preliminary equation of state from black-oil 
PVT data. The program will describe the dynamic equilibrium 
conditions of the fluids in the reservoir under various PVT con- 
ditions. As part of this task, gas-oil capillary pressure values 

Fig. 5 Computerized axial tomography scans of two mutually perpen- 
dicular longitudinal-axial sections of each of the four core plugs taken 
to assess heterogeneity and select the most consistent intervals for mea- 
suring porosity and relative permeability in the A n d  reservoir. (Art 
reproduced from best available copy.) 

were calculated from mercury-air capillary pressure mea- 
surements. Two preliminary equations of state [9 and 10 
pseudo-components (hydrocarbon components combined on 
the basis of molecular weight)] were developed with Anasazi 
field and other PVT data from the area. Gas-oil and water-oil 
relative permeability tables were entered into the simulation 
model initialization data set. The Peng-Robinson equation- 
of-state parameters were then added into the simulation 
model initialization data set. Initialization and recurrent data 
sets were built for a 2-D model. Preliminary equations-of-state 
were finalized, including a new 13-component version from 
which parameters were generated for l-D and 2-D composi- 
tion simulation runs. 

A series of l-D and 2-D simulation runs were conducted. 
Model propexties were adjusted to achieve an approximare match 
of field gadoil ratios and pressures, and instructions were p re  
pared for correcting the data set of field well rates that will be 
put into the simulator. Measured water-oil relative permeability 
curves were smoothed to give conventional shapes at low water 
saturations. The revised water-oil relative permeability tables 
and historic, monthly oil-production rates were added to the 
simulation input files. Solution techniques for the 2-D model 
were tested for speed and productivity. Indexes were calcu- 
lated for the predictive phase of the l-D model. The 1-D model 
was extended for a 25-yr forecast period for Anasazi field. 
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The 2-D simulation was analyzed with a vertical/ 
horizontal ratio of 0.02 mD. Oil composition changes during 
the primary depletion were tabulated. The simulation model 
of thehasazi history was extended to January 1996, and gas 
saturations, gas-phase mole fractions, and oil-phase mole 
fractions were calculated for the dolomite and algal bafflestone 
intervals. The results were analyzed for a 2-D simulation 
case where a permeabiity barrier was placed between dolomite 
and algal bafflestone intervals that are present in Anasazi field 
wells. Run files were then created to extend the model with- 
out the permeability barrier to the year 2020, and forecast plots 
were prepared. 

A 2-D simulation was run for a water-injection, repressuri- 
zation case, and after analyzing the results, a series of repres- 
surization runs were conducted to focus on the time and 
pressure when the gas saturation went to zero within a month 
and a day. The average oil composition was also plotted for 
the time the gas saturation went to zero. A 1-D suite of runs 
was designed to determine (1) CO, minimum miscibility 
pressure, (2) a CO, flood with a back pressure of 2300 pounds 
per square inch absolute (psia), and (3) a CO, flood case with 
a back pressure of 1700 psia. CO, swelling and multicontact 
studies were conducted with CO, and original composition. 
A2-D model case was created with a new producer on the west 
side of the Anasazi field and the incremental oil production was 
determined. 

Several 1-D CO, flood simulation cases were created, 
submitted, and analyzed to (1) investigate grid sensitivity, 
(2) develop a recovery factor vs. pressure relation, (3) eval- 
uate conditions where oil has undergone primary depletion and 
repressurization, and (4) evaluate two layers with zero verti- 
cal permeability using the BLJIZ equation solver comparing 
results against the GAUSS equation solver. The recovery 
factors were plotted vs. pressure, and a run was submitted to 
generate saturations and compositional arrays for a 1-D CO, 
flood at 2600 psia. The data were tabulated to plot gas satu- 
ration, oil saturation, gas-phase mole fractions, and oil-phase 
mole fractions vs. time for the middle cell. 

With data from the four wells in the Anasazi reservoir, the 
average and standard deviation of porosity and water satura- 
tion were calculated for each of three lithologic intervals, and 
density-lithology cross plots were constructed to develop a 
3-D reservoir model. These data were compared with off-mound 
wells. A trend surface for the basal reservoir was developed 
and a grid translation-rotation formula determined. Two- 
abd three-layer models were developed with crossflow to 
match pressure data. The seismic isolith map was digitized and 
an initid 3-D grid system was designed setting up a simula- 
tion initialization file for 15- and 20-layer cases. 

Technology Transfer 
, '  

Infoimation on the Paradox Bask project was shared with 
industry and the public at professional society meetings ind 
through geological newsietters. Project matexiah were displayed 
at  the UGS booth during the American Association of 

Petroleum Geologists Rocky Mountain Section meeting held 
in Reno, Nev., July 16-19, 1995. The UGS released the 
August 1995 issue of Survey Notes and the July 1995 issue of 
Petroleum News, both featuring articles about the Class II 
Paradox Basin project. 

Future technology transfer includes a Geology and Resources 
of the Paradox Basin symposium and a field trip tentatively 
scheduled for September 1996 in Durango, Colo. 
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MIDLAND CORE REPOSITORY 

Contract No. DE-FG22-94BC14854 

The University of Texas at Austin 
Austin, Tex. 

Contract Date: Sept. 1,1994 
Anticipated Completion: Aug. 31,1999 
Government Award: $75,000 

(Current year) 

Principal Investigator: 
Noel Tyler 

Project Manager: 
Edith Allison 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 

Objective 

The Texas Bureau of Economic Geology will establish and 
o ~ r a t e  a public core repository in Midland Tex., that will main- 
tain and m&e available to the public more than 400,000 
boxes~ of core from wells in Texas, New Mexico, 'and other parts 
of the United States. The core, the building, and an endowment 
to fund operating the facility after FY 1999 are being provided 
by Shell Oil Company. 
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Summary of Technical Progress 

The activities performed during the fourth quarter of 
Federal fiscal year 1995 are listed in Table 1. 

The transfer of core and cuttings from the Shell warehouse 
in Houston has been completed. Transfer to the Austin Core 
Research Center of approximately 500 pallets of materials that 
cannot be accommodated in the Midland warehouse has been 
initiated. Remodeling of the office space and core layout 
areas has been completed. All shelving has been stabilized and 
reinforced to avoid future problems with collapse. Load 
weights have been checked and the load on the shelves has either 
been decreased or increased to bring the weight within 
specifications. 

Data on the Midland core and cuttings continue to be 
entered into the same database that contains the Austin 
facility’s information. This is expected to continue through- 
out FW96. 

TABLE 1 

Activities in Development of Core 
Repository 

Sample No.of No.of 
Activity type wells boxes User 

Viewing Cuttings 1 17 Industry 
Viewing Core 6 58 Industry 
Shipments Cuttings 5 19 Industry 
Shipments Core 11 1251 Industry 
Reshelved Core 9 131 Internal 
Reshelved Cuttings 0 0 nla 

AN INTEGRATED STUDY OF THE 
GRAYBURGBAN ANDRES RESERVOIR, 
FOSTER AND SOUTH COWDEN 
FIELDS, ECTOR COUNTY, TEXAS 

Contract No. DE-FC22-94BC14982 

Laguna Petroleum Corporation 
Midland, Tex. 

Contract Date: Aug. 2,1994 
Anticipated Completion: Jan. 1,1998 
Government Award: $1,306,000 

(Current year) 

Principal Investigators: 
James J. Reeves 
Robert C. Trentham 

Project Manager: 
Chandra Nautiyal 
Bartlesville Project O f f  ice 

Reporting Period: July 1Sept.  30,1995 

Objective 

The principal objective of this study is to demonstrate a 
methodology for reservoir characterization of shallow-shelf 
carbonate reservoirs that is feasible for the independent oper- 
ator. Furthermore, this study will provide one of the first 
public demonstrations of the enhancement of reservoir 
characterization with the use of high-resolution three- 
dimensional (3-D) seismic data. This project will evaluate the 
Grayburg and San Andres reservoirs in the Foster and South 
Cowden fields of Ector County,Tex. A multidisciplinary 
approach to waterflood design and implementation, along with 
the addition of reserves by selective infill drilling, will be applied. 
This approach in reservoir development is believed to be 
applicable to a wide range of shallow-shelf carbonate reser- 
voirs throughout the United States. Technology transfer will 
take place through all phases of the project. 

Summary of Technical Progress 

Production problems associated With shallow-shelf carbonate 
reservoirs are being evaluated by a technical team integrating 
subsurface geological data, engineering data, and 3-D seismic 
data. The team is using a network of state-of-the-art industry 
standard software running on high-performance computer 
workstations. 

The reservoir description is an integration of the 3-D seis- 
mic interpretation with the geologic model derived from the 
core description, thin-section study, log analysis, and 
cross-section work. Geological evaluation of the Grayburg 
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and San Andres reservoirs during this quarter has included 
the correlation of 18 formation tops (Santa Rosa through 
San Andres), including detailed parasequence sets within the 
Grayburg formation in the area of the project. Computer 
files containing all tops and subsea depths have been created 
in Scientific Software Intercomp’s WorkBench software and 
in Schlumberger’s IESX 3-D Seismic Interpretation software. 

Twenty-four Grayburg and seven San Andres thin sections 
have been evaluated from the J. E. Witcher No. 6 well. 
This evaluation has been valuable in the formulation of a 
depositional model and in the definitive division of the 
Grayburg and San Andres reservoirs into distinct layers 
or units. 

With the use of the IESX and WorkBench software, 
the project geologist and geophysicist are working together 
to integrate their interpretations from digital well logs 
and the 3-D seismic data. Formation tops for the Yates, 
Seven Rivers, Queen, Grayburg, San Andres, and Glorieta 
formations are being interpreted by correlating the seismic 
data to synthetic seismograms computed from sonic or 
pseudosonic log curves. Interval times in the interpretation 
agree with those from a velocity survey of the Blair French 
No. 1 Moss well located within the study area. Interpretation 
of the Yates, Seven Rivers, Queen, Grayburg, and San 
Andres formation tops through the 3-D seismic volume is 
nearly complete. 

Interpretation of detailed sequence stratigraphy in the 
3-D seismic data volume for the Grayburg/San Andres 
reservoir requires depth-to-time conversion of the subsurface 
interpretation of well log data. Transfer functions are currently 
being developed between the log depths (in feet) and the seis- 
mic depths (in time). 

The integrated interpretation of the reservoir sequence 
stratigraphy from the well control and 3-D seismic data 
will complete the 3-D seismic interpretation for phase I 
of the study. Porosity zones will be correlated through the 
reservoir and input into reservoir simulation models under 
the assumption that reservoir compartI5ents mostly con- 
form to the sequence stratigraphy. With the use of modem 
log data obtained in phase I1 of the study, quantitative 
extraction of reservoir properties from-seismic attributes will 
be attempted. 

The presence of clinoforms in both the reservoir portion 
of the Grayburg and the San Andres is significant. These 
clinoforms correlate to facies changes (the presence of the 
grainstone shoal) in the core and on the cross sections. 
The.extent seems to be influenced by the presence of 
paleostructures identified by both seismic and geologic 
mapping. These facies changes have lateral continuity, as 
identified in the 3-D seismic volume, which would have been 
dficult  to predict from well control alone. Identification of 
the facies belts will impact the design of the waterflood. Work 
is being concentrated on the Witcher lease, where the core 
provides optimum facies information. 

The Grayburg and San Andres formations are character- 
ized by a high degree of stratigraphic heterogeneity and 
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lenticularity. The flow compartments are randomly oriented 
and often interspersed with deposits of anhydrite that serve 
as flow baniers. These features tend to hinder the sweep effi- 
ciency of waterfloods and lower secondary recoveries. 
Additionally, high-permeability stringers, or channels, fur- 
ther reduce waterflood recoveries. With the aid of a 3-D devel- 
oped reservoir model, the various heterogeneities and bar- 
riers may be delineated in order that an optimal design of the 
flood pattern may be evaluated. 

During the reporting period the bulk of an engineering 
study concentrated on preliminary modeling of the 
Witcher lease with the use of a Department of Energy 
program called BOAST and the WorkBench software 
program. 

BOAST Simulator 

BOAST was used to construct a reservoir model of 
the Witcher lease. Initially, the input data were identical 
to the data reported in the Sun Oil Company waterflood 
feasibility study of the Witcher over 10 yr earlier.’ The 
total estimated volume of original oil in place (OOIP) for 
the Witcher lease reported in this study is 6.293 million 
stock tank barrels. The reported total oil produced from 
this lease through 1994, as shown in Table 1, is 1.909 mil- 
lion barrels. This implies nearly a 30% recovery efficiency 
for the lease to date; however, one very significant result 
revealed in this early simulation effort was that insufficient 
oil was present to allow the simulation to continue 
throughout the entire 55-yr life of the production. The 
reason for this failure was attributed to an insufficient oil 
volume being assumed in the volumetrics. Only after 
increasing parameters of average porosity, net pay, and oil 
saturation was a simulation of the entire lease history 
possible. This factor will be taken into account in the geo- 
logical and geophysical analysis of this study in trying to 
locate additional reserves. 

WorkBench Simulator 

With the same data as those used while making BOAST 
simulator runs on the Witcher lease, WorkBench was used 
for a history run. The results are similar for both models. 
Especially noteworthy is the fact that, when using the OOIP 
suggested by the earlier waterflood feasibility study, the 
simulation blows up after around 20 yr of history-matching 
production. Only after increasing the OOIP was the model 
able to run the completion of history. 

Technology Transfer 

The project’s technical team presented a talk to the 
Society of Independent Professional Earth Scientists in 
Midland, Tex. The team also submitted an abstract for the West 
Texas Geological Society’s Fall Symposium to be held 
November 1 and 2,1995. 



TABLE 1 

Production Statistics (bbl) for Witcher Lease 

YW Annual Cumulative 

1940 
1941 
1942 
1943 
1944 
1945 
1946 
1947 
1948 
1949 

1950 
1951 
1952 
1953 
1954 
1955 
1956 
1957 
1958 
1959 

1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 

15,839 
55,808 
29,319 
46,585 
96,952 
86,934 
65,999 
51,722 
43,011 
28,889 

29,621 
25,082 
22,958 
17,182 
18,252 
57,523 
45,740 
28,419 
20,346 
18,331 

16,736 
12,544 
7,998 
6,909 
12,009 
13,923 
10,722 
8,687 
10,861 

15,839 
7 1,647 

100,966 
147,551 
244,503 
331,437 
397,436 
449,158 
492.169 
521.058 

550,679 
575,761 
598.719 
615,901 
634,153 
691,676 
737,416 
765,835 
786,181 
804,512 

821,248 
833,792 
841,790 
848,699 
860,708 
874.63 1 
885,353 
894,040 
904,901 

1969 11,305 916,206 

Reference 
1. David W. Daniels, Waterfood Feasibiliry Smiy-J. E. WtcherLeme, Foster 

Field, Grayburg and Sun Andres Formations, Sun Exploration & 
Production Company, September 1994. 

1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 

1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 

1990 
1991 
1992 
1993 
1994 

I Year Annual 

64,883 
103,117 
65.905 
55,099 
68,376 
60,081 
52,875 
47,175 
39,040 
35,271 

31,066 
33,587 
27.352 
24,593 
21,778 
27,818 
28,368 
21,694 
23.127 
26,485 

28,818 
32,986 
28,930 
22,882 
21,308 

Cumulative 

981,089 
1,084,206 
1,150,111 
1,205.210 
1,273,586 
1,333,667 
1,386,542 
1,434,3 17 
1,473,357 
1,508,628 

1,539,694 
1373.28 1 
1,600,633 
1,625,226 
1,647.004 
1,674,822 
1,703,190 
1,724,884 
1,748,011 
1,774,496 

1,803,314 
1,836,300 
1,865,230 
1,888,112 
1,909,420 

INCREASING HEAVY OIL RESERVES 
IN THE WILMINGTON OIL FIELD 
THROUGH ADVANCED RESERVOIR 
CHARACTERIZATION AND THERMAL 
PRODUCTION TECHNOLOGIES 

Contract No. DE-FC22-95BC14939 

City of Long Beach 
Long Beach, Calif. 

Contract Date: Mar. 30,1995 
Anticipated Completion: Mar. 29,1999 
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Objectives 

The main objective of this project is the transfer of tech- 
nologies, methodologies, and findings developed and applied 
to other operators of slope and basin clastic reservoirs. 
Methods to identify sands with high remaining oil saturation 
and to recomplete existing wells with the use of advanced com- 
pletion technology will be studied. 

The wells that have the best oil production potential 
will be recompleted. The recompletions will be optimized 
by evaluating short radius and ultrashort radius lateral 
recompletions. 

A deterministic three-dimensional (3-D) geologic model will 
be developed and a state-of-the-art reservoir management 
computer software will be used for the identiiication of the sands 
with high remaining oil saturation. The wells identified by the 
geologic and mervoir engineering work as having the best poten- 
tial will be logged with a pulsed acoustic cased-hole logging 
tool. The application of the logging tools will be optimized in 
the laboratory by developing a rock-log model. This rock-log 
model will allow the conversion of shear-wave velocity mea- 
sured through casing into effective porosity and hydrocarbon 
saturation. 

Sl lmmary  of Technical Progress 

Significant progress was made during the quarter. Three 
observation wells and two core-hole-observation wells were 
drilled to monitor steam-drive operations, a 24003 steam line 
was installed under the Cerritos Channel to provide steam to 
an island location, four horizontal wells (two producers and 
two steam injectors) were drilled, and well facilities were 
installed. Start-up of steam injection is projected for mid- 
December 1995. Work was started on the basic reservoir 
engineering, and a working deterministic geologic model 
was completed, which allowed work to commence on the 
stochastic geologic and reservoir models. 

Several papers ire being prepared for the 1996 American 
Association of Petroleum Geologists Annual Meeting. Several 
project team members are involved in the planning of this con- 
vention as well as the 1997 Society of Petroleum Engineers' 
Western Regional Meeting. A home page for the project was 
created on the Internet (htQw'/spidey.uscedu/-yusuf@et.html). 

Compilation and Analysis of Existing Datu 

A computer database of production and injection data, 
reservoir engineering data, and digitized and normalized log 
data was completed sufficiently to start work on the basic-reser- 
voir engineering and geologic stochastic model. Quality con- 
trol checks on the production and injection database should 
be completed by late October 1995. Logs from 126 wells have 
been digitized, and logs from another 45 wells should be 
completed by late December 1995. The digitized logs include 
the electric or induction logs and the spontaneous potential (SP) 
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andor gamma-ray (GR) logs. The 171 wells (of over 600 wells 
penetrating the tar zone in the area) are distributed through- 
out &e fault block The logs were normalized and environmentally 
corrected for 71 wells, and the remaining logs are to be cor- 
rected in 10-well increments, as needed. 

Advanced Reservoir Characterization 

Basic reservoir engineering is proceeding with analysis of 
primary and waterflood recoveries and material balance. 
Permeability estimates from performance data are complete. 
Work is continuing on evaluating the aquifer, comparing water 
injection profile surveys to the allocated injection volumes to 
each sub-zone, determining the quality of the new and old well 
logs, and performing correlation studies on projected steam- 
drive recoveries from vertical and horizontal wells. 

Drilling of four horizontal wells began in September 1995; 
measurement while drilling and logging while drilling (LWD) 
were used to direct the course of the wells. Initial indications 
are that the LWD provides correlatable resistivity measurements 
when compared with the recently drilled observation wells. 
The sub-zone sands appear to be continuous going east to west 
across the fault block. 

Laboratory work is proceeding to identify non-radioactive 
reservoir tracers effective in high-temperature (600 OF) envi- 
ronments. Locating cost-effective tracers was more difficult 
than anticipated, so criteria were eased to locate tracers at 
500 OF by mid-December 1995. Tracer injection is slated to 
begin in January 1996. 

Three observation wells and two core-holeobservation wells 
were drilled. Good-quality logs [induction/SP/GR/den- 
sity/neutron/electromagnetic propagation tool (EPT)] were 
retrieved except for the Em. Arepeat formation tester was run 
in observation well No. OB 2-1, which showed that the reser- 
voir pressures within the D1 sub-zone were in vertical hydro- 
static pressure communication and were different from the sub- 
zones directly above and below. The D1 sub-zone is the 
steam-drive interval for the horizontal wells. Core recovery 
through the T and D sub-zones was excellent; over 99% of the 
planned core interval of 517 ft  was recovered. The plan is to 
perform conventional porosity, permeability, and oil- 
saturation measurements on core plugs. A proposal is being 
developed on high-temperature core work to determine 
residual oil saturations to different steam temperatures, to 
determine formation rock and fluid alterations caused by 
different steam temperatures, and to,determine the physical 
phenomena behind the successful perforated well completions 
in unconsolidated sands when initially stimulated with steam. 

A working deterministic 3-D geologic model was completed 
which was sufficient to start work on the stochastic 3-D geo- 
logic model and to use for drilling the observation and hori- 
zontal wells. A flaw in the geologic database software was dis- 
covered during drilling of the observation wells which caused 
the geologic structure maps to be off by as much as 17 ft in 
Fault Block II. The geologic database software normalizes the 
historic well survey and log data for the different surface 



coordinate systems used in the field and for surface subsidence. 
The subsidence module was faulty but was modified to reduce 
the error to less than 2 ft before the horizontal wells were drilled. 
Refinements to the deterministic model, such as reevaluating 
the fault picks, should be completed in 1996. All existing core 
data were visually inspected to develop a core-based log 
model. The model will incorporate the two new cored wells 
and will be completed in 1996. The core-based log model will 
be used for developing the porosity-permeability model and 
the rock-log model. 

Other deterministic geologic studies under way include the 
barrier characteristics of the geologic faults and correlating the 
stratigraphic characteristics of the tar zone with similar 
deposits in neighboring fields. 

A neural network analyzer has been developed on the sto- 
chastic geologic model to analyze the similarities of various 
zones and sub-zones in terms of sequence stratigraphy with 
GR logs. 

Reservoir Simulation 

The evaluation to select a thermal reservoir simulator pro- 
gram is continuing. The goal is to select and negotiate terms 
for a specific software package by the end of 1995 and to have 
the simulator and computer on site by Feb. 1, 1996. 

Reservoir Management 

Planning and programming of the four proposed horizon- 
tal wells (two injectors and two producers) are complete. 
Final bottomhole targets were revised on the basis of new log 
data from observation wells, and corrections were made to the 
geologic database. Drilling began in September 1995. Plans 
are to finish drilling in October 1995, start completing wells 
in November 1995, and initiate steam injection in December 
1995. The associated well facilities will be installed in time 
to meet the planned well start-up. The plan is to perform a 
100,000-bbl steam cycle on each well to consolidate the for- 
mation sands around the perforated completions and to stim- 
ulate initial production. 

The 2400-ft steam transmission line under the Cerritos 
Channel was completed during the quarter. The transmis- 
sion line included a 42-in. bore under the channel; a 30-in. 
outer line, which was pulled through the bore and cemented 
in place; and dual concentric lines consisting of a 14-in. insu- 
lated steam line inserted inside a 24-in. backup line, which 
were pulled together through the 30-in. line. Tie-in of asso- 
ciated surface lines is on schedule to meet the planned 
well start-up date. 

Four existing steam injection wells were converted to 
hot-water injection in March 1995. Injection rates were 
increased from 800 bbl of cold-water-equivalent steam per 
day (BCWESPD) last quarter to 3000 BCWESPD during 
this quarter. No production response is documented to date. 

Detailed thin-section, scanning electron microscope, and 
X-ray-diffraction work on wellbore fill samples from the 

existing steam-drive wells shows several types of scale, ' 

including calcites, dolomites, barites, anhydrites, and mag- 
nesium silicates. Cores, produced fluids, and injection water 
will be examined to determine the mineralogy and source of 
the scales and how to prevent their occurrence. Design of high- 
temperature laboratory work on the cores is proceeding 
and should be completed in December 1995. Actual high- 
temperature laboratory work on the cores is scheduled to 
begin in January 1996. 

The horizontal steam-drive wells will be operated on the 
basis of a pseudc-steam-assisted gravity drainage (SAGD) tech- 
nique. The SAGD technique was designed by Butler12 and has 
been tested extensively in the heavy oil fields in Canada. Several 
articles have been published on the SAGD technique in the 
Canadian Jortmal of Petroleum Technology. A good article sum- 
marizing the heavy oil recovery techniques used in Canada was 
written by Polikar and Redford? The pseudo-SAGD method 
to be used involves completing the last 600 ft  of the horizontal 
wells in the most updip section of the reservoir. The horizontal 
segments of the wells average 1300 ft and were drilled going 

for the reservoir dip. The concept is to concentrate the steam 
updip in a smaller area in order to take advantage of gravity 
segregation of the steam so as to promote earlier development 
of a steam chest. As the steam chest grows to envelop the pro- 
ducer completion intervals, more perforations will be opened 
downdip, and the updip perforations will be plugged off, if nec- 
essary. The pseudo-SAGD technique is preferred over a con- 
ventional SAGD technique because the tar zone has more mobile 
oil (13 "API gravity) than the bitumen in Canada and has very 
mobile free water located primarily downdip and along the bot- 
tom of the sands caused by prior waterflooding. 

west to east at a 96 to 99" angle (going uphill) to compensate -i 

Operational Management 

Most of this work is dependent on the results of the high- 
tempeGture core work to be performed. A cyclic steam sand 
consolidation treatment was performed on an existing steam- 
drive well (well No. UP-932) to fix a bad slotted-liner com- 
pletion with running sand. The alternative was to install an 
expensive inner-slotted liner with a gravel pack. Production 
results over a 1-yr period showed that sand production was suc- 
cessfully eliminated and the production rates were stabi- 
lized at 32 bbl of oil per day and 400 bbl of gross fluid pro- 
duction per day, both rates being down about 20% from 
previous rates before the well experienced sanding problems.' 
Despite the production decline, this sand consolidation treat- 
ment was considered successful because inner slotted-liner 
completions generally experience the same production rate 
declines. 
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Objectives 

The Oklahoma Geological Survey (OGS), the Geological 
Information Systems (GIS) Department, and the School 
of Petroleum and Geological Engineering at the University 
of Oklahoma are engaging in a program to identify and 
address Oklahoma's oil recovery opportunities in fluvial- 
dominated deltaic (FDD) reservoirs. This program includes 
the systematic and comprehensive collection and evaluation 
of information on all of Oklahoma's FDD reservoirs and the 
recovery technologies that have been (or could be) applied 
to those reservoirs with commercial success. This data collec- 
tion and evaluation effort will be the foundation for an 
aggressive, multifaceted technology transfer program that 
is designed to support.al1 of Oklahoma's oil industry, with 
particular emphasis on smaller companies and independent 
operators in their attempts to maximize the economic pro- 
ducibfity of FDD reservoirs. 

Specifically, this project will identify all FDD oil reservoirs 
in the State; group those reservoirs into plays that have 
similar depositional and subsequent geologic histories; 
collect, organize, and analyze all available data; conduct 
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characterization and simulation studies on selected reservoirs 
in each play; and implement a technology transfer program 
targeted to the operators of FDD reservoirs to sustain the 
life expectancy of existing wells with the ultimate objective of 
increasing oil recovery. Figure 1 shows the stratigraphic 
nomenclature of the FDD reservoirs in Oklahoma. 

The elements of the technology transfer program include 
developing and publishing play portfolios, holding workshops 
to release play analyses and identify opportunities in each of 
the plays, and establishing a computer laboratory that is 
available for industry users. The laboratory will contain all the 
play data files, as well as other oil and gas data files, together 
with the necessary hardware and software to analyze the 
information. Technical support staff will be available to assist 
interested operators in the evaluation of their producing prop. 
erties, and professional geological and engineering outreach 
staff will be available to assist operators in determining 
appropriate recovery technologies for those properties. 
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Fig. 1 Stratigraphic nomenclature for Pennsylvanian fluvial-domimted 
deltaic oil reservoirs in Oklahoma. 

Summary of Technical Progress 

Activities this quarter, which began the second half of 
the 5-yr FDD program, were focused primarily on technology 
transfer elements of the project. This included regional play 
analysis and mapping, geologic field studies, and reservoir 



modeling for secondary waterflood simulations as used in pub- 
lication folios and workshops. The computer laboratory was 
fully operational for operator use. Computer systems design 
and database development activities were ongoing. 

Computer Database, Applications, 
and User Laboratory Developments 

Development of user interfaces for software applications 
and Natural Resources Information System (NRIS) data 
applications continued. Changes and enhancements of inter- 
faces were made on the basis of user feedback gained during 
laboratory usage. These interfaces allow novice users to 
access data on nearly 400,000 wells, about 100,000 produc- 
ing leases, and 5,300 current or previous oil and gas fieids in 
Oklahoma. The data can then be used in a variety of applications 
packages. Enhanced query capabilities, export routines, and 
remote access capabilities are enhancements planned for the 
system. This quarter has also included efforts to develop a user 
laboratory accounting system. 

During the third quarter, 16 operators used the computer 
facility to help evaluate their producing propehes. Additionally, 
16 requests for data and/or maps were completed by staffper- 
sonnel using the computer laboratory, and 6 technical sessions 
were conducted by support staff for novice and beginner 
users, 

Support staff used the computer laboratory to generate 
many maps used in the Booch and Osage-Layton workshop 
publications. The computer facility also is expected to be 
used in generating maps and visual illustrations for the 
FDD traveling workshop series planned to begin in 1996. 
Additionally, the computer facility will be used to generate 
regional maps and field study maps for the Prue-Skinner 
workshop. 

Play Analyses, Publications, and Workshops 

Table 1 summarizes the level of activity and industry 
responsiveness to the FDD workshop and publication series. 

The Morrow Play 

The Morrow Play workshop was held June 1 and 2,1995, 
with a total xegktration of 215 people. Since this workshop, pub- 
lications have been mailed upon request to 118 operators 
identified in this play who did not attend the. workshop. 
Together with the 90 Morrow operators who attended the 
workshop, over one-third of Oklahoma's Morrow operators have 
responded to and benefited from this technology transfer 
effort. An additional 439 publications were sold or distributed 
as complimentary copies to geological professionals actively 
involved in Morrow development, exploration, or secondary 
recovery activities. Industry personnel have indicated that 
this publication has been extremely valuable in their work. 
Additionally, several operators have consulted with the Morrow 
Play geologist to assist in their efforts to waterflood or to 
drill development and exploration wells in the Morrow formation. 

The Booch Play 

The Booch Play workshop, the second in a series of eight 
workshops, was held Sept. 11, 1995, in Muskogee, Okla. 
All identified Booch oil operators (432 identified from 1994 
production records) were invited to attend the workshop. 
Additionally, a broadcast mail-out was completed to others who 
have attended previous OGS workshops or have expressed 
interest in the program. 

Prior to the workshop, the Booch folio publication was com- 
pleted and published.' This publication was distributed to all 
a!tendees at the workshop. After the workshop, a letter was mailed 

TABLE 1 

Summary of Technology Transfer Activities for FDD Plays as of Sept. 30,1995 

No. of 
Workshop No. of No. of operators 
dates and No.of operators operators mailed 

Play locations registrants in the play at workshop publication 

1. Morrow June 1 and 2,1995, 215 604 90 118 

2. Booch Sept. 11,1995. 128 432 31 0 
Norman, Okla. 

Muskogee, Okla. 
3. Layton and November 1995. 466 

4. Pmeand February 1996 1527 

5. Cleveland and May 1996 516 

Osage-Layton Oklahoma City, Okla. 

Skinner 

Prue (2 plays 
combined) 

6. RedFork August 1996 1478 
7. Baalesville November 1996 1420 
8. Tonkawa February 1997 242 



to all Booch operators who did not attend the workshop 
informing them that, upon request, they could receive a com- 
plimentary copy of the publication. 

Both the publication and the workshop included a gener- 
alized introduction to FDD depositional environments, a 
regional overview of the Booch FDD play, detailed informa- 
tion on three Booch field studies, and the results of the Greasy 
Creek reservoir characterization and simulation study. Detailed 
data regarding the Wewoka N.W. sand unit, a Booch oil pool 
in Seminole County, Okla., was provided for the publication 
and workshop by a consulting geologist with input oriented 
toward practical industry applications. 

The Layton and Osage-Layton Play 

This workshop and the accompanying publication were orig- 
inally scheduled for November 1995 but have been delayed; 
a reschedule date is under consideration. Given the addi- 
tional time provided by this schedule readjustment, an addi- 
tional Layton sand reservoir was selected for study and was 
included in the workshop and play publication. A consulting 
geologist will provide detailed information and geologic 
mapping of a Layton oil pool within South Coyle field. The 
work will be oriented toward practical reservoir characterization 
as used in industry and will be a valuable contribution to the 

As of Sept. 30, 1995, two field studies are planned for 
reservoir characterization of this play. South Coyle field is 
in the preliminary stages of geologic mapping. Base maps, 
log acquisition, and annotation are complete, and isopach 
mapping has begun. Cross sections, report preparation, 
and final reservoir mapping are planned during the next 
quarter. East Lake Blackwell field is nearing completion. 
Preliminary sandstone isopach maps and cross sections are 
complete. 

Regional sandstone trend mapping and interpretation of 
depositional environments of the Layton and Osage-Layton 
are nearly complete. Regional maps of fields having Layton 
production and author references are complete, as are regional 
cross sections. 

Play- 

The Prue and Skinner Plays 

In conjunction with the rescheduling of the OsagsLayton 
workshop, it is anticipated that the Prue-Skinner and subse- 
quent workshops will likewise be postponed from the 
original scheduled date as shown in Table 1. The PrueSkinner 
workshop actually will involve two very large individual 
plays; however, both the Prue and underlying Skinner 
sands lie stratigraphically near one another and have similar 
depositional origins. For this reason, they are conveniently 
grouped together for workshop and publication purposes. 

As of Sept. 30,1995, all regional sand maps, cross sections, 
field maps, production maps, and author reference maps are 
complete and ready for drafting. Detailed geologic mapping 
is also complete for three Skinner fields selected for this 
study. Completion of a Prue field study is expected in 
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November 1995, bringing the total number of field studies 
included for this dual play to four. Together, the four geologic 
field studies (one of which is used to support the computer 
waterflood simulation model) have diverse geologic charac- 
teristics that typify much of the Cherokee Platform area of 
Oklahoma. 
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Objective 

The overall objective of this project is to integrate research 
on petroleum reservoir characterization and process monitoring 
funded by the U.S. Department of Energy (DOE>. Specific objec- 
tives include 

Improve the reservoir model by incorporating the new grid. 
Establish carbon dioxide (Cod injection into the horizontal 

well and production from the remaining producers. 
Modify C02 injection patterns to allow for optimum 

C02 use by incorporating a standard water-alternating-gas 
(WAG) injection process if necessary. 

Summary of Technical Progress 

Production from the Marg Area 1 at Port Neches is 
averaging 222 bbl of oil per day (BOPD) for this quarter. The 



production drop is caused, in part, by mechanical problems and 
poor sweep efficiency by water blockage that prevented the 
CO, from contacting new residual oil deeper in the reservoir. 
WAG injection assisted to some extent in maintaining oil pro- 
duction and improved the reservoir yield by reducing the 
gas production. A workover was performed on well Kuhn No. 
38 to correct failed gravel pack setting. Production from the 
well was restored to 60 BOPD. Plugging of the injection 
wells continues to be a problem, reducing the injection rate in 
critical areas of the reservoir, near well Kuhn No. 15R. 

Texaco drilled the well Polk B No. 39 to the Marg Area 3 
reservoir to gain structural position on the basis of three- 
dimensional (3-D) seismic data and found sand present as antic- 
ipated; however, the sand had no hydrocarbon accumula- 
tion, For this reason, Texaco will abandon testing the use of 
CO, to accelerate the primary production rate and reduce water 
production and primary production cycle time in the reservoir. 

Monitor and Optimize Reservoir Performance 

The reservoir production during this quarter continued to 
decline because of mechanical problems in the injection 
and producing wells. The low reservoir sweep efficiency has 
been impeded by what appears to be water blockage from 
water injected initially to raise the reservoir pressure to the 
minimum miscible pressure (MMP) before CO, injection. 
Because the water is an incompressible fluid injected in a 
closed reservoir, it cannot be pushed back into an aquifer, 
and therefore it must be produced before the injected CO, can 
contact the maximum amount of residual oil available in the 
reservoir. The sweep area will be minimized to a narrow strip 
between the injection and producing wells where the recov- 
ery is high initially until the narrow strip of oil is com- 
pletely swept. 

The producing wells will start to experience premature break- 
through of injection fluids. This was observed in at least 
three of the producing wells: Kuhn No. 33, Stark No. 8, and 
Kuhn No. 14. The reservoir production for this quarter, shown 
in Fig. 1, averaged 222 BOPD mainly from three wells: 
Kuhn No. 15R, Stark No. 8, and Kuhn No. 38. 

1 - 1993 - I - 1994 - 1 - 1995 - 1 
TIME 

Fig. 1 Port Neches COzProject allocated production. 

During this period, a workover was performed to correct 
failed gravel pack setting on well Kuhn No. 38. The workover 
was completed, and production from the well was restored to 
a rate of 60 BOPD. Another workover was performed on well 
Kuhn No. 42 to plug it down to the Marg Area 1 reservoir. 

A second WAG cycle was initiated during this period by 
converting well Kuhn No. 17 to water injection and well 
Stark No. 7 to C02 injection. The horizontal Marg Area No. 
1H well was recently converted to water injection, and Kuhn 
No. 17 was converted to CO, injection after Stark No. 7 well 
quit taking CO,. 

Well Kuhn No. 42 Workover 

The workover for well Kuhn No. 42 was postponed until 
September 1995 because of well utilization in the C-1 reser- 
voir. The strategy is to plug down the well to the Marg Area 1 
to improve the reservoir sweep efficiency and recover addi- 
tional oil that could not have been recovered otherwise. As a 
result of the workover, the well is currently producing water 
as indicated by the Cased Hole Hydrocarbon Logs (Thermal 
Decay Time). Later, some hydrocarbon production displaced 
by the CO, injection in the Marg Area 1 is anticipated. After 
a 3-month testing period, if no CO, is seen in the well, eval- 
uation of converting it to an injector to displace the stagnant 
oil from this isolated area toward the center of the reservoir 
to be recovered by wells Kuhn No. 15R and Kuhn No. 14 will 
be considered. Well Kuhn No. 36 may require a workover to 
resume C02 injection in this section of the reservoir. 

Drilling Polk B No. 39 as a CO, Injection Well 

Texaco drilled the discovery well Polk B No. 39 and 
found wet sand. For this reason, Texaco will abandon the idea 
of using C02 to accelerate the primary production rate and reduce 
watefproduction and primary production cycle time in the mer- 
voir. Other reservoirs in the Port Neches field will be evalu- 
ated to perform the preceding test. This test will allow mea- 
surement of the economic impact of combining the tertiary and 
primary production with the use of COP 

Field Operations 

Texaco is in the process of completing an update of the reser- 
voir model by using the Stratamodel to improve the reservoir 
description and tertiary production information. This model 
is being updated by Texaco Exploration and Producing 
Technology Division in Houston. The model should better 
quantify the tertiary oil recovery volume remaining to be 
produced from the project and the CO, volume required to recover 
the oil. The separation between the main northern portion and 
the southern portion of Area 1 confirms the presence of two 
different drive mechanisms in the reservoir, which will reduce 
the total recovery significantly. On the basis of Texaco’s 
experience in other Gulf Coast reservoirs, economical CO, 
injection should only be conducted in pressure-depleted 
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reservoirs, where the oil saturation is at or above the minimum 
displaceable oil saturation (> 10% of the residual oil satura- 
tion) and where the gas channels will allow the C02 to pen- 
etrate deeper to contact the oil and recover it. 

Texaco resumed C02 purchases from Cardox during the 
fourth quarter of the 1995 fiscal year. In light of the ment decline 
of oil production from the project, however, Texaco is eval- 
uating the need for additiond C02 volume required to recover 
the remaining tertiary oil. The reservoir model will be used to 
make this decision. The daily C02 purchases illustrated in 
Fig. 2 averaged 2636 thousand cubic feet per day. Table 1 con- 
tains a list of the most recent well tests taken during the 
month of September 1995 for the producing wells. 

Sep93 Dec-93 Mar44 Jun.94 Sep94 Dec-94 Mar.95 Jun-95 Sap95 Dcc-95 
TIME 

Fig. 2 Port Neches CO* delivery (actual vs. contract). 

TABLE 1 

Well Test Results for Producing Wells for September 1995" 

Well No. BOPD BWPD MCFD Choke 

Kuhn No. 15R 167 714 1360 22 
Kuhn No. 38 58 390 1279 20 
Stark No. 8 I6 394 349 28 

*BOPD, barrels of oil per day; BWPD, barrels of water per day; 
MCFD, thousand cubic feet per day. 
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Objectives 

The objectives of the project are to return the shut-in 
portion of the reservoir to commercial production; accurately 
describe the reservoir and recovery process; and convey the 
details of this activity to the domestic petroleum industry, 
especially to other producers in California, through an aggres- 
sive technology transfer program. ARCO's idle Pru Fee lease 
in the Midway-Sunset field, Calif., will be reactivated, and a 
continuous steamflood enhanced oil recovery @OR) demon- 
stration aided by an integration of modem reservoir charac- 
terization and simulation methods will be conducted. Cyclic 
steaming will be used to reestablish baseline production 
within the reservoir characterization phase of the project. 
During the demonstration phase, a continuous steamflood 
EOR will be initiated to test the incremental value of this 
method as an alternative to cyclic steaming. Other econom- 
ically marginal Class I11 reservoirs with similar productivity 
problems will benefit from insight gained from this project. 

The 40-acre Pru Fee property is located in the super-giant 
Midway-Sunset field and produces from the late Miocene 
Monarch sand, part of the Monterey formation. The 
Midway-Sunset field was drilled before 1890. In 1991, cumu- 
lative production reached 2 billion bbl, with remaining 
reserves estimated to exceed 695 million barrels of oil 
(MMBO). In the PN Fee property, held by ARC0 Western 
Energy (AWE), cyclic steaming was used to produce 13 "API 
oil. The previous operator was unable to develop profitably 
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this marginal portion of the MidwaySunset field with stan- 
dard EOR technologies and chose rather to leave nearly 
3.0 MMBO of oil in the ground that otherwise might have 
been produced from the 40-acre property. Only 927 thousand 
barrels of oil (MBO) had been produced from the property 
when it was shut in in 1987. This is less than 15% of the 
original oil in place, which is insignificant compared with 
typical heavy oil recoveries in the Midway-Sunset field of 
40 to 70%. Target additional recoverable oil reserves from 
the 40-acre property are 2.9 MMBO. The objective of the 
demonstration project is to encourage a similar incremental 
increase in production in all other marginal properties in 
the Midway-Sunset and adjacent fields in the southern San 
Joaquin Basin. 

The producibility problems thought to be responsible for 
the low recovery in the Pru Fee property are (1) the shallow 
dip of the bedding, (2) complex reservoir structure, (3) thin- 
ning pay zone, and (4) the presence of bottom water. Tight inte- 
gration of reservoir characterization and simulation modeling 
will be used to overcome these problems. If the demonstra- 
tion project is successful, this methodology may be applied to 
other economically marginal reservoirs with similar pro- 
ducibility problems. 

Summary of Technical Progress 

The project was initiated during this reporting period, and 
the work has progressed on schedule along a number of par- 
allel tracks. 

Literature Compilation 
A project bibliography was assembled during the first 

weeks of the project to assist the project team with reviewing 
the existing literature dealing with slope and basin clastic 
(Class 111) reservoirs, the regional geology of the southern 
San Joaquin Basin, and the petroleum geology of the 
Midway-Sunset field and similar oil fields in southern 
California. The bibliography was developed from GeoReF' 
and the personal libraries of the project team members. It is 
organized with the use of EndNote@ and will be released as 
part of the overall project database in both an EndNote@ and 
a rich-text format. 

Assembly of Digitized Log Suites 

A project area is defined as the Pru Fee property and a cor- 
ridor 500 ft in width surrounding the property. Within the proj- 
ect area, 135 wells have been identified for which some type 
of log data is available; 90 of the wells have digital logs. The 
locations of the wells have been verified and the 
quality of the logs checked by AWE. Those logs which had not 
already been loaded into a Terrastation" database were added 
to the project Ne. Logs not currently in the AWE database have 
been requested. These additional log suites will be digitized 
and added to the project database. The existing electronic 



database was transferred to the team members responsible for 
carrying out the stratigraphic analysis. 

Development of a Stratigraphic Framework 

In advance of developing a reservoir model for the Pru Fee 
demonstration site, the stratigraphy of the project site is being 
characterized in considerable detail. The goal is to (1) develop 
a three-dimensional (3-D) representation of the major sand 
bodies and intervening barriers, (2) delineate the sedimentary 
facies and depositional setting, and (3) tie lithologic and 
petrophysical properties of the rocks to the geometric and depo- 
sitional framework. The key to developing the stratigraphic 
model is correlation of log responses in the wells within 
the project area to the new production well drilled, cored, and 
logged during the latter half of September 1995. The project 
well log files (Terrastation"' database) that were transferred 
to Salt Lake City have been examined and initial correlations 
made; however, the stratigraphic analysis will accelerate 
after the new producer well logs and core analyses are 
available. 

Install Lease Production Facilities 

In preparation for the cyclic injection and production 
baseline tests at the demonstration site, the site has been 
resurveyed, the Programmable Logic Controller panel has been 
upgraded with new dynamic surveillance software, many of 
the flow lines have been replaced, the production header has 
been repaired and modified, and a nearby idle freshwater 
knockout has been converted to the Pru wet lact. Work has begun 
to convert the old Pru wet lact to a well tester. This task, which 
is under the supervision of AWE, is nearly complete. 

Return Wells to Production 

Idle wells already on the Pru demonstration site have been 
inspected, repaired, and equipped as injection-production 
wells for the baseline tests. This task is complete. 

Drill Producer and Observation Wells 

A new production well and an observation well near the cen- 
ter of the demonstration site were planned, permitted, and drilled. 
The wells were completed and equipped in September 1995. 
The producer, well No. 101, will be steamed for the baseline 
tests. The adjacent observation well is equipped for temper- 
ature monitoring during the steaming. Acore was removed from 
the producer well with over 80% recovery. Missing intervals 
were subsequently sampled with sidewall cores. This task is 
complete. 

Reservoir Characterization 

Initial trial reservoir simulations have been started to 
examine model sensitivities for the Pru Fee demonstration site. 
With the use of reasonable reservoir properties for the Upper 
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Monarch sand in the MidwaySunset field provided by AWE, 
preliminary simulations were performed to assess the effect 
of bottom water on cyclic and steamflood processes. The 
geometric parameters match closely what is known about the 
demonstration site in the Pru Fee property and conventional 
AWE production methods. The initial models found that, 
in both the cyclic steam and the steamflood processes, the 
presence of bottom water decreased production, but not 
significantly; this was attributed to heat losses to the water 
zone. In general, the bottom water has lesser impact on the 
steamflood process than on the cyclic process. The reservoir 
simulations are continuing as more site-specific data are 
made available from other team members in the course of 
the ongoing stratigraphic and reservoir modeling studies. 

The optimal software strategies for 3-D representation of 
the reservoir are being investigated in advance of completion 
of the stratigraphic model. 

GEOLOGICAL AND PETROPHYSICAL 
CHARACTERIZATION OF THE FERRON 
SANDSTONE FOR THREE-DIMENSIONAL 
SIMULATION OF A FLU VIA L-DELTAIC 
RESERVOIR 

Contract No. DE-AC22-93BC14896 

Utah Geological Survey 
Salt Lake City, Utah 

Contract Date: Sept. 29,1993 
Anticipated Completion: Sept. 29,1996 
Government Award: $1,225,482 

Principal Investigator: 
M. Lee Allison 

Project Manager: 
Robert Lemmon 
Bartlesville Project Office 

Reporting Period: July 1-Sept. 30,1995 
___ 

Objective 

The objective of this project is to develop a comprehensive, 
interdisciplinary, and quantitative characterization of a 
fluvial-deltaic reservoir that will allow realistic interwell 
and reservoir-scale modeling to be used for improved oil-field 
development in similar reservoirs worldwide. The geological 



and petrophysical properties of the Cretaceous Ferron sand- 
stone in east-central Utah will be quantitatively determined. 
Both new and existing data will be integrated into a three- 
dimensional (3-D) representation of spatial variations in 
porosity, storativity, and tensorial rock permeability at a scale 
appropriate for interwell to regional-scale reservoir simulation. 
Results could improve reservoir management through proper 
infill and extension drilling strategies, reduce economic risks, 
increase recovery from existing oil fields, and provide more- 
reliable reserve calculations. Transfer of the project results to 
the petroleum industry is an integral component of the project. 

Summary of Technical Progress 

Technical progress during this quarter is divided into 
regional stratigraphy, case studies, stochastic modeling and 
fluid-flow simulation, and technology transfer activities. The 
regional stratigraphy of the Ferron sandstone outcrop belt from 
Last Chance Creek to Ferron Creek is being described and inter- 
preted (Fig. 1). Photomosaics and a database of existing sur- 
face and subsurface data are being used to determine the 
extent and depositional environment of each parasequence and 
the nature of the contacts with adjacent rocks or flow units. 
Detailed geological and petrophysical characterization of the 
primary reservoir lithofacies typically found in a fluvial- 
dominated deltaic reservoir is continuing at selected case-study 
areas. Interpretations of lithofacies, bounding surfaces, and other 
geologic information are being combined with permeability 
measurements from closely spaced traverses and from drill- 
hole cores (existing and two drilled during the quarter). 
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Fig. 1 Location map of the Ferron sandstone study area (outcmp belt 
cross-hatched) showing detailed case-study sites (outlined by heavy 
dashed lines). 

Petrophysiqal and statistical analyses are being incorporated 
with the geological characterization to develop a 3-D model 
of the reservoirs through fluid-flow simulation. Technology 
transfer consisted of seven presentations of project results to 
professional geologists and two project overviews presented 
to the news media, county and other government officials, and 
local industry representatives. 
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Regional Stratigraphy 

The Utah Geological Survey (UGS) continues to combine 
digitized land-based and aerial photographs of the Ferron 
sandstone outcrop belt into reproducible photomosaics with 
the use of image-editing software. A total of 1823 photos depict 
80 miles of Ferron sandstone outcrop. Interpretations of 
parasequence boundaries, lithofacies, and various field data 
(such as measured section and gamma-ray transect locations) 
are beiig plotted on the photomosaics as part of both the regional 
and case-study analyses. These interpretations are being 
checked in the field at the same time the photomosaics are given 
vertical and horizontal scales. 

Considerable effort has been devoted to dividing the 
Ferron sandstone into parasequences and parasequence sets 
(Fig. 2). In the Fenon sandstone, distinguishing exactly what 
is and what is not a parasequence can be quite easy or 
extremely difticult Parasequences, for the Ferron project, equate 
to shoreline sandstone bodies. Perhaps a quarter to a half of 
the parasequences recognized in the Ferron can be divided into 
smaller-scale units, and these will be incorporated into the strati- 
graphic scheme as it develops. 

Figure 2 shows the Ferron parasequences recognized by the 
project team, named, and placed in their relative positions. The 
abundance of parasequences in parasequence sets Kf-1 and 
Kf-2 as compared with the younger parasequence sets is 
striking. This is the result of two factors. First, Kf-1 and Kf-2 
prograded farther into the basin than did later parasequence 
sets and so would be expected to be made up of more build- 
ing blocks. The second factor hinges on the fact that the 
amount of relative sea-level rise that occuned during progra- 
dation was greater for the younger Ferron parasequence sets 
than it was for the older ones. This affected parasequence-level 
stratigraphy profoundly. 

In the case of parasequence sets Kf-4 to Kf-7 (Kf-3 being 
something of an in-between case), the volume of w e n t  deliv- 
ered to the area was much less compared with the rate of cre- 
ation of accommodation space. The rate decreased through time, 
which resulted in overall backstepping of the parasequence sets. 
As a consequence, an increasingly large volume of sediment 
was required to aggrade the coastal plain behind the shoreline; 
less and less came through the fluvial systems to nourish the 
shoreline. The lower sediment supply tipped the balance in favor 
of the process of wave reworking. Major delta lobes did not 
form, the sediment being more evenly distributed along the 
coast. Minor rises of relative sea level had little effect on the 
shoreline. Transgressions probably did occur, but over limited 
distances. 
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Fig. 2 Diagram showing relative positions of Ferron parasequences and parasequence sets. The diagram has no scale. Landward is to the left, seaward 
to the right. The vertical axis is probably better equated to time than to rock section. Note that parasequence sets Kf-5, Kf-6, and Kf-7 are presently 
not divided into parasequences. Kf-S? and Kf-9? are shoreline sandstone units that have been recognized but not yet formally incorporated into the 
scheme. 

The earliest, proximal part of each parasequence consists 
of deposits from wave-modified coasts. The relative sea- 
level rises that brought about the parasequence-level trans- 
gressions caused reduction of sediment supply to the coasts. 
As the rise slowed and the balance shifted back to prograda- 
tion, the supply of sediment to the coast increased. Initially, 
the supply was low, which allowed extensive wave rework- 
ing. This also explains the pronounced seaward stratigraphic 
rise of many parasequences just seaward of their pinch-outs. 
The more distal parts of parasequences commonly contain deltaic 
deposits. At these times, the rates of rise of relative sea level 
were slower and the amounts of sediment delivered to the shore- 
lines were correspondingly greater. The supply was great 
enough to allow progradation of recognizable deltas, partic- 
ularly in the cases of parasequence sets Kf-1 and Kf-2. 

Case Studies 

Core-Hole Program 

Two stratigmphic test wells (hie Creek Nos. 10 and 11) were 
drilled in the Ivie Creek case-study si&. These wells were designed 
to evaluate the lithofacies and reservoir characteristics of 
the Kf-1 and Kf-2 parasequence sets. The total depths of the 
wells are 420 and 444 ft, respectively. These wells are located 
far enough back from the outcrop to avoid the coal-burn 
zones encountered during the 1994 drilling program. Core and 
geophysical logs from these wells will provide data for a 
3-D morphologic interpretation of individual lithofacies and 

capture the various reservoir changes in the Kf-1 and Kf-2 para- 
sequence sets over an area analogous in size to a small oil field. 
The Kf-1 represents a river-dominated delta deposit that 
changes from proximal to distal (where the sandstone pinches 
out) from east to west across the Ivie Creek area. The Kf-2 con- 
tains more and cleaner sand, which indicates a more wave- 
modified environment of deposition. 

A total of 156 ft of core was recovered from Ivie Creek well 
No. 11. The core is stored at the UGS Sample Library and is 
available for study. Ivie Creek well No. 10 was not cored. 
Geophysical logs run in Ivie Creek wells Nos. 10 and 11 include 
the formation density, caliper, and gamma ray. Sonic, dipmeter, 
and dual-spaced neutron logs were recorded in Ivie Creek well 
No. 11; these logs could not be run in Ivie Creek well No. 10 
because, as the result of a large fracture zone, it would not hold 
water. 

Field Work 
Several outcrop sections through the Kf-1 and Kf-2 parase- 

quence sets were described in the Ivie Creek and Willow Creek 
Wash case-study areas (Fig. 1) A description of the individ- 
ual units in the outcrop sections includes the following infor- 
mation: (1) primary and secondary lithology, composition, color, 
and grain size of the rocks; (2) sedimentary structures, biologic 
structures, and fossils in the rocks; and (3) bounding surfaces 
and depositional environment of the unit. These sections are 
being correlated with the 50 sections measured during the 1994 
field season to develop interpretations of the stratigraphy 
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and lithofacies. Paleocurrent measurements have also been 
made at Ivie Creek and in the Willow Creek Wash case- 
study areas. Photomosaics in both areas were scaled and 
interpretations completed. 

Gamma-Ray Measurements 

Outcrop gamma-ray measurements were completed along 
14 permeability and petrophysical transects to (1) determine 
variations in clay-mineral content (or sandstoneshale ratios), 
(2) permit detailed correlation among outcrop traverses 
and between the traverses and core-hole gamma-ray logs, and 
(3) detect possible diagenetic changes associated with precipitation 
of uranium. Field measurements were taken with a portable 
256-channel gamma-ray spectrometer capable of determining 
total natural gamma counts as well as concentrations of potas- 
sium, thorium, and uranium. Each transect consisted of 200 
to 400 measurements at 0.5- to 1.0-ft intervals. Gamma-ray 
spectrometer readings are related to clay content in shaly 
sandstones; clay content influences the compartmentalization 
of flow units. 

Core-Plug Sampling 

The objective of core-plug sampling in the Ivie Creek 
case-study area was to characterize vertical and lateral vari- 
ations of a number of petrophysical properties (velocity, den- 
sity, porosity, permeability, and mineralogy) and to determine 
the interrelations among these properties in the Kf-1 and 
Kf-2 parasequence sets. The technique involved drilling 1- to 
4-in.-long core plugs, 1 in. in diameter, with a portable 
gas-powered drill and diamond bit. The geographic orienta- 
tion of each sample was determined, and the sedimentary smc- 
tures of the bed were photographed. AU core plugging was done 
along vertical or near-vertical (depending on access) tra- 
verses with one sample per bed and about 30 to 50 samples 
per transect. 

One significant change from the 1994 sampling program 
was a greatly increased emphasis on sampling for anisotropy 
studies: rather than taking just one horizontal sample per 
site, a set of three samples (horizontal, vertical, and 45") 
was taken. Anisotropy is a variable that needs to be consid- 
ered in the fluid-flow modeling. It is also a much broader petro- 
physical concern because anisotropy can be caused by either 
mineral alignment (platy, subhorizontal clay minerals) or 
microfractures (usually one set of vertical microfractures); both 
causes affect fluid flow. 

A total of 208 horizontal samples were taken from 10 tra- 
verses and 77 3-D sets from 8 traverses. These traverses cor- 
respond to permeability transects, measured sections, and 
gamma-ray transects. 

Minipermeameter Measurements 

Alarge quantity of new permeability data was collected dur- 
ing the quarter from both the Kf-1 and Kf-2 parasequence sets 
along 15 permeability transects (in addition to the 7 transects 
from the 1994 field season) in the Ivie Creek case-study area 

(Fig. 3). Transect locations contained examples of the major- 
ity of the lithofacies present in the delta-front sequences. An 
electronic, miniprobe permeameter (minipermeameter) sup- 
plied by the Mobil ExplorationProducing Technical Center 
was used for laboratory permeability measurements on 
trimmed, whole-core plugs taken from the outcrops. Measured 
stratigraphic sections were tied to the permeability transects. 

A total of 1954 tests were performed on 1622 core plugs 
taken along the transects. Each sample was washed and then 
dried in an oven for 2 din an effort to ensure that all moisture 
was removed from the samples before testing. Core-plug 
locations in 1995 were selected to accomplish several goals: 
(1) better characterize permeability distributions within clino- 
forms found within the Kf-la parasequence, (2) evaluate 
both north-south and east-west variations in permeability struc- 
ture within the Kf-2 parasequence set, and (3) evaluate 
two-dimensional (2-D) and 3-D permeability anisotropy 
within different units of the Kf-2. 

The laboratory permeability results, when combined with 
field and laboratory measurements taken during the 1994 
field season and detailed geologic mapping, will be used to 
determine the statistical structure of the spatially variable 
permeability field within the delta front and to investigate 
how geological processes control the spatial distribution of 
permeability. 

n 

Fig. 3 Map showing permeability sampling traosect locations at the Ivie 
Creek case-study area. BEG transedr; Rfers to the location of permeability 
transects conducted by the Texas Bureau of Economic Geology. 



Clinoform features of the Kf-la parasequence. Core 
plugs were collected along six short vertical transects (T9, T10, 
T11, T12, T14, andT15) and one horizontal transect (T16) in 
the vicinity of the 1994 transects T3 and T4 (circled area in 
Fig. 3). These plugs were obtained to characterize typical 
clinoform features found within the Kf-la parasequence at the 
Ivie Creek case-study area. Core plugs were collected at 
0.343 spacing along vertical transects and at 3.0-ft spacing along 
the horizontal transect. In addition, a series of vertical and hor- 
izontal core-plug pairs were collected near transects T9, T10, 
T12, and T14 to develop a better understanding of permeability 
anisotropy in the vertical plane associated with specific sed- 
imentary structures found within the clinoforms. 

The site of transect T9 was chosen to sample much higher 
permeabiity rocks within the Kf-la than were found in the 1994 
season. Permeability values for several core plugs exceeded 
300 millidarcys (mD). More than 50% of the cores yielded per- 
meability values in the 10- to 40-mD range. Although perme- 
ability results obtained for transects T12, T14, T15, and T16 
did not generally exceed 100 mD, more than 50% of the 
cores yielded permeability values in the 10- to 40-mD range. 
These results suggest that higher permeability regions are 
present at more proximal positions within the clinoform 
structures of the Kf-la. Transects T10 and T11 yielded lower 
permeability results, which c o n f i i s  the expectation that 
more distal positions within the clinoform structures contain 
relatively low permeability rocks. 

Vertical variations and anisotropy in the vertical plane 
within the Kf-2. Core plugs were collected from several loca- 
tions in the Kf-2 to obtain insight into the 2-D and 3-D per- 
meability anisotropy associated with specific sedimentary 
structures. The DC series of core plugs (Fig. 3) was col- 
lected to study the influence of crossbedding and soft-sediment 
deformation structures on anisotropy. Preliminary interpretation 
suggests that permeability anisotropy is less than one order of 
magnitude and may range from 2 to 5. 

Figure 4 illustrates preliminary permeability profiles for 
*sects T8, T20, and T19. First, note that much higher per- 
meabilities are found in the more wave-modified facies of the 
Kf-2when compared with the fluvial-dominated facies of the 
Kf-1. Second, even in the absence of correlations with geo- 
logical data, it is clear that strong vertical variations in perme- 
ability are indicated within the Kf-2. Many distinct perme- 
ability transitions are expected to correspond to specific 
stratigraphic boundaries. 

Petrophysical Analysis 

Petrophysical measurements were made on 182 Ferron core 
plugs collected during the 1994 field season processed through 
Amoco Production Research's Geoscience Evaluation Module. 
The measurements consisted of (1) saturated, dry, and grain 
densities (part a of Fig 5), (2) effective and Boyle's Law 
porosities (part b of Fig. 5), (3) air permeability (part c of 
Fig. 5), (4) magnetic susceptibility, (5) qualitative and quan- 
titative mineralogy, (6) compressional and shear-wave 

116 

k, mD 

w' 
0 z 
W 

W 

$ 3 6  
2 
zi 

18 

k, mD 

90F= 

LL 
W 
0 z 

6 

k, mD 
I 

Transect 20 Transect 19 Transect 8 

Fig. 4 Permeability (k) as a function of vertical position within the Kf-2 
parasequence set at transects T8, "20, and T19. 

velocities as a function of effective pressure, and (7) thin- 
section-image analysis. 

The major findings from preliminary analyses of these data 
are (1) microfractures affect the velocity of all samples (how- 
ever, microfractures have little significant influence on per- 
meabilities, except perhaps for the least-permeable samples); 
(2) permeability is very closely related to porosity, with a 
linear relationship between porosity and the logarithm of 
permeability (part a of Fig. 6) that is roughly similar to 
those found from other high-porosity sedimentary rocks. 
That relationship, however, varies so much between 
formations in different parts of the world that it must be 
locally determined. The relationship for the Ferron sand- 
stone is much better than was anticipated on the basis of 
porosity-minipermeameter measurements made at the 
University of Utah (part b of Fig 6), and it extends to per- 
meabilities far below the 2-mD threshold for useful miniper- 
meameter measurements. This relationship means that per- 
meability can be estimated for all core-plug samples for 
which measured porosity has been obtained. In addition, 
permeability logs can be estimated from density well 
logging; and (3) the dominant mineralogic control on 
velocity, porosity, and therefore permeability appears to be 
calcite cementation, not clay content, at least for the low-clay 
samples that have been measured to date. Quartz cementation 
probably also affects these parameters, but the Amoco mea- 
surements cannot distinguish quartz grains from quartz 
cement. Clay content certainly does decrease porosity and 
permeability, but this influence is not so linear as had been 
anticipated (for example, comparisons of outcrop gamma- 
ray measurements with minipermeability results as well as 
comparisons of Amoco-determined mineralogy to Amoco- 
determined permeability show only a rough, qualitative 
correspondence). Consequently the gamma-ray traverses 
cannot be used to quantitatively estimate permeability, 
although they can indicate locations of minimal-permeability 
shales and fluid-flow bounding units. 
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Fig. 5 Histograms of (a) @n densities, (b) porosity, and (c) permeability 
along with their respective cumulative frequency distributions (sloped 
line) for 182 Ferron core plugs collected during the 1994 field season and 
processed through Amoco Production Research's Geoscience Evaluation 
Module. 

Thin sections were made from selected core plugs with 
varied lithology, clinoform position, and permeability 
values in the Kf-la parasequence. The samples are quartz-rich 
sandstones with a complex diagenetic history. The sand- 
stones show considerable compaction and little remaining 
primary porosity. Where porosity is present, it is largely sec- 
ondary porosity developed from the dissolution of carbonate 
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Fig. 6 Relationship between permeability and porosity based on 
cowplug measurements of the Femn sandstone. (a) Overall permeability 
and porosity from Geoscience Evaluation Module (GEM) processing. (b) 
Permeability and porosity comparing the Kf-1 and Kf-2 sandstones 
processed a t  the University of Utah (where permeability was measured 
with a minipermeameter). Note the inaccuracy of the minipermeameter 
f o r d  mD and the strung linear rrlationship identified by the GEM mea- 
surements. 

and dolomite cement Early cements appear to be calcite, dolomite, 
and kaolinite. Iron (hematite) cement appears to be the last dia- 
genetic cement. As expected, medium- to coarse-grained 
sandstones have better porosity than fine-grained sandstones 
to siltstones. 

Geostatistics 

The Kf-la parasequence in the Ivie Creek case-study 
area has been subdivided into three general facies: proximal 
delta front, medial delta front, and distal delta front. During 
this quarter, a detailed block of outcrop from the south- 
facing Ivie Creek photomosaic was selected for statistical 
analysis. The net footage and relative percentage of each 
sedimentary structure, biologic structure, average mega- 
scopic grain size, and sandstonekhale ratio were calculated 
for the three facies (Fig. 7). Horizontal bedding is the most 
common sedimentary structure in all three facies (part a of 
Fig. 7). Ripple cross-laminated beds are the second most 
common sedimentary structure in the distal delta-front and 
medial delta-front facies, whereas trough cross-stratified 
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beds are second in proximal delta-front facies. As expected, 
the proximal delta-front facies contains the coarsest material 
and highest net portion of sandstone, whereas the distal 
delta-front facies contains the finest material and lowest por- 
tion of sandstone (parts b and c of Fig. 7). 

Photomosaic Scaling 

Dimensional data from the Kf-la parasequence in the 
Ivie Creek case-study area, for which detailed reservoir 
models will be developed, need to be determined at a high level 
of precision. So that this could be achieved, clinoform bound- 
aries in the Kf-la parasequence identified on photomosaics 
were digitized during the quarter. Field survey data col- 
lected in the previous quarter were reduced to x-y-z coordi- 
nates to be used in making the 3-D geologic model. All 
scaling of the photomosaics was completed, elevation pro- 
files were created with the Kf-1Kf-2 boundary as a datum, 
and the data were input into a spreadsheet. General facies 
categories were assigned to units on the photomosaic panels 
on the basis of geometry, sedimentary structures, and appar- 
ent shale content. With the use of tie points on the panels that 
were identified in the field, the elevation profile picks were 
positioned on the 7.5-min topographic maps and will form 
the base for construction of the 3-D model of the reservoir 
architecture. 

Stocltastic Modeling and Fluid-Flow Simulation 

Although no fluid-flow simulations were carried out 
during this quarter, the 3-D version of the homogenization 
routine was completed, work was initiated on including 
this routine in the TETRADS-D black-oil simulator, and the 
first phase of developing a stochastic approach for creating 
synthetic groups of clinoforms was completed. These numer- 
ical routines will be used to complete the fluid-flow simu- 
lation tasks. 

Three-Dimensional Homogenization Codes 

A group of 3-D homogenization codes were written to 
determine effective permeabilities for porous media prob- 
lems. The codes include four different averaging methods: 
(1) homogenization, (2) arithmetic averaging, (3) geometric 
averaging, and (4) harmonic averaging. The homogeniza- 
tion method implemented in the code was originally developed 
by Bourgeat.2 The other averaging techniques are imple- 
mented to provide a basis for comparing effective permeabilities 
determined with the use of traditional methods with the 
homogenization results. The code package includes a finite- 
element formulation of a black-oil simulator that solves the 
fluid-flow equations on a rectangular grid. Because the 
homogenization method is flow-based, it provides an improved 
methodology for averaging and upscaling the fine-scale 
permeability information. A comprehensive report entitled 
Documentation and Installation Guide for HomCode: A Code 
for Scaling Up Permeabilities Using Homogenization was 
prepared and will be released as a UGS contract report. 
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Creating Synthetic Clinoforms 

Data collected during 1995 suggest that sufficient information 
has been obtained to create synthetic patterns of permeabil- 
ity within clinoform shapes. Astochastic code has been devel- 
oped and is being tested for generating packages of stacked 
clinoform-like objects that resemble the features mapped in 
the =-la parasequence. Originally developed with the use of 
Mathemtic4 the code was reformulated in FOF3RAN to ensure 
portability. 

The code uses geometrical parameters (such as slope, 
total height, and total length) from photomosaic measurements 
to create a series of 2-D clinoform-like objects. Figure 8 
shows two typical results. Note the degree of variability in thick- 
ness, character of pinch-outs, and general clinoform style 
within each model domain. Additional work is required to more 
completely integrate the geological interpretations with the math- 
ematical routines. The goal is to use this code to generate syn- 
thetic clinoform structures and then, with the use of rules derived 
from the permeability transects and detailed geological map- 
ping, distribute permeability values within each object. The 
resulting permeability structure will form the basis for a 
series of fluid-flow simulations that demonstrate the impact 
of the clinoform features on oil production. 

0.4 

0.2 

0 

1 

0.8 

0.6 

2 4 6 8 10 

0 2 4 6 8 10 

Fig. 8 Sample of two clinoform-fie objects created with the use of asto- 
chastic approach (in arbitrary length units). Slightly different rules 
were used to generate the two different versions. Note that the top of each 
clinoform meets the upper boundary of the domain at a relatively shal- 
low angle in the upper version. 



Technology Transfer References 
Aproject overview was presented on July 14,1995, to the 

UGS Board of Directors, Emery County commissioners and 
planning officials, industry representatives, and the local 
press. The project objectives and description, accomplishments, 
and potential benefits were discussed. The presentation was 
followed by a field trip to the Ivie Creek case-study area. On 
Aug. 17,1995, information on the coal-bed methane poten- 
tial of the Ferron sandstone (currently the most active gas play 
in Utah) was presented at a public meeting sponsored by the 
U.S. Bureau of Land Management in Price, Utah. The Ferron 
project was reviewed, and derivative resource maps were 
displayed and discussed. Three television networks canid cov- 
erage of the meeting; media coverage generated numerous 
inquiries. 

Project materials were displayed at the UGS booth dur- 
ing the American Association of Petroleum Geologists 
(AAPG) Rocky Mountain Section meeting held in Reno, Nev., 
July 16-19,1995. Project team members presented seven papers 
describing Ferron sequence stratigraphy, project methods, and 
Ferron reservoir models.3-9 The UGS also released the 
July 1995 issue of Petroleum News featuring the Ferron 
project. Three abstracts (Ferron statistical analysis, reservoir 
modeling, and coal-bed methane potential) were submitted 
for presentation at the 1996 AAPG national convention in 
San Diego, Calif. 
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