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ABSTRACT

A conventional waterflood in the North Stanley Field, Osage -County, Okla- -
homa, nearing the economic limit, was modified by substituting an aqueous
solupion. of polyacrylamides for brine as the injected fluid. " Remedial-
operations on existing facilities were performed before polymer injection
before ponlymer injectiou began. The project was supported - by the U.S,
Department of Energy (DOE) as a test, under recognized adverse conditions,
of a reservoir which is represehtative of a large segment of the reserves
in the- Mid-Contineﬁt waterflood properties. A successful outcome  would

provide incentive for widespread application in the Mid-Continent region.

Positive o0il production response was achieved from this 1000-acre project,

-a maximum EOR production rate of about- 200 barrels .per day .being achieved

within 1-1/2 years after the start of polymer i@jeétion. Based on perform-

ance to January 1979, ultimate EOR recovery is -estimated at 500,000 bar-

‘rels, which is not sufficient to provide adequate economic incentive for

commercial application under similar circumstances. The results, however,

provide useful insight into the effects. of - such factors as geological

- parameters and stage of depletion by prior waterflooding on the outcome of

mobility control processes. The results. also. provide. encouragement for
modernization bf-currently active waterflood projects through well work-
overs, selective plugging, pattern modifications, -balanced.injection rates,
etc., the aggregate effect of which is believed to have contributed signif-

icantly to.the improved performance of Fhe“North,Stanley‘project.

The amoﬁnt of oil remaining in the reservoir, which could be considered the
target for mobility control at the time of application, was 0.08 pore vol-
umes, or approximately 13 percent of stock tank oil in place. Of this, the
project recovered about 0,007 pore volumes, or about 9 percent of the tar-

get.




In view of the positive though not economic production-responée of this
préject,-the screening criteria for the polymer—augmented waterflood proc-
ess were reviewed. The current pp;er water-oil ratio'ufper limit of 15
appears to be too restriétive. " Channeling and fractures have been consid-
ered prohibitive in earlier screenings, but fhese problems can be mitigated
to some extent by the use of selective plugging techniques; thus a candi-
date should be rejected only if édnditions are too severe to permit conven-
tional waterflooding.. Further results of ‘this review'suggest.that'a field
having adequate permeability for conventional waterflooding should have
adequate permeability for polymer—augmented waterflood. Mobile oil satura-
tion of 0.10 pore volume and ‘a crude oil gravity between 16 and 42° API are
within phe.rahgé of feaéibility for thiS'procesé. However, these screening
criteria aré only guidelines for rejecting least likely candidateé;‘they

are inadequate for any.degree of specific prospect evéluation.’

The Petroleum Data System files on this area were searched for fields that

would pass a minimal screening, including:
1. At least one sandstone reservoir

2. A total cumulative production of greater than 1,000,000 barrels of

oil
3. Five or ﬁore §roducing wells
4. Pay interval thickness aF-leést 5 feet
5."Oii.gravit§ in" the rgnge 16-42° API.'

Tyt

6. No evidence of.uncontrolled waterflooding.



Using these criteria, 730 fields containing 2499 reservoirs were identified
within the region. The geologic and engineering characteristics of 88 of
the above fields currently producing of 200,000 barrels of oil per day or

more were reviewed in depth. These 88 fields contain 732 reservoirs.

It is estimated that currently active projects in the area studied .contain
1.7 billion barrels of mobile o0il that will not be recovered by continua-
tion of conventional waterflooding operations.. This represents, therefore,
a proved mobile resource. On a project basis, the target for mobility con-
trol in a typical Mid-Continent waterflood has been ;srimated‘to be 0.10
'pore ‘volumes, or about the same as the ant1c1pated dltimate waterflood re-
covery under present economic cond1t1ons. A llberal estimate of average
potential target recovery is about 0.012 pore volumes, or . 12 percent of the
existing target. However, due largely to the adverse effects of the ad-
vanced stage of depletlon of most Mid- Contlnent waterfloods and’ the econom-—
ic risk involved 1in large- scale chemical app11cat10n at th1s time, the
estimated recovery potentially available through reservorr~w1de mobility
" control measures as of January 1979 is on the order of 100 million barrels.
The probable actual reallzatlon of. Lh1s 1mmed1ate target 1s expectedyto be
1ess, perhaps as 1ow as 50 m11110n barrels, because of ant1c1pated delays
1n effect1ng spec1f1c prOJects progress1ve reductlons in the potent1a1
w1th contlnued waterfloodlng (p0331b1y aggravated by 1mproved waterflood1ng

economlcs) and . pr10r1ty app11cat10n of other processes w1th greater recov—

ery potent1a1



ASSESSMENT OF POTENTIAL INCREASED OIL PRODUCTION:
BY POLYMER-WATERFLOOD IN NORTHERN AND
SOUTHERN MID-CONTINENT OIL FIELDS

INTRODUCTION

From tbe'beginning of efforts to apply "controlled" waterflooding in the
Mid-Continent region in the 1930's, the problem of effectively contfollingA
the distribution of injected fluid was recognized as being of paramount

importance. Little progress was made, however, beyond the development of

some partially effective techniques for injectivity profile measurements’

and for selective plugging.

. .
A valuable aid to project design, interprexation; and evaluation was pro-
vided in the early 1950's with the recognition that a complex system of
flow‘geometry (even in uniform reservoirs and well patterns) and differ-
ences in mobility befween indigenbus and injected fluids were interrelated
influences on recovery efficiency. No important developments occurred to
permit taking advantage of this improved  understanding of fluid flow, how-
ever, until the advent of ﬁolymer—augmented waterflooding in 1964. Aqueéus
pblyﬁer solutions have .flow characteristics capable of mitigafing,'to some

degree, the effects of unfavorable combinations of flow geometry and fluid

mobilities.

This report presents the results of Gruy Federal's evaluation of the poten-

tial of the polymer—ehﬁanced waterflood recovery process in a portion of

the Mid-Continent oil producing region, conducted under Contract No. EW-.

©78-C-19-0026 with ‘the U.S. Departmeﬁt of Fnergy. . Four steps were involved

in this study.



L4

First, the polymer waterflood in the North Stanley 'Stringer Field,

Osage County, Oklahoma, was thoroughly reviewed and evaluated.

Second, criteria for region-wide field screening of candidate reser-

voirs were reviéwed and revised as deemed appropriate.

Tbifd, the geological and engineering features and statistical perform-
ance of the oil fields in the study area were reviewed.

Fourth, ranges of increased oil productivily that could result from fu-
ture regional application of the. polymer-augmented waterflood tech-
nique were - estimated on the 4basis} of the results of the preceding

steps.



'1.' EVALUATION OF THE NORTH STANLEY STRINGER POLYMER-~ENHANCED WATERFLOOD
PROJECT : . ' : S

The North Stanley Stringer polymer-augmented waterflood project was joinfly
funded by the Kewanee 0il Coﬁpany and the U.S. Department of Energy (DOE)

' for the purpose .of determiding (1) the efficiency of polymer-augmented.

waterflooding applied at a late stage of waterflood depletion in.a hetero-
geneous sandstone reservoir, and (2) whether the process would ‘be economic
at current oil prices. TFavorable results could demonstrate a large poten-—

tial for increased recovery from similar reservoirs in the study area.

Kewanee hés completed the polymer injection phase and injection operations
have reverted to produced brine. Although the estimated ultimateé incre-
mental oil fécovery from the project 1is insufficient for an adequate econo-
mic return, the project has demonstrated a definite positive response under
particularly adverse conditions. It thus provides encouragement for reme-
dial work in existing waterfloods and for the application of crosslinked
polymers as selective plugging agents,unaer severe conditions of channeling
and fracturing. Other remedial engineering activities can include: selec-
tive control of injection profile, pattern alterations, Optimum balance of

rates and pressures, and remedial well operations where appropriate.

Reservoir complexities posed major prquems for the Kewanee projec¢t. The
potential deleterious effects of these complexities were recognized early
in the project and apbropriate remedial operations- were undertaken, with
varying degrees of success. Production response to polymer injection was
affected not only by the basic flow geometry but also by the remedial oper-

ations, as discussed in the following section.

Geology of North Stanley Stringer Field

The North Stanley Stringer Field, located in Township 27 North, Range 6

"East, Osage County, Oklahoma (Fig. 1), projects southeasterly from the
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northern portion of the Burbank Field. It produces‘ffom.the middle Penn-
sylvanian Burbank sandstone' member of the Cherokee shale. -Both fields

produceé from the same horizon and have similar depositional histories.

Regional dip in the area, measured on  the Oswego lime 150-200 feet above

the Burbank sandstone, is southwest at 30-40 feet per mile.

The Stanley Stringer Field, 1/2 to 3/4 mile wide and 15 miles long, has
been interpreted’ as an offshore bar dep051t (Sands, 1927; Bass and others,
1937; Bass and others, 1942, Cruz, 1966). ~Bass and others (1937) postu—h
lafed bar development along the western margin of the Cherokee Sea during
Pennsylvanian time, with the Stanley Stringer representing a stage of
developﬁent subsequent to the deposition of sands in the Burbank Field.
Hudson (1970) provided evidence of a fluvial origin .for sands in ‘this
reg{on, and Phillips Petroleum Company (1976) suggested a fluvial origin
for the Burbank sands in -the Burbank Field, based ‘on petfographic studies
‘of cores. . » h
. -

The sand body in the norfﬁern'poréion ofitheQStanley Stringer Field is 32
to 84 feeé_ thick, with . the"axié of maximum sand . development positioned
towafd the seaward side..‘The’facies change from sand to shale is abrupt on.
the seaward side, but less so on the lagoonal side. The sand is composed
of three zones, with shale or fine sand laminae separatlng the 1nd1v1dua1
sands on’ the backbar or lagoonal side. In some areas the thin layers ex-

tend entirely across the field.

Petrographlc studies by Leatherock (1937) show the Burbank sands to be pre—
dom1nant1y fine .grained, ranging in size from 1/8 to 1/4 mm 1n dlameter_
Clay content is coﬁmonly around 10 percent, but can be as hlgh-as 40 per-

cent. The produoing'horizons lie at depths'of'2850 to 2950 feet.

~Reservoir Heterogeneity.

Figures 2 and 3 are panel dlagrams showing the sand development in thev

field. Logs.used in constructing these diagrams include SP, gamma ray,
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acoustic, density, and various lateral devices. The logs are hung on a
common datum, which allows subsurface structures ﬁo be visualized. The SP
and velocity surveys are used in combination to delineate zonation.within
the sands. The panel diagrams show the sand development to be essentially
continuous through the pay interval. In general, the upper =zone shows
maximum SP deflection and maximum porosity/permeability development. The
.rapid decrease. in porosity development from forebar to backbar is exempli-

fied by wells on the Big Eagle and Art leases (Fig. 2).
. N \.,
. _ ;
Analysis of a series of cores from the North Stanley Stringer demonstrates
the significant horizontal and vertical heterogeneity of the reservair.
Eleven cores, representing approximately 500 feet, show an arithmetic mean
permeability of 307 md. The geometric mean of all permeability measure-
ments is 54 md. The spatial distribution.of the permeability characteris-
-tics in the reservoir contributes significantly to fluid distributions and
reservoir péfformance. Log and core data r veélftwo distinc: segments of
high permeability, one associéted withgeach~of the two upper sand zones.
Figure 4 shows the areal distribution of. these High-permeability segments.

A section of high permeability. was encountered in the uppermost zome in

most of the wells on the east 'side of, the field. High permeability within

the middle zone is limited to a smélluarea in the northern part of the
field whose axis is coincident with the axis of maximum initial daily yield
(Fig. 5). The general decrease in permeability and productive capacity of

wells on the west side of the field is reflected in Figs. 4 and 5.

The lower zone has low permeabilities throughout the field. Nome of the
logs examined showed porosity development in this zone approaching that of
the upper zones, and analyses of cores from the lower zone generally show

low porosities and permeabilities.

On the basis of permeability characteristics, -the reservoir can be divided

into three areas, shown in Fig. 4 and summarized below.
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Permeability Characteristics

by Zone Area Composite
Upper Middle Lower Arithmetic Permeability
Zone Zone Zone ' Mean Variation*
Area 1 High High Low 419 md 0.86 - 0.91
Area 2 High Low Low 360 md 0.85 - 0.90
Area 3 Low Low Low ' 54 A ) 0.60 - 0.80
*Higher values associated with net pay cutoff -at 1.0 md; lower

values with cutoff at 10 nd.

Figure 4 also shows graphically a combosite permeability distribution curve

for each of these three areas.

Plots of statistical permeability distribution for each of the above zone
segments and for the total composite reservoir are shown in Figs. 6-11.

Table 1 summarizes data obtained from these plots. :

Also shown in Table 1 are core-derived residual oil saturation data for
each zone segment. Porosify/permeability plots for each zone segment are
shown in Figs. 12-16.. Figures 12 and 13 show porosity/permeability rela-

tionships for the regioﬁs of high permeability in the upper and middle
zones, respectively. The plots are similar and indicative of high—energy
environments, Qith limited accumulation of clay-sized particles. In con-
trast, plots of the 1ow;§ermeabi1ity regions in the upper and middle zones
(Figs: 14 and 15), show porosity/permeability relationships shifted toward
lower porosities, indicating tight sands. This lack of porosity and per-
meability may be the result of a lower-energy environment and an increase
in clay-sized particles, which causes a decrease in pqré space. - Alterna-
tively, post-depositional miheralizafion through ‘action of groﬁnd water or
percolation of overlying waters may be the primary factor in the decreased

porosity/permeability in the southwest section of the field.
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“TABLE 1

PERMEABILITY AND RESIDUAL OIL SATURATION DATA
BURBANK SANDS, NORTH STANLEY STRINGER FIELD

Permeability Variations

REGION OF.HiGH PERMEABILITY - . REGION OF LOW PERMEABILITY
Permeability Arithmetic - . Geometric ' Permeability . Arithmetic Geometric
Variation Mean (md) " Mean (md) Variation (1) Mean (md) = Mean (md)
Upper zone . 0.6 76 - 544 0.5-0.7 33 12
Middle zone - -0 0.8 231 o104 .. 0.6-0.9 . 71 . 11

Lower zone o .-, o .- ' o= 0.5-0.7 54 19

Total reservoir: variance 0;8}0.9; arithmetic mean 307 md; geometric mean 57 md.

T¢

(1) Higher values associated with net pay cutoff at 1.0 md; lower values, cutoff at. 10 md.

. Core Residual pil Saturations - -

. REGION OF HIGH PERMEABILITY S REGION OF LOW PERMEABILITY
No. of" Arithmétic A ) o No. of Arithmetic
"Readings " ."Mean (%) ‘Readings Mean (%)
Upper zone = . S 82 - .. 1841 . 51 30.74
Middle zone s 23.92 o 68 . 31.54
Lower zone | - e 73 28.80

Total reservoir¢-299‘samplesg arithmetic mean '26:5 ~ = -
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Figure 16 is a plot of porosity/permeability for the lower zone, which is

similar to the low-permeability regions of the two upper zones.

Fracture Systems.

Evidence for communication between wells existed before the polymer-
augmented waterflood program was begun. In the initial stages of the
program, tracer 'studies showed communication between Big Eagle‘Z'and Big
Eagle 3, and communlcatlon between several other wells was suspected As
.the program  progressed, communlcatlon between Hiram 14, 17, and 16 was
established, as well as betweén other pairs of wells, including leam 15
“and fanny 5, Gale 14 and 13, and Pappin 12 and 0'Dell 1. 1In each case, the

. communication involved fluid movement in a northeast-southwest direction,

normal to the axis of the field. ' Similar conditions'existed in the Burbank -

"Field, but communication was also occasionally. northwest-~southeast (Hagen,

1972).

‘Hagen (1972) conducted a study of jointing in surface rocks using aerial
.photography and field mapping. The project, centered on the Burbank Field,

ianalyzed the waterflood project at Burbank in light of fracture patterns
“revealed on the surface and suspected to be present at reservoir depths.- A
vsystem of parallel joints, principally oriented at N70°E, is present in the
~area studied, which included the North Stanley Stringer. Figure 17 shows
"the surface fracture pattern mapped by Hagen in the North Stanley F1e1d

.along with those wells hav1ng communication problems "The or1entat1on of
" surface fractures corresponds qulte closely to the known d1rect10ns of
>commun1cat1on Problems have . included. early breakthrough of injected
fluids in jproducing wells and abnormally hlgh 1nJect1on rates in 1nJect10n

’

~wells.

,Hagen ‘was unable to determine whether “the 301nts have d1p, and no spec1f1c
. correlation between surface 301nt1ng and communication between wells is
seen in Fig. 17. It does seem certain, ‘however, that the communication

problems experienced in the reservoir result largély from a fracture
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system having surfacevexpressidd. Furthermore, joints in the ‘incipient
fracture system can .be opened under relatively low pressures. Phillips'
Petroleum Compény (1976) conducted pressure parting tests in the Burbank
Field and found formation breakdown at a bottomhole pressure of'1465 psi at
a rate of 340 BWPD. This corresponds to a 'fracturing pressure deﬁth
gradient of 0.5 psi per foot of overburden, lower than the 'normal" value

(0.75 psi per foot) for sandstoné reservoirs.

The fracture system can have significant -areal continuity, as shown.by Hun-
ter (1966), who found evidence of water encroachment from the Burbank Field
.to the Stanley Stringer Field and cpqcludedithat.a fracture system in the
shale section immediately above the Burbank sand was the water loss zone,

since the Burbank sand was missing in the ‘interval between the two. fields.

The exact mechanism of origin of the jointing system associated with the

North Stanley Stringer Field is unknown. Joint systems are commonly con-
s

sidered to be shear or tension -fractures, with regional forces of compres-

sion, tension, or torsion the primary generating mechanisms.

Injectivity profiles run in all of the  injection wells further emphasize
the complexity -of the reservoir. Observed patterns included injection ex-
clusively into either the ‘upper or lower portioné of the sand as well as
4distributipn in.varying degrees between the two. As noted in- Kewanee's
1978 report, injection into the formation dia not correlate with high per-
meability in the sands; in some cases the injected fluid bypassed pay sec-~
tions having permeabilities greater than 1000 md. Apparently the fracture
system determines the pattern of fluid acceptance, at least in the vicinity
of the 'wellbore. On the other hand, Kewanee “found that wells ‘with high
permeabilities also had theuhighest injection rates. It would appear that
the' upper, high-permeability zones are the primary paths of: fluid travel.
Since high permeabilities occur only in the upper zones of the sand, while
injectivfty profiles ‘indicate signifiéant fluid input into the lower zone,.
fluids leaving the wellbore through fractures in fhe lower zone must mi-

grate to the upper zone at some distance from the wellbore.
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Of the 10 core analyses that included core descriptions, 7 showed vertical
fractures either. in the reservoir rocks or in the shales immediately above.

or below them, . suggesting that the reservoir is highly fractured.

Review of the Polymer Injection Program in the Stanley Stringer Field

Historical Summary.

The Stanley Stringer Field was Qriginally.Qevelopéd in 1926 on a, fairly
uniform 10-acre spacing pattern. .Figure.5 shows -the locétidn of the 64
original prodﬁcers in,the.lOlO-productiye—acre project afea and the distri- .
bution of initial well productivities.. In the project area, further pri-
mary deveiopment added 11 producers. around the periphery of -the field; :
about 20 additional wells were drilled as replacements for mechanical
failures or - as new injection wells to. adapt the waterflood .injection
pattern to the orientation of .the natural fracture system. About 50 wells
were  abandoned before the polymer .project began, most "of them probably

because of high water-oil ratios.

Waterflooding was initiated in 1959 after depletion by primary.methods and.
some gas injection and vacuum operations. Recovery by these methods from
the project area was 10.7 .million barrels. Additional recovery resulting
from waterflooding before the polymer project was inifiated in 1975 was 4.3
million. barrels, .at which® time. the :produping.‘wafereoil ratio was
approximately 63 barrels of water,per;bgrrel of oil  produced. Iable 2
provides, information on reservoir characteristics and production histqry;;
The injector-producer pattern used for _the-‘poiymer -injection  project
fesuited‘from the use of existing waterflood injectors .together with those
remaining producﬁion wells. The . distribution of injection wells was
intended to- approximate.a line drive pattern oriented -for maximum flow
potentiai in a direction normal to the orientation of the existing fracture
system. - However, considering the flow capacity of the high-permeability

portions of Zones 1 and 2, the apparent ease of access. to these zones by
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TABLE 2

NORTH STANLEY PROJECT RESERVOIR AND PERFORMANCE SUMMARY

Note
Project size, acres : ) 1024 1
Average pay thickness, feet } 47 1
" . Reservoir pay volume, acre-feet. o 48,128 :
. Average porosity, percent ' . 18 2,3
Average permeability, md ' 300 2,3
Initial formation volume factor, vol/vol 1,18 y
Formation volume factor at start of waterflood 1.05 1
Reservoir temperature (Tg), °F 105° S
0il viscosity at Tg, cp 2.36 1
Water viscosity at Ty, cp 0.63 1
Average connate water saturation, fractlon P.V. '0.30 2,3
Average irreducible residual oil - e )
saturation, fraction P.V. . 0.30-0.33 5;1,4

‘Aggregate permeablllty varlatlon 0.8-0.9 6
Mobility ratio : . . 1.1 4

Stock tank bbl, thousands

Original oil in.place : o ‘ 39,900

" Primary ultimate (note 7) - - ‘ : 10,700
Waterflood recovery: » o .
Cumulative to Jan. 1, 1975 ‘ 4,300
Estimated waterflood reserves, Jan. 1, 1975 700
Estimated waterflood ultimate ‘ ‘ o 5,000
Production Jan. 1, 1975-Jan. 1, 1979 860
Estimated reserves Jan. 1, 1979 : 340
! Estimated ultimate after Jan. 1, 1975 1,200
Estimated total waterflood plus
| project incremental ' ' , N 5,500
f Estimated incremental due to project ' C ' 500
NOTES:

1. Derived from data used in reservoir 51mu1at10n model; see Table 3.
2. Reported by Kewanee. o

3. Confirmed by Gruy study.

4, Based on two core flood tests.

5. Gruy estimate based on composite core data.

6. 0.8 at 10-md cutoff or 0.9 at 1.0-md cutoff - net pay.

7. Including vacuum and gas injection operations,
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injected fluids‘via the frapture_syétem regardleSSAOf point of entry, and
the general concentration of fluid injection in the ceﬁtral portions of the
reservoir area, the aggregate flow pattern for injected fluid probably has
assumed a geometry 1in thé ﬂigh-permeability zones more resembling a
"erestal" drive, with the principal mass of injected fluids< expanding
irregularly outward from the central area. The coverage in these zones
would be expected to be very high, approaching 100'perceﬁt,.whi1e.coverage

in the lower permeability zones would be less extensive and more irregular.

Preparation for Polymer Injection.

Preparations for initiation of polymer'injection included:

1. Mechanical .check of all production and injection well equipment;
repairs and replacements as needed, including repairs -of . casing"
leaks in some wells and installation of plastic-lined -tubing on-

f ‘packers in all injectors.

2. Well workovers, including acid treatments of five injectors.

3. Abandonment - of two injection wells. because of casing failures,
drilling of one replacement injection well, and drilling of one new

production well.

4. Development of a fresh water supply and a saltwater disposal system

to permit use of fresh'water pre-flush and after-flush..

5. Laboratory analyses of cores obtained from a new well,'and a simu-

lation study with performance prediction.
6. Design of the polymer injection program.

7. Performance of -a mini-test of polymer characteristics under actual

injection -conditiomns.-
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Project Design and Evaluation.

The polymer selected for this project was a polyacrylamide of the Dow Push-
er series, Early design concepts were based on use of the high molecular
weight Pusher-1000 material at a concentration as high - as 1000 ppm.
However, practical conéiderations, particulafly.recognition of the risks of
severe channeling, led to the chéice of the somewhat lower molecular weight

Pusher-700 and a lower starting -concentration (250 ppm). Furthermore

interim developments in slug design theory indicated an advantage in using

a tapered main slug with a low final concentration. The selected design
provided for the injection of a total of 1,250,000 pounds of polymer in

stages, as follows:

Pounds Polymer

Days ~ Concentration (ppm) ' "at 38,000 B/D
45 - 250 150,000
. 90 o ' - 600 720,000
45 250 . 150,000
180 : 100 230,000

A simulation study was used as an aid in design and performance prediction.
The model was bésically .a mﬁltilayered Buckley-Leverett model (without
crossflow) that could accommodate multiplé fluid banks. Values for basic
reservoir and process paramefers incorporated in the model are shown in
Table 3. . These were based on eaélier volumetric estimates, a waterflood
production history reconstructed from ear}ier wellltest data for the pro-
ject area, and informatién from the cores obtained from the replacement in-

jection well. The model study yielded a good fit of the stabilized water-

oil ratio versus cumulative waterflood o0il production characteristics over

thellast‘five years of the waterflood. A history match of the total water-
flood project was not achieved, however, possibly because of difficulty in

representing channeling effects in the model.

The pre-project evaluation studies predicted an incremental recovery of

900,000 barrels attributable to polymer injection over a project producing
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~ TABLE 3

- BASIC RESERVOIR DATA

Pattern area, acres 102
Pattern volume, acre—feet o 48128.00
Distance from injector to producer, ft 660.0
Wellbore radius, injector, ft - 1.00
Wellbore radius, producer, ft "~ 1.00
Number of segments in each layer 14
Formation volume factor 1.050
0il viscosity, cp 2.36
. Water viscosity, cp 0.63
LAYER CHARACTERISTICS
Thickness, Perm., , Ads.,
Layer ft md Porosity So Sw Sg 1b/AF
1 8.00 "1400.,00 0.248 0.563 0.136 0,301 30.0
2 4,70 739.00 0.226 0.489 0.250 0.261 30.0
3 4,70 370.00 0.201 0.460 " 0.300 0.240° 30.0
4 4,70 109.00 0.165 0.460 0.300 0,240 30.0
5 4,70 60.00 0.157 0.410 0.370 0,220 30.0
6 20,20 - 33,00 0.146 0,380 0,410 0,210 ‘30.0
RELATIVE PERMEABILITY DATA (LAYERS 3 - AND 4)(1) .-
sw Krw 86 Kro
0.0000 0.000000 0.0000 0.000001
0.3000 0.000000 0.3250 0.000001
0.4099, 0.003000 0.3403 0.002300
0.4426 0.010000 0.3494 . 0.003800
'0.4781 0.029000 0.3584 0.004600
0.5059 0.054000 0.3716 0.006700
0.5324 0.081000 0.3814 0.008600
0.5588 0.114000 0.3953 0.011000
0.5748 0+135000 . - 0.4106 0.015000
0.5894 0.157000 .0.4252. 0.021000
0.6047 0.181000 0.4412 0.029000
0.6186 0.195000 0.4676 0.040000 -
0.6284 0.210000 0.4941 0.062000
0.6416 0.229000 - 0.5219 0.093000
0.6506 0.246000 - 0.5574 0.147000
0.6597 0.256000 0.5901 - 0.226000
0.6750 0.285000 0.7000 1.000000

NORTHMSTANLEY'POLYMER-AUGMENTED‘WATERFLOOD"
RESERVOIR PARAMETERSfUSED‘IN MODEL STUDY .
(FROM KEWANEE'S FIRST -ANNUAL REPORT)

4.0

34




TABLE 3 (cbntinﬁed)

s

Cﬂémicél'No:

SN~

CHEMICAL CHARACTERISTICS

Coﬁc;, pbﬁ. ‘
1000,00
500.00

250,00
100.00- -

RESTDUAL RESISTANCE FACTOR = 2.0

Resistance Factor

20,00
15.00
10.00

“eo 5,00

(1) Modlfled for lower and higher irreducible water saturations in

hlgher permeablllty and 1ower
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life of about five years. With the benefit of hindsight; it appears that

the use of a broader sampling of core and log measurements and defailedA
geology would have .allowed a more precise model description of the
reserﬁpir to be made and_possibly,appiied effecti?ely_in expanded project
performance analysis. (Such a study, however, was beyond the scope’of our
contract.) | )

Design considerations also included provisions for the following monitoring

activities:

1. Monthly producing well tests including sampling for salinity and

produced polymer content.

- 2. Monthly injection well input.test measurements using 1-1/2" orifice

installations at the wellheads.

3, Some specific testing including use of tracers in special cases and

a series of pressure fall-off tests in key injection wells.

' Mini-Injection Test Results. -

The mini—iniection test was performed in the Rodch 19 water injection well’
on an adjoining tract south of the broject aréa. It involﬁed the .succes-
sive injection of a fresh water pre-flush, 1000 pphnds'ofvP—IOOO polymer at
100 ppm, and finaliy a fresh water after-flush. The results of the'mini-
test were: ' V ‘
1. _Injectioh pressure during after-flush was less than 10 percent
higher'than during pre-flush at the same injection rate, .indicating

relatively little added flow resistance due to polymer injection.

2. Samples of polymer solution recovered by swaBbing following P-1000
injection showed little or no shear degradation, either in the sur-
face facilities or in passage through casing perforations into the

reservoir for a small distance from the wellbore.
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3. The quality control measures adopted for maintaining - integrity of °
the polymer solution 1nvolv1ng (addition of chemical oxygen scav-

engers and biocides to the fresh water) proved effective.

4 .- Injeétion -profile measurements run before and . after the P-1000
injection indicated some redistribution of - injected fluids at fhe
point of entry.  Before polymer injection, 100 percent of the fluid

~was entering the bottom 15 feet of the perforated interval. - This
was reduced to 79 percent, with 21 percent entering the upper 20

[eel, alfter polymer injection.

5. No fresh water breakthrough was-evidenf in surroundiﬁg'producéfs
after injection of 220,000 barrels of fresh water -during the mini-
test; thus no severelchanneling problems appeared to be present, at
least in the immediate vicinity of the mini-test injector. It is
of intefest to note that no surface evidehce of fracturing was re-
corded by Hagen in the vicinity of this location (Fig. 17), as

"contrasted to’ the high density of fractures in most of the project

.

area to the north.

Project Activities.

After the mini-test provided favorable results, fresh water pre-flush was
commenced in February 1976 and continued until June 1976 for a total pre-

flush volume of about 4 million barrels (5.8 percent PV).

Thirty days after the start of fresh watér injection, salinity measurements
of produced water samples indicated rapid channeling of injected Watér-to
three production wells, aﬁd, é few injection wells were taking an exces-
esivel’y“'high‘ proportion of the total'ihjeéted fluids. Theée obsérvﬁtions
led to a program- of operations‘désigned to achieve selective plugging of
the thief zone. During the femaining period of ' fresh water and polymer

injectidn, a total of 13 selective. plugging treatments were performed,

o
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with varying:degregs,pf success, on 9 injection wells. Five of the high
capacity'iﬁjgc;ion wells were ultimately (after completion of poiymer in-
jection) equipped with surface chokes. to, improve. distribution of output
among injection wells..  One injector was shut in because of limited injec-
tivity in November 1976, and a .second in January 1978 when .a casing leak
deygiéped. .4

Polymér inigc;jqnvﬁas begun in quné 19?6. The .original plan was followed
closély, witﬁ‘l;l§4,009 pounds of .polymer injected .in.11,927,000 barrels

(17.5 peréent PV) of solution over a period of,.one year., -.

A 3?088,000fbarre1'(4.8 perce@p PV) fresh water .after-flush followed. the
polymer, after which injection of produced brine was resumed in October
"1978.

Review of Observed Correlation Between Injection Characteristics and Pro-

duction Results.

In considering North Stanley waterflooding performance, .with and  without
polymer augmentation, it is pertinent to note that only two wells, one on
the east flank (0'Dell No. 1) and one on the far northwest flank (Big Eagle
No. 12) have been completed at peripheral locations with less than 40 feet
pay thickness (see Fig. 18, reproduced from Kewanee final report). Incre-
mental polymer recovery derives, in part,.from improved. sweep efficiency
over conventional waterflooding, and hence the "boundary'" effect may be a
significant factor at North Stanley because of a high ratio of perimeter
length to enclosed area and the probable concentration of polymer target‘
oil in the perimeter area.. . . . . . V.
o oo T |

Figure 19 depicts condensed information Qn‘injec;ioh performance. . Shown
are i;he”'locagions and types -of injection well remedial zopératipgs,w the
overall,changgg in inqugion:ratgs.dng pressures noted, and the distribu- .

tion of polymer injected. ., . . L . g
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INJECTION WELL
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POLYMER INJECTION
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S RATE-B/D  PRESS-PS| TOTAL  PER WELL
- AN "300° 110 137 L5
MR O (2200) 100 214 53
CB O (4400) 70-380 398 66
0 O (900) 70 272 90
. O (2000) (100) 172 57
su |
Brenner

3 (A) BASED ON MEASUREMENTS. BEFORE AND AFTER POLYMER INJECTION
‘ [ ] .
\ .
@i‘ \ \ GROSS DISTRIBUTION OF POLYMER - THNS. LBS.
7 8 . .
[:j\ @I @ ~ TOTAL - 11 INSIDE'HI-PERM AREA - 926
8’9&9 CB CH \ TOTAL 8 - WELLS OUTSIDE HI-PERM AREA - 266
- .
. \.3 .4 .SA\,’\ .
\ \ '
\ VN
\ .w\}\ Gy \
- 10
lﬁt\-’(éyC:gﬁ
\. ° \
N 12 o8 . ~
CH®O'® ®@® \
Hiram .15\ CB .6 fa

Mickmon

— LEGEND —

PRODUCING WELL
WATER INJECTION WELL
- TYPE1-REGION OF HIGH
- PERMEABILITIES IN TWO
UPPER ZONES

TYPE 2-REGION OF HIGH

Skelly -

Boarber,

PERMEABILITES IN UPPER
- ZONE .

" INJECTION WELL REMEDIAL ACTIVITY:

CB = CHANNEL BLOCK -
CH = CHOKE
St = SHUT IN

FIGURE 19

SUMMARY

INJECTION DATA

NORTH STANLEY
STRINGER FIELD

40




The concentration of injection in the area of high permeability is appar-
ent, as is the necessity experieénced for widespread use of various tech-
niques to combat.channeling ‘problems. It 1is significant that the three
southernmost injectors showed an overall decrease in injection pressure,
although higher pressures were achieved in all other injéctors. This may
relate to the poor (generally negéfiVeX response'from producers in that

part of the project: ©

-

The distribution of production response is shown in Fig. 20. Data in this
figurc are Kewanee's estimates of c¢umulative tertiary oil prbduction to
July 1, 1978. The principal - response Qas concentrated in relatively few
wells, with oné) Fanny No. 6, yielding 36 percent of the total eétimated
incrementai oil. It will be noted also that a loss in oil production (neg-

ative response) was experienced in the southernmost producers.

Summarized déta for fresh. water pre—-flush and for polymer 'soiution are
shown in Table 4, where the producérs are categorized by breakthrough
times. These can be reduced to three broad categories: wells with chan-
neling problems, wells with reasonably long times for polymer breakthrough,

and wells where polymer solution was not seen (Fig. 21).

Wells with Apparént Channeling Problems.

Category A- The three producérs showing the mosf rapid channeling of fresh
water (Big Eagle 3, Hiram 15, and Gale 15) showed no apparent slowing ef-
fect due to the polymer. Little or no sustained oillproduction response
was observed. Considering their locations felative to the areas of princi-
pal increased oil production (Fig. 20), it appears likely that channeling
effects were detrimental to oil response in these wells. .Each of the three

was among the highest polymer producers.
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’

Producer

Category

A
B

vy m'? o O
. N -

TABLE 4

" FRESHWATER PRE-FLUSH AND POLYMER:@ - .

BREAKTHROUGH TIMES

- Number of Brgaktﬁr0qgh time - days
" Producers = " “y¥reshwater " “Polyimer *’

C9-i2 21-3l
T 2T
Rt T 1
140-217  158-390
1727490 150-395

e

— LW hofu:}

217 Nome observed

1w o Ngne\obser?ed Noﬁe.obsepved
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Category B - Two wells. Hiram 14 and 16, ‘exhibited éhéracteristics~simi1ar
to Category A wells, except thdt oreakthrough was not as early (1ess severe
channeling). These wells are located on either side of Hiram 17, a parti-
cularly trOublesome 1nJector (channel blocked three tlmes) and on a line
Aorlented in the same. direction as the observed fracture pattern. . Polymer
production was moderate at No. 14 (no high-permeability zone present) ana
moderately high at No. 16. 0il production response was nil to negétiye'at

each_well.

.Cétegory C - One well, 0'Dell No. 1, showed ~mioderately- early breakthrough
of fresh water- but very early polymer breakthrough, suggesting that chan-"
neling was aggravated after the start of polymgr injection in Pappin No. -
12.- Surface éhpkihg &as eventually necessary on this injector. ~Polymer
.production was heav&.-AOil production response waé nil as of June 1978,

although some temporary increase was noted earlier.

Wells with Moderate Breakfhrough Times.

Category D-1-- Eight wells showed moderate breakthrough times forAffesh
. water and 10-90 percent. greater'breakthrough times for polymer. The rela-
tive breakthrodgh~times for polymer solutions énd'freshvwatérlsuggest posi-
tive mobility control effects in the flow patHsﬂleading to these’wells.
" Cumulative pblymer‘production to.July 1, 1978, ranged from very low to very -
higﬁ (200 to 19,000 pounds) . One well, Gale 16, the southernmost:in this
categqry,,exhibited‘little oil production:responsé; the 'remaining seven,
}howevé;, were the .only ones in the project .showing’ good~~sus£éined oil
pfqduction fespopse.: These areAFanny,6, Hickman 3, 6, and 8, and Art 4, 5,
and 9. | ' .

Categoryib—Z - Three producers, Fapny”7,'Hiram 13,-and Art 3, éhowéd ﬁoder;
ately 1long fresh-. wéter breakthrough fime' but  somewhat shorter polymer
v breakfhrough time. These results are similar, exéept:fornlqﬁger break-
through times, to Category B wells. The grouping of these three .wells and

the two. Category B wélls around two problem injectors, Hiram 17, ‘and |



Hiram 10, suggests a degree of channeling in the vicinity of these injec-
tors less extreme than. that observed in Category A wells, but sufficient to
negate most of the p031t1ve response to polymer injection. Cumulatlve‘
polymer productlon was very small in one well (outside the hlgh— permea-
bility zone) and moderate in the other two. 0il production response was

nil to megative.

Wells in which Polymer was. Never Detected.

Category E - One well, Pappin 4-A, exhibited a moderate fresh water break-
through time but produced no polymer:in the two years following start of
polymer injection. It is located in the area of reduced injection pres-
sures in- the southern portion of the project area and has shown negative

f

oil .production response.

Category. F - Ten wells showed no breakthfough of either fresh water or
polymer. All are located in‘peripheral areas of lower permeability except
one, Skelly-Barber No. 9, which is located in the extreme southerh_poftion
of the project. 0il production response was either insignificant or nega;

tive,

The following -observations can be made_/concernlng the distribution of

1nJect10n and production performance.

1. Channeling problems (5 production wells, 12 injection wells) appear
to be randomly scattered throughout the resérvoir. -Préducing wells”
with channeling préblems'exhibited minimal or negative production
‘response. Nine injection wells were treated to overcome ‘these

effects.

" Polymer . production averaged 15,000 pounds for wells with identifi-
ablev'chénneling problems and about 6700 pounds for wells where
chanﬁeling»was not' a problem but where some polymer solution was

produced.




Positive oil production response was obtained in areas where low-
permeability zones are present and where both high-and low-permea-
bility zones are present. 1In the latter case there is no positive
indication that the response 1is' attributable to either or both
.zones; however, the very high proportion of the total increase ex;

hibited by Fanny 6 suggests some contribution from the high-perme-

"ability zone to this well's response. The average production in-

crease of all produc1ng wells with a hlgh-permeablllty zone present
was 8.9 BOPD while that for all wells where no such zone is pre—
sent was 2.8 BOPD. The correlat;on of wells with mode:ate ‘break-

through times and positive production response (compare Fig.'20 to

~Fig. 21) is expecially apparent.

Wells showing little or no responsée either had evidence of chan-

neling problems or are located along the western flank of the de-

' posit, in the areas of poorer reservoir quality.

The significant negative response in the southern part of the pro-
ject may be related to a location outside the area bounded by poly- .

mer injectors (with possible overbalance of nonpolymer water injec-

“tion in southern boundary wells) or to the reduction in ‘injection

pressures which occurred in this area, or a combination of both.

Injection .of polymer solution was strongly influenced by the pres-
ence of a high—permeability_zone. The injection wells in portions
of the reservoir where a high-permeability zone was present had an
average of 84,000 pounds of polymer injected, while in those wells

where no such zone was present the total polymer 1nJected averaged

33,000 pounds.
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Estimate of Net Incremental 0il Recovery

The complex reservoir system, the drilling of a new production well, and
the many well modifications made during the project ‘preclude an accurate
quantitative estimate of the incremental oil resulting solely from polymér
injection, The following analysis attempts to evaluate the aggregate
result and to make some approximations of the effects of t:hé majox; contri-
buting factors. Performance by conv\entional waterflooding has been pro-
jected from January 19_75 for comparison with ‘actual production from that
date through December 1978, together with predicted performance to abandon-
ment. The basis for this projection was an extrapolation of water-oil
ratio versus cumulative oil production curves, téking into account estab-
lished trends with and without pblymer and tﬁe predicted ‘trend of this
feature from the simulation study. Figure 22 shows this analysis. It
reflects our estimate of ultimate recovery of 5.5 million barrels from the

polymer-augmented project, compared to 5.0 million barrels by waterflood

only. The incremental recovery of 500,000 barrels attributable to the

aggregaté of the operations performed is about one-half the original pre-
diction on which the project was based. This prediction appeared to be
valid, judging by response observed prior to mid-1978; ‘the necessity for
revision results from the rapid decline in oil production rate (and in-

crease in WOR) that has occurred since that time. For the purpose of this

.estimate a common limiting WOR of 105 has been assumed as representing the

economic limit for both continued conventional flooding and flooding fol-

lowing the polymer slug.

Figure 23 shows the smoothed historical performance of ‘the project, includ-

ing the last three years of conventional waterflooding before preparation

for polymer- injection began in 1975. The decline rate of 10 percent per

' year without polymer injection and 17 percent per year projected after

December -1, 1978, _are the constant percentage decline rates which would

pfoduce the same relative ultimate recoveries predicted by Fig. 22. These

_are believed to be reasonable projections over the short period of time

‘involved. = Because of lower injection and total fluid production rates
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following the polymer program, the projected economic limit in barrels of

oil per day is lower than that projected for conventional flooding

operations.

ﬁImprévements in oil pfoduction rate relative to the projected trend are ap-
parent throughout 1975 and 1976, with the sharpest increase occurring atl
the beginning of 1977, six months after the start of polymer injection. It
is reasonable’' to dssume that the production improvements observed prior to
January 1977 were benéfits from complementary operations. Based: on thié
assumption and an d:bLLrary ‘choice of a l4 _percent per year decline rate
attrlbutable to these increases after January 1, 1977, as also shown on
Fig. 23, these complementary operations could have. produced as much aé-

one-half of the indicated overall incremental recovery now predicted.

Evalution of the Results of the Polymer Waterflood Project

In general terms, the significance of the results of the polymer waterflood
project at North Stanley may be related ‘to Mid-Continent production poten-
tial, by cons1der1ng the following features of the North Stanley prOJect as

they relate to the 1arger area:
1. Target oil volume
2. Recovery efficiency : . \

3. Economics.

Target 0il Volume

Figure 24 is intended to demonstrate graphically 'the reduction in volume

from.original oil in place to that volume of oil which can properly be con-
sidered‘to be the target for mobility control processes. Numbers in paren-
theses represent North Stanléy parameters; the other values represent a
typical Mid=-Continent sandstone waterflood reservoir.'~Iq a tyﬁical case
the combined effects of' shrinkage, irreducible oil saturation (by water or

polymer), and primary and secondary recovery reduce the volume of remaining
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mobile o0il to approximately 0.10 reservoir pore volume (PV), or about 18
percent of the original oil in place (00IP). The equivalent values at
North Stanley are 0.08 PV and 13 percent OOIP. These are the projected

conditions at depletion by conventional waterflooding.

Estimation of the values'that govern the target ‘size as diagrammed on Fig.
24 is somewhat subjective, considering the difficulties .in obtaining pre-
cise measurements in individual reservoirs and the problem of ensuring
upiformity in methods of measurement and interpretation in averaging
reported values. It is our opinion that the size of the average polymer
target reflected by Fig. 24 represents a liberal estimate.  The following

are some of the considerations that influence this judgment.

0il and Water Saturation Values

Although neither the average water saturation nor the average irreducible
-0il saturation value 1is subject to precise determination, the combined
total of 0.60 PV of '"non-target fluids" 1is. a reasonable average

expectation,

The estimate of 0.30 for the irreducible 0oil saturation at North Stanley,
based. on average core data corrected for shrinkage and expulsion, is 0.03
PV less than measured in the three core-flood tests used in the initial
projéct evaiuation (Table 3). The value used for an average Mid-Continent
reservoir is consistent with that reported by Koepf (1962),aftef correction
for core handling losses. -
Although the:residual oil saturation values for this purpose are prope:ly':
nirreducibie" éaturation values, the wa;erasaturation isnnot necessarily
irreducible. Since the present study attempts to estimate an averége value
applicable to existent original conditions, the average-case water satura-
tion would be expected to be something greater than the irreducible value.
The most extensive set of connate water data available (Koepf, 1962) aver-

ages 0.39 for oil zone intervals of Mid-Continent sandstones.
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Primary and Waterflood Recovery

Wahl and others (1957) reported correlations useful for estimating primary
recovery from solution-gas drive reservoirs. Based on these correlations,

the estimated solution-gas drive recovery from a reservoir similar to the

average Mid-Continent sandstone waterflood reservoir would be about 20

percent of the original oil in place. This assumes an initial and bubble-
point pressure of 2000 psi, solution gds-oil ratio of 400 cubic feet per
barrel, and dead oil viscosity of 5 ceuntipoises at réservoif temperature.
Because other mechanisms will be effective to some degree in many of the
reservoirs, the actual primary recovery. could be expected to be somewhat
greater than that due solely to solution-gas drive. At North Stanley, for
example, the primary recovery of about 27 percent of 00IP indicated by

performance is believed to be due, at least in part, to the combined ef-

'fects of gas injection and gravity drainage in the high-permeability por-

tions of this relatively thick (by Mid-Continent standards) reservoir.

Bush and Helander (1968) reported the results of 86 successful waterfloods
in 56 separate fields in 23 Oklahoma counties, finding the average ultimate
waterflood recovery to be 2122 stock tank barrels of oil per acre. Assum-
ing an average initial oil saturation of 0.65 and an average formation
volume factor of 1.2, the 16 percent recovery of OOIP estiméted in Fié.. 24
would be equivalent to an aVerage~pay thickness of 20 feet in these pro-
jects. Averaged oil pay thickness for OklaﬁomaA sandstones from data
reported by Koepf (see Table 9) is 11 feet. lAssumption of an average pay
thickness of less than 20 feet in the floods teported by Bush and Helander
would indicate waterflood recovery of greater than 16 percent of 00IP. The
relatively low indicated waterflood recovery of 12.5 percent for North
Stanley may be attributable to the combined -effects of above-average pri-

mary recovery and~éevere'anisotopic reservoir conditions.
Biggs and Koch (1974) estimated primary and waterflood recoveries from 63

Colorado waterflood projects. Averaged data'from these projects are as

follows:

54




————

62 Projects: Rangely Total 63

Excluding Rangely Field . Projects
Average pay thickness, ft. 14 b 150 16
Average porosity, % 17.8 12.5. -+ 17.7
Average permeability, md 158 _ 13 156
Est. primary recovery, % OOIP 225.1 . 17.5: -19.8
Est. waterflood recovery, % 00OIP 11.2 21.9 18.6
Total primary and secondary’ 36.3 . - 39.4 . - -38.4

In’applying empirical historical measures of waterflood performance,. it is
pertinent to note that the 1imitiﬁg WOR achievable under .current economic
conditions_is.highér was formerly the case, permitting higher reéoVerieS'by

conventional flooding.

Theoretical waterflood recovery to- a limiting'WOR of 100, calculated using
a Gruy waterflood performance'model for average Mid-antinenf conditions és
estimated herein, is épproximately 70 percent of the total mobile oil tar-
get following primary depletion. This calculation assumes linear flow.‘AAt
high WOR values the areal sweep efficiency would be expected to be high,
even .for fairly irregular pattern geometry. For example, correlations pre-
sented by Caudle and Witte (1959).for the five-spot pattern indicate areal
sweep efficiencies of 0;95 or higher for mobility ratios of 10 or leés.
Assuming an areal efficiency as.low as 0.8 yields a calculated waterflood

recovery greater than the highest value of shown in Fig. 2.

Finally, it appears that most reservoirs contain some portions which, for
practical purposes, can be considered inaccessible to normal displacement

processes. These portions, which may range from microscopic to .macroscopic

in scale, are either totally disconnected from the main reservoir pore. net-

work or are so- poorly comnected as to contribute nothing to the -fluid. dis-

placement dynamics of the system.  To .the extent that they exist and -are

not taken into account in measuring net pay, they reduce the actual mobile

oil target compared to that impliéd by volumetric analysis.
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From the above considerations, it is concluded that a combined primary plus
secondary recovery of 38 percent of original oil in place is a reasonably
conservative estimate for the average Mid-Continent sandstone waterflood.

An average remaining mobile o0il resource equal to waterflood ultimate is "a

reasonably liberal statistical measure of the total resource target for.

mobility control processes.

Polymer Target Recovery Efficiency

The polymer target, as.deséribed above, represents the total accessible mo-
bile o0il available at 100. percent coverage by polymer flooding. Three ma-
jor factors restrict the attainable coverage to much less than 100 berdent:
(1) the economic' effects, which necessitate abandonment at a finite water-
0il ratio (F-1), (2) the effects of adverse distribution of target oil
caused by flooding prior to polymer injection (F-2), and (3) the presence
of'sevére anisotropies in the physical system or in the distribution of
injected fluid volumes and pressures, which prevent achieving maximum

efficiency (F-3).

Figure 25 is a diagrammatic representation of the approximate = effects
attributed to these factors at North Stanley and the typical Mid-Continent
waterflood reservoir in this study. These will be. discussed in ofder
below, | ‘ a .

’

Factor F-1, Effect of Limiting Water-0il Ratio (WOR)

Factor F-1 can. be' considered a polymer target "céverage"tfactor for .a ‘par-
ticular .abandonment water—oil ratio. It assumes the augmented waterflood
‘ process is initiated 'immediately -following primary depletion; In the
absence of major anisotropies, it is determined by permeability variation;
mobility ratid;'and unit costs of .producing and injecting water (reflected
in limiting WOR). . For specific cases, this factor  could vary widely.
Since, there have 'been few puBlished results of investigations "of this

" factor for various pertinent combinations of the controlling parameters,
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particularly at high water-oil ratios, further investigation is needed to
better define this factor. For the purposes of this study a value of 0.40
has been estimated as applicable both to North -Stanley and to the average

Mid-Continent case.

Factor F-2, Effect of Prior Flooding

Factor F-2 accounts for the further reduction in target recovery efficiency
as a result of prior conventional waterflooding. . This effect derives from
the increasingly skewed distribution of target 0il-in favor of those por-
tions of the reservoir with the lowest flow capacities as flooding prog-
resses. -

Alfhough the'significance of this factor has been generally recognized,
little analytical work has been reported regarding its quantitative effect.
Jewett and Schurz (1970) calculated the effécts of three different amounts
of brine pre-flush, up to 0.5 pore volume, for a hypothetical base case‘of
. reservoir and ecpnomic conditions, The three cases represented water-oil
ratios at the beginning of polymer injéction of approximately 1.1, 7.0, and
12:0. Assumed WOR at the economic limit was 24. For ‘the particular“basé
_cdse assumed, the compute& recoveries by polymer were 88 percent,07§‘§er~
.céﬁt,:and 67 percent of the computed recovery with no brine ﬁre—flush. In
Fig. 26 the general shape of the relationship between factor F-2 aqdibégin—
ning WOR is postulated, based on the three points computed fbr';he case
reported. This relation will vary for different reservoir éndaﬁépnamic
conditions. In the absence of a general solution, an average relétioé of
the same general form, adjusted to an abandonment WOR of 100, was assumed
for the purposes of this analysis. This correlation is also shown in Fig.

26.

Factor F-3, Severe Anisotropic Conditions and Practical Operational

Limitations

These conditions are intimately associated because of ‘the restraints im-

posed by operational limitations on (1) achieving a perfect custom-designed

1
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- pattern of injection and production. relative to the specific geometry of
the reservoir, particularly where severe anisotropies exist in reservoir
geometry, and (2) achieving ahd-mainfaining ideal levels and balance of

pressure and volumes for any given pattern.

Probably the most important problems or sources of problems in -this

category are:

1. Fixed starting Eonditioﬁs.of physical facilities (well pattern,
subsurface equiphent, and surface facilities). Given a total sys-
tem of fixed facilities, most of which have. some utility in a
cbntémpla;ed project, the optimum désign for maximizing .economic
return will always represent some compromise 1in reqovéry
efficiency below that associated with designs not burdened by
existing lower-cost alternatives to '"ideal" design.
A : !
2. Hazards produced'by previous history. The presence of old aban-
doned wells, casing leaks, and other mechanical conditions contri-
buting to loss of injected fluids from the reservoir system can

directly affect the efficiency.

3. Extensive fracturing. Fractures or incipient fractures may be.
fairly common in ‘Mid-Continent reservoirs; they can impose auiso-
tropic pressure and flow patterns, reduce flow through reservoir

the matrix, and limit operating flexibility.

.

4. Restraints on injection pressﬁré which limit attainable production
rates. An essential feature of a mobility-control process is re-
duced mobility of the displacing fluid in the reservoir environ-
ﬁent; This reduces the fraction of the displacing fluid entering
the more highly swept portions and conéomitantly‘reduces the pro-
duced water-oil ratio. It does not, however, necessarily'result
in an increase in oil production rate; since this can .result only

from an increase in thé actual rate of entry of displacing fluid.
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fluids in the system, which can be accomplished only by increasing
sand-face pressure in the injection wells or decreasing -the bot=-
tomhole pressure in the producefs. Freedom to increase sand—face'
injection pressure 1is limited, at least by breakdown pressure and
in some cases by mechanical facilities limitations. Decreasing
the producer bottomhole pressure entails higher lifting costs and
also imposes certain practical mechanicél limitations on

flexibility.

Based on the analysis represented by Figs. 24 and 25, we would consider a
liberal estimate of the polymer recovery potential from an'average'Mid-
Continent sandstone reservoir to be 0.012 pore volumes, or 12 percént effi-
cieﬁcy of recovery of the existing target. The ingicated North Stanley
recovery.efficiency is 4.8 percent attributable exclusively to the polymer

slug, or 9.6 percent for the total project.

In summary, consideration of the polymer target oil volume and factors

affecting recovery have led to the following conclusions.

1. A liberal measure of the total mobile oil resource (not economi-
cally recoverable by conventional flooding) in an avefage Mid—Cén—
tinent sandstone waterfloodable reservoir has been developed. It
is approximately equal to the anticipated ultimate recovery at-

tributable to conventional waterfldoding.

2. The North Stanley Burbank reservoir differs from the average Mid-
Continent sandstone waterflood principally in the degree of aniso-
tropic conditions and the state of pribf depletion by'wéterflood—

ing.

3. Only a small fraction of the resource target would be considered

i

recoverable from the average reservoir.
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Economic Considerations

For the purposes of this review a simple measure of economic success has

been adopted, which will be referred to as the economic success ratio
(ESR). It is defined as the ratio of the present Qalue of the incremental
net ongoing‘inceme to the present value of the "up-front" costs. Up-front
costs include all expenditures involved in evaluation, design, system modi-
fications, new installations, and purchase of the required chemicals. In-
‘.cremental net ongoing income is the market velue of the incremental oil
produced, .less the incremental ongoing costs attributable to the polymer

project.

In examining. the effect of crude oil. price, we have used the term "Net Re-
venue per Barrel" for'compariéon between caees, in order to eliminate the
need to account for variétions‘ in wo;king interest fractions. The
equivalent gross crude oil market price for North Stanley is about 1.2
times- the net revenue per barrel; for the average Mid-Continent reservoir

it is probably in the range of 1.15 to 1.25.

The specific economic outcome of the North Stanley project was reported in
Kewanee's final report, which anticipated an incremental oil recovery of
900,000 barrels from the project. Even at this. recovery and allowing for
partial reimbursement of costs by DOE, the estimated specific econqmic
outcome would be marginal,  insufficient to attract investment capital in
similar ventures. At a current estimated incremental recovery for the
total project of about one-half of the abeve, and ignoring DOE's participa-
tion, it is obvious that the project can only be classed as an economic

failure at the- current price of oil.

There are at least two highly site-specific features of the economic
environment effective at North Stanley, other than the participation by
DOE, which need to be recognized in relating the economic outcome of this

project to other candidates:
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1.» The effect of the two-tier oil priciﬁg structure. Under the
conditions specific to North Stanley during the project and pro-
jected through 1984, all of the recovery attributable to conven-
tional waterflooding and about 60 percent of the incremental
recovery anticipated by Kewanee would be subject to the 1ower—tier
price limit (averaging about $6 per barrel over the predicted
life).. Only 40 percent.of the projected incremental recovery by
polymer would qualify for upper-tier price (averaging about $13
per barrel over the predicted .life). None of the production

qualified for stripper well price.

2. A predicted extended producing life, under polymer flooding; of
 five vyears Beyond the four-year remaining life of conveﬁtional
waterflood operations. The incremental cash flow is burdéned,
therefore, with five years of full operating costs out of the
total nine-year life. It is notab}e that this cost .feature, all
of which is chargeable against the project,-is equivalent to $4.8

million -- more than twice the cost of chemicals employed.

In order to represent North Stanley economics in terﬁs useful for relating
to ofher candidates, DOE participation is Egnored and the economic outcome
expressed as the ESR that would bg indicated for an assumed range of crude
oil price conditions. The value-of.all'of the estimated project incremen-
tal recovery is included in this analysis. No inflation or escalation

effects have been introduced.

Figure 27 is an extended préjection of North Stanley production perform-
ance, with and without polymer flooding. To simplify economic comparisons,
the~average Mid-Continent waterflood reservoir case is represented on the
oil production graph by assuming that the additional incremental production
attributable - to an average case of the same sizg' (acre feet) as North
Stanley over that expected aﬁ North Stanley would be obtained over a 3-year
period represented by the 3 &ears preceding the start of polymer injection
at North Sfénley (extension A on Fig. 27 oil productibn curve). Following
that 3 years, performance history is assumed to be the same as North

Stanley. = A similar’ technique has been employed for representing a
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performance model for an average successful polymer project (extension B on

Fig. 27). The latter will be reviewed further under Section IV.

Cost factors used in the economic analysis are based on information
reported by Kewanee for North Stanley after adjustments for escalation
before and after January 1979. The following summarizes these factors and

an assumed '"standardized" time distribution which we have employed for each

case.
Chemical and Other Up-Front Incremental On-Going
Year or Period Related Costs Costs Costs
of Project Life “(Thousands of Dollars) (Thousands of Dollars/Yr)
1 : ) 140
2 ' : 350
3 2400 : 210

Yr. 3 through project remaining
life of conventional waterflood . . 33.6

Extended life-polymer flood over
conventional waterflood S 739.2

Shortened life-polymer flood less
than conventional waterflood “(705.6)

These costs factors are believed to be reasonably representative of what

might be expected (as of January 1, 1979) for an average project similar in

size to North Stanley.

Three conditions of crude oil pricing have been analyzed:

1. An assumed.net revenue'of $5.88 per barrel (equivalenf to about $7
gross market price). This is the approximate average value effec-
tive at North Stanley as of January 1979, and is assumed appli-

_ cable to all barrels. regardless of rate or whethér attributable to

conventional or augmented flooding.
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2. An assumed crude price twice the abovel($14 per barrel gross =
$11.76/WI net) applied uniformly to all oil production. This is
slightly higher than the average upper-tier crude oil price

($12.75) applicable as of January 1979.-

3. A differential pricing condition wherein all conventional water-
flooding oil 1is ppiced' at $5.88 per barrel (WI Net), and all

- incremental oil is priced at $11.76 per barrel. .

Téble‘S and Fig. 28 reflect the results of this analysis for North Stanley
and for the average Mid-Continent waterflood cases.- These results show
that for the levels of performance estimated for North Stanley, doubling
the crude price in effect as of January 1979 would not significantiy im-
prove the economic position of the project. In fact, all of the iﬁprove—
ment reflected is the result of the polymer project receiving a small net
credit to incremental ongoing costs. under the longer-life condition, as
contrasted to charges totaling about $1,300,000 under the lower crude price
conditions where the economic life of the polymer flood exceeds the con-

ventional waterflood life.

Of particular significance is the economic paradox demonstrated by this
aha{ys}s_rélating incFemental 0il recovery to ipcfeaéed\crudé prices. It
will;ge noted that ﬁnder each case the incremental recovery attributable to
polymer is substantially reduced (57 percent at North Stanley and 36 per-
cent for the average Mid-Continent case).by doubling crude oil price. This
basically arises from the fact that increasing the crude oil price permits
a greater recovery of the finite mobile oil target by’ conventional - flood-
ing,_leaving a smaller tafget for other processes.  This effect is not
significant in EOR processes where the total residual oil is the potential
target, or for polymer-augmented4waterflpods opérating-with low WOR ranges.
Howevef, as operationé extend into the higher WOR ranges and the total size

of the target becomes small, it probably becomes a significant effect.
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TABLE 5

SUMMARY OF COMPARATIVE PERFORMANCE AND ECONOMIC OUTCOMES
NORTH STANLEY AND AVERAGE MID-CONTINENT WATERFLOODS

North Stanley Avg.

Mid-Continent

Undis- Disc. Disc. Undis-

Disc. Disc.
@ 15%2 @ 25%

counted @ 15% @ 25% counted

Crude oil price $7/bbl applied uniformly

Recovery in thousands of barrels

Est. ult. w/ polymer 5440 ' 5700
Est. ult. w/o polymer _5000 , , 5000
Polymer increment o 440 ;  o 700
Econ. success ratio* - - 0.40  0.30 0.25 ©0.90 0;57 - 0.44

Crude oil price .$14/bbl épplied uniformly

Recovery in thousands of barrels

Est. ult. w/ polymer 5940 ‘ 6200
Est. ult. w/o polymer 5750 ) ‘ 5750
Polymer increment 190 A 450

Econ. success ;atio -0.72 0.57 0.49 1.71

1.11 0.87

Crude oil price $14/bbl for incremental oil, $7/bbl for conventional

waterflood oil

Recovery in thousands of barrels ' -

Est. ult. w/ polymer = 5940

6200
‘Est. ult. w/o polymer 5000 .- = - 5000
vPol?mer incfement.' ' 1940 A 1200

Econ. success ratio 1.95 1.15  0.88 2.93 -

1.50. 1.07

'P.V. incremental net  ongoing revenue

*Economic success ratio =
_ ’ P.V. up-front costs
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This effect is also reflected in Fig.. 22, where the inevitable convergence
of the WOR vs. cumulétive recovery curves at high ka values is apparent.
The extent to which this may be a factor in any 'particular .prospect is
highly site-specific, and no atpeﬁpt has been madé to generalize it quanti~

tatively.

As for the average Mid-Continent case, the .results of the above analysis
suggest that a uniformly applied crude oil price higher than $14 per barrel
would be required to justify investment in moderate- to high-risk pro-

jects.

The third crude price condition.examined assumes a gross mérket'price of
$7 per barrel applicable to all projected recovery from conventionaliflood—
ing and $14 per barrel applicable to all incremental oil. This condition
would not raise North Stanley ecénomics to an acceptable lével, and the
apparent benefits in the average Mid-Continent case would probably repre-
sent no more than a marginal incentive for . projects bearing substantial .
risk. Although conceptually -this condition provides increased‘}ncenti;e
for investment in polymer processes because of the apparent incremental

increase in production and income due to polymer injection, three features

seem to be pertinent in such considerations.

1. The controlling elements of the price structure with regard to
incremental oil credited to polymer -are. those that exist 'at’ pre-
.dictéd abandonment., This may be several.years in the future and
—- especially in the.casg.ofvcoptrolled,prices—-éubjectltq"consid-

erable uncertainty for any particular project4aha}ysis.

2., For any project initiated, the differential -pricing structure does
not contribute to any'incregse in total.oil recovered compared to

application of -a uniform price.

3.. Two-level pricing would not encourage the application of large-
scale remedial :work in existing waterfloods to achieve a higher
efficiency. About half of the recovery achieved at North Stanley

is believed to have come from such efforts (see p. 51).
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II. REVIEW OF SCREENING CRITERIA IN LIGHT OF STANLEY STRINGER PROJECT
RESULTS '

One objective of this study was\ﬁo define screening criteria for mobility

control processes in light of the North Stanley project results.

It is impbftant to' recognize initially that, as applied to polymer-
augmented waterflooding studies, general séreéning criteria are useful
primarily as cutoff values for eliminating reservoirs with insufficient
potential for consideration in broad-based studies such as the one covered
by this report. It should be - emphasized that the data used in the
screening c¢riteria are not sufficient ‘either for priority rénkiﬁg of
candidgtes or for evaluating a particular prospect. As a minimum, more
information than is generally available is necessary for the former, and

the latter requires intensive technical measurement and analysis on each

prospect.

The following discussion Treviews the latest published criteria and their
relation to North Stanley parameter values and performance. Included also
are observations concerning the utility of each with particular reference.
to Mid-Continent conditions, and = suggested modifications for improved

utility.

While conditionms "at North Stanley were known to be decidedly 1less than
ideal for polymer flooding, a powerful incentive existed to test the feasi-
bility of a relatively inexpensive,'cqmmercially avaiiable enhanced recov-
ery process in a reservoir that typifies much of the Mid-Continent oil

reserves.

Table 6 compares the reservoir coﬂditionsfin North Sfaﬁley at the time the
project was started with the most recently’publishea screening criteria.
It is seen that North Stanley was outéide the recommended range for three
parameters (mobile oil saturation, producing water-oil ratio, and channel-
ing/fractures) and that the mobility ratio and oil viscosity were border-

line. Yet incremental oil recovery to date indicates that the project was




TABLE 6 ,

COMPARTSON OF NORTH STANLEY RESERVOIR PARAMETERS
WITH CURRENT SCREENING CRITERIA

Latest Pﬁblished

ggfaméter : _ ~ Screening Criteria North Stanléyl.
0il viscosity, cp . ~© preferred range 2-260 .4 2.4"
Mobility.ratio, water/oil greater than 1 _ . 1.1
Mobfle oil saf;rétipn : . gre;ter thén 0.10 PV ' 0.09—0.06 PV
Current water-oii ratio less than 15, - . : 67"
_ Perﬁeability; md . greater than 20 ' , average 306, range
" : ’ ‘ 10 to 1500
‘Temperatqfe, °F | .. less than 200 105
Lithology o e lsandstone 4 éandsténe
Channeling-fractures - "no gross channeling or high permeability
Co ’ ~major natural fractures" zonmes and natural

fracture system’
within project area

*Based on irreducible oil saturation estimates ranging from 0.30 to 0.33.
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technically, if not economically, successful. - Further, anélysis of the
North Stanley test results points up the fact that several ‘of the para-
meters listed in the screening table are too closely inferrelated to be

used individually as reliable rejection criteria.

0il Viscosity. As a generalization, very low.oil viscosities lead to

higher waterflood recovery efficiencies and low ‘polymer targets, and high

0il viscosities tend to limit the potential efficiency of. either conven-

tional or polymer-augmented waterflooding. Viscosity. data are not readily‘

éyailable for the majority of reservoirs in the Mid-Continent; however,
viscbsify can be estimated from correlations based on the API oil gravity,
which is commonly gvailable. It is simpler, therefore, 'to use'oii gravity
directly as the screening criterion. The acceptable range is 16-42°API for
the oil viscosity range (2 to 200 cp) commonly considered appropriafe‘for
screeﬁing. The oil viscosity at North Staniey is 2.4 cp (39°API), close to

the lower limit.

Mobility Ratio. ' Mobility ratio has very limited uﬁility as a general

screening criterion because data are ‘sparce. Knowledge of the mobility
ratio in a specific project requires, firsf, a knowledge of oil viscosity,
which is not. usually available, and second, relative permeability data,
which are even less freduently available. Screening on the basis of oil
gravity alone accomplishes Qirtually the samé purpose. The North Stanley
mobility ratio value of 1.1 largely reflects the effect of the low oil
viscosity.

Permeability. Early screening criteria included -a minimum permeability of

20 md. This was slanted toward screening candidate reservoirs, most of
which at thaz time were still undergoing primary depletion, to exclude
those where injecti?ity would be inadequate for a water injection project.
‘ At present, however, the bulk of the Mid-Continent polymer -target oil is in
reservoirs that are being waterflooded. Field operations have shown that

the polymer solution, when selected to suit the reservoir conditions, has

nearly the same total injectivity as water. Therefore it would appear that
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any Mid-Continent reservoir not already suffering from poor injectivity

could be included for consideration without concern for permeability.

Mobile Oil Saturation. Previous screening lists specify a minimum value of

0.10 pore volume (PV) for this parameter. At North Stanley, the mobile oil
saturation was ‘indicated to be 0.16 PV at the time waterflooding was start-
ed in 1959, and it had been further reduced to 0.09 PV by the time the .
Apolymer_tést was started. As Table 7 shows, the available polymer target
under these saturation'qonditions is minimal. Actual performance at North
‘Stanley does - not dictate downward revision of ihe 0.10 value as a general
screening criterion. However, for specific prospect evaluation where all
other conditions are highly favofable, this parameter alone should not be

used to reject a prospect.

Beginning Water—-0il Ratio (WOR). The current WOR is a rough measure of the

extent to which the distribution (and potential recdvery efficiency) of the
remaining mobile oil has ‘been adversely affected by prior flooding. It is
also an indicator of the proximity of the economic . limit by conveﬁtiogal
flooding which can,'independently of process performance, adversely affect
project economics. The latter effect is the result of extended-life oper-
ating costs for projects commenéed near the end of normal flood life. Both

effects are discussed in Section III.

The begiﬁning‘WOR at North Stanley was 67, whereas the screening criterion
is 15 or less. North Stanley performance suggests that 67 is too high, but
provides no clue as to what the limit should be. A value of 15 may be too
conservafive, particularly when higher crude oil prices permit economical
operations to high WOR values. In the absence of a better general defini-
tion of the above effect, a more liberal cutoff value of 25 for general

screening purposes seems appropriate.
In specific project evaluation, a critical study of WOR and WOR history, in

connection with injected-produced fluid balance and  other waterfood per~

formance data, can give valuable clues to the existence ‘of injection fluid
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TABLE 7

MOBILE OIL SATURATIONS AT NORTH STANLEY

Mobil oil;

o Stock tank barrels
Time so1 SOM(1) per acre-foot (2)
Discovery : ~0.700 0.400 473
Start of waterflood o - 0.456 - 0.156 207
Start of polymer test o 0.387 0.087 L 116
Remaining resérves for .

the basic waterflood - 0.009 = | .12
Available as net polymer

target T ' 0.078 104

(1) Based on irreducible SOR = 0.300.

(2) Based on FVF = 1.18 at discovery‘and 1.05 at start of wate;fléodJ
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losses via casing léaks, thief zones, large gas caps, ‘etc., or of severe
channeling conditions. For example, in the North Stanley waterflood, the
initial oil response to mJection was at a WOR greater than 10 (see F1g

22), which may be attrlbutableto early channeling in.the prOJect area,

Channeling and Fractures. Previous screening‘ lists definitely .prohibit

. these conditions, and it is clear they should be considered as negative .

factors which will statistically reduce the probability of success in those

reservoirs where they occur.

The presence of fracturing and’ channeling at North Stanley is well estab-
lished. Nevertheless the effect on conventional waterflooding eff1c1ency
appears to have been less severe than might have been expected ‘This may

be due to the fact that the pattern was de51gned in recognition of the

fracture system, and possibly even to some compensating benefits of  the

fractures, which permitted higher injection into less permeable portions of

the reservoir. Further, although these conditions definitely appear to

"have hampered performance of the polymer project, it was possible to miti-

‘gate the problem to some degree by the use of selective plugging treat-

ments. These techniques may become even more effective with more field

experience and technological development.

For any specific prospect, therefore, the implication of the presence of
fractures and/or high-conductivity flow channels requires careful analysis
with regard to the possibilities for improving recovery either with ‘or

without polymer flooding.

Lithology. The lit‘hology at North Stanley is sandstone, as is specified in

previous screening lists. The reason for this specification was not the
petrophysical fabric of carbonates nor any chemical incompatibility between
the matrix .and the poiymer; it was- the frequent association of carbonate
reservoirs in the Mid-Continent area with grossly anomalous conditions,

such as large-scale fracturing and faulting, complete underlayment by water
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zones, etc. It would be clearer 1f these condltlons were more spec1f1ca11y

denoted in the screenlng llsts.‘

Temperature. Previous criteria state a‘maximum of 200°F This would cor-
respond to a depth on the order of 10, 000 feet in the Mid- Contlnent region.
Thus it would appear that, in general reserv01r temperature is not enough
of a 11m1t1ng factor in the M1d Cont1nent polymer. target toh Justlfy

1nc1ud1ng 1t in a llst of screenlng cr1ter1a for thls reglon.

Seiection of‘Fields for Review. Based on the information derired from the .
North Stanley demonstration project .it is proposed that the screening cri-.
teria for the ‘Mid-Continent area be revised . as shown in Table 8. With this
set of cr1ter1a in m1nd Gruy Federal undertook a review of Mid- Contlnent

oil fields. °

76




TABLE 8

" SCREENING CRITERIA FOR POLYMER APPLICATIONS
MID-CONTINENT REGION

Parameter

0il gravity

Injectivity’

Mobile oil saturation
Current water-oil ratio .
_ Channeling/fractures

and . . .
Gross reservoir anomalies -

77

'Range of Feasibility

Between 16 and 42°API -

Sufficient to support waterflood
economics; ugually 0.10 bbl/day
per acre-foot minimum ‘
0.10 PV minimum

Less than 25:1

Reject candidates if conditions are

known to be too severe to permit con~"
ventional waterflooding



III. REVIEW OF GECLOGICAL AND ENGINEERING CHARAC&ERISTICS OF MID-CONTINENT
OIL FIELDS AS CANDIDATES FOR THE POLYMER PROCESS

Because there are 17,000 oil reservoirs in the project area, the présent
review was limited to ‘those fields that would logically merit further con-

sideration as polymer process candidates.

To facilitate the study and increase its utility, three primary assumptioﬁs

were made, based on minimum size and practical consideratioms:
1. For an oil field to be considered as a candidate  for polymer-

augmented waterflooding; it should be large enough to support the

expenditures for necessary geological and engineering studies.
: A ’
2. The gravity of the crude oil should be in the range of 16-42° API.
3. Fields that have had uncontrolled waterflood projéctsAshOuld not
be considered because costs of remedial work are generally prohib-

itive.

The primary scfeening in the study region was performed using the following

griteria:
1. Sandstong reservoir lithology
2. Cumulative production greater than 1,000,000 barrels Qf oil
3. Five or more producing wells
4., Pay intervgl'at least five feet thick
5. 0il gravityibetWeen 16° and 42° API

6. No evidence of uncontrolled waterflooding.
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Items 2, 3, and 6 are field-~level information and any field. containing a
sandstone reservoir that also met the additional criteria 4 and 5 was re-

tained.

The Petroleum Data System (PDS) at the University of Oklahoma was the pri-
mary source for Items 1- 4 Access was gained through the General Electrlc
Mark III Computer Network an lnteract1ve time-sharing system. The PDS re-

lies heav11y on the International 0il Scouts Association's annual reviews.

Other source documents and the open l1terature were used in augmenting
Items 1 and 6 (see b1bl1ography) This prellmlnary screening procedure was

designed to locate reservoirs that warranted further examination. -

The Petroleum Data System carries information atAthe field.level;'i.e.,
cumulative production, number of producing wells, etc., and also at the
pool level, i.e., producing formation, depth, thickness of produclng inter-
val, etc. The completeness of 1nformation. for a specific area depends
' malnly upon 1eg1slated reportlng requlrements for the area. F1eld level
information, except for comblned flelds, was found to be complete in the
project area. ‘ Unfortunately, pool or reservoir information is scanty.

Compounding this basic problem is the fact that the field 1nformat10n is
attached to one of the pool records within a field, but there is no provi-
sion for direct access to either the pool data or field data exclusively on
that record. This introduced considerable difficulty into the screening

process.

In Oklahoma, a significant number of fields have‘heen combined for report—
‘1ng and proration purposes. PDS does not carry the number of producing
wells or annual productlon for comblned f1e1ds. This lack of field- 1eve1
information has precluded further rev1ew of some fields, and they are in-

cluded in the fields with whlch they have ‘been comblned

The first step in screening was to limit consideration to fields with a

cumulative production of at least one million barrels of oil and at least
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five active wells. Cumulative production and active well counts were the
most complete entries in PDS. In certain cases, lithologies of the
producing horizons were readily available and fields containing .only

carbonate reservoirs. could be eliminated.

Since information at the pool level is so var1ab1e the PDS screening pro-
cess was not as def1n1t1ve as initially env131oned and lack of data made
1t 1mp0381ble to eliminate many fields or pools. .

'
This nece851tated 1nten81ve review of add1t10nal data sources. State‘geo;
log1ca1 surveys and geolog1ca1 societies in the Mid-Continent area were
contacted for information. In some cases, the geological societies have
published reports containing relatively complete data on selected“fields
(see bibliography) Waterflood prOJects were. 1dent1f1ed through Interstate

011 Compact Commission reports and commerc1a1 .service documents.

Uslng the data sources described, the number of flelds in the Mid—dontinent
area meeting these~pre1iminary screening criteria was reduced tol730 At
thls p01nt a subset of 88 f1e1ds, con31st‘ng of those flelds w1th produc—
tlon greater than 200,000 barrels of oil ‘per year was selected for

‘detalled review.

The open literature on these 88 fields was .then reviewed for information.
A computerized data search was conducted, 'using the Regional Information
and Communication Exchange (RICE) system, which incorporates Petroleum

Abstracts and the data base Georef.

Ah exhanstivelsearch of the technical literature showed that the 88 fields
-contain a total of 618 reservoirs, 332 of which can he identified as sand—
stone reservoirs., Of these, detailed reservoir 1nformat1on (such as perme-
ab111ty, porosity, oil grav1ty, v1scos1ty, and waterflood acreage) can be
assembled on 53 reserv01rs.ﬁ It sh0u1d be kept 1n:m1nd, however, that the

screening criteria discussed here do not include all information required
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for evaluation purposes, and data on other essential criteria is limited.
The open literature contains almost no information on reservoir character-’
istics, such as degree of heterogeneity, mobility ratio, relative perme-

ability, and residual saturation, for the Mid-Continent area.

The following is a summary of the pertinent reservoir information collect-
ed. ‘. ‘

Production Rate

The average daily rate of production by welliwas established for ‘each field’
not eliminated in the preliminary screening. A frequency plot of the.aver—f
age ﬁ:bduction rate for 730 fields in the Mid-Continentlregioﬁ is shown in-
Fig. 29, which shows that over 70 percent of the fields produce an average
of less than 10 barrels of oil per day per well. This same plot shows the
number of fields for each rate category that had more than 200,000 barrels
of annual production. Significantly, most of these fields are in the

stripper category.

Another significant feature apparent from Fig. 29 is that:the number of
fields producing -at an average rate of less than 2 BOPD is less than the
number producing at an average rate of 2 to 4 BOPD. This implies that with

stripper prices the average economic limit may be as low as 2 BOPD.
Location

The location of the 730 fields not eliminated by the minimal screening pro-
cess described in the preceding section-is shown in Fig. 30. These fields-
seem to .be clustered in the southern Central Platform geologic province in
central and northeastern Oklahoma. Similarly, the locations of 'the 88°
fields in the selected subgroup (Fig. 31) exhibit significant clustering in

the same region.
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Waterflooding‘

Of the 88 fields selected for detailed study, 64 had waterflood projects in
at 'least one sandstone reservoir. Information on water and oil production
was available from commercial sources on 155 different unit operations 1in
these floods. From these, the distribution of current water-oil ratio with
current production was constructed (see Fig. 32). It is apparently log

normal. About 2 percent of current prodhction is being obtained from

projects where the water-oil ratio 1is greater than 100.

A distribution curve relating the current water-oil ratio to’ the préjected
ultimate waterflood production was also contstructed (see Fig. 33). For
individual project reserve estimation, economic limits were assumed to be
either a production rate of 1 ‘BOPD per well or an overall WOR of 100,
whichevér condition was first attained under.a 20 percent annual decrement
of these features. As Fig. 33 shows, almost half the waterflood ultimate
production from these projects is expected from fields where the current

water-oil ratio is 40 or more.

Porosity and Permeability

~

The distribution of 54 average porosity values -—‘éli that could be found
for the 332 sandstone reservoirs in -the selected group -- is given in Fig.
34. Plotted on ‘Fig. 35 is the distribution of the 632 porosity values
contained in the Petroleum Data Service file on any sandstone oil reservoir
in the project area. These two plots show that the porosity of the
sandstone reservoir; in the selected subgroup is 16.5 percent, slightly
higﬁer than the larger sample. However, the subgroup ~ seems to be

representatiQe of the larger group.
The distribution of all averége permeabilities found for the selected sub-

group (53) is plotted on Fig. 36. The range is from about 5000 md to about

2 md, with a median value of about 40 md.
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Koepf (1962) reported average core analysis data based on a large number of
measurements by Core Laboratories on cores from 40 producing formations in
Oklahoma and Kansas, including 19 sand stone formations. Data from these 19

formations are reproduced in Table 9.

Pertlnent observatlons on the por031ty and permeablllty measurements in-

cluded in Table 9 are:

1. The aggregate average values of 60 md permeability and 16.2 per-
cent porosity agree very closely with the values of 40 md and 16

percent 1nd1cated by’ the. present study

2. For every case ‘where permeability values (K9O) were measured
in a d1rect10n perpendicular to apparent fracture orientatién,
lower average permeab111ty values ‘were obtained. The ratio of the
average Kgg to average K for 1nd1v1dua1 formations ranged fromi
0.01 to 0.4, with 8 of' the' 11 values being less than 0.2. fhisi
may suggest widespread fracturing, or at least incipient fracs
tures. . o o . L ‘ | J.;#

A plot of the'average'porosity vs. average permeablllty of 291 sandstone_

oil reservoirs in'the study area for whlch both values were available . 053

PDS records is g1ven as Figs. 37a -and 37b. Although the values have a w1de£

range, ‘higher¥ average permeab111t1es tend to be found with h1gher por031—'

ties. The plot also. reveals that assoc1at1ng the. average por031ty of ap—j
prox1mately 16 percent w1th an average permeablllty of 40 60 md is cons1s—;
tent with the observed data. )

FRER . ) . L T Kl

Water and 01l Saturations

.

Also listed in Table 9 are initial oil saturations aﬁd'connate -water satur-
ations for the 19 formatlons. The water saturatlon values from whlch this
summary was derlved were calculated in some cases. from emp1r1cal correla-

tion of core total water w1th connate water measurements from other sources
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TABLE 9

~AVERAGE RESERVOIR PROPERTIES OF OKLAHOMA-KANSAS SANDSTONES
FROM CORE ANALYSES (FROM KOEPF, 1962)_' .

. Average . " Average Average ) ) ) ’ : Average' Average
. . Ptoduction, - Average Permeability Permeability Average Average oil Connate Gravity

~ Formation * Depth, ft Thickness, ft ) K, md - Kgn, md Porosity, % Sataration, 7% Water - °API
Atoka - 2600 7.8 144 1.7 14.5 20.7 37 38
Bartlesville -, 1500 14.0 L2 .. 1.5 | 17.8 18.2 40 %
Booch 2600, 8.8 - 19.3 - - 15.6 - 215 37 35
Burbank 2800 - . 17.3 8.64 - - 15.7 15.3 i 43 - 39
Chester 5700 8.6 - RS 0.21 10.1 19.1° 33 40

~Cleveland . 3200 . 13.4 15.4 ©1.85 15.2 13.1 44 42

" Deese © 5200 11.7 . 62.8 1.10 17.4 20.4 : 33 32

" Hoover 2000 TR 288 : -— -19.7 6.0 - 35 42
Layton . .2900 10.3 . 54.1 S 233 17.8 15.3 41 37
Misner . 4300 . 10.6 89.7 0.62. 11.9 14.8 38 . 42
McLish 8100 12.2 © 390 -— 11.0 13.2 -3 38
Morrow - ~ s700° 9.8. ‘7. 231 14.6 15.1 _ 35 40
Peru 1200 o124 - 208 . - o 18.7 1%.7 w3
Prue . . 3100 14.6 2.6 — 17.0. " 16.9 38 42
Purdy - " 4500 14.8 182 o1 16.7 20.0 29 41
Reagan 3600 - 1.0 255 p— : 13.3 14.2 31 38
Redfork -~ 3100 " 10.5 14.2 - 16.2 16.9 41 37
Skinner 3200 . 9.2 20.6 ' 3.30 15.3 201 38 C 36
Strawn 3500 12.4 58.1 - 16.8 £5.1 ) 41 40
Tonkawa 4800 B Y " 98.6 15.0 . 18.4 12.5 38 43
Tucker 2200 7.6 - 36 - 156 16.0 ‘ 38 6 .
Wayside ‘800 - . 10.8 22.2 — o 18.6 18.6 W 35
First Wilcox 4900 10.0'* . 91.3 J— 120 11.7 31 42

4

Second Wilcox " 6500 11.3 - 214 - —_ . - 12, 10.2 . T34 © 40



and in some cases from capillary pressure data. These were selected to
represent 'irreducible values," i.e., from depths considered to be above

any transition.zone, where present.

The oil saturation values in Table 9 are core saturation values measured
without correction for shrinkage and. expulsion. Koepf,'iu}material in-
cluded in a recent 10CC publication (1978), suggests use of -a correction
factor equal to 1.15 times formation volume factor as a general average
correction from routine core oil saturation to in-situ satutation. Assum~
1ng an average formatlon -volume factor of 1.2, th1s suggested correction
factot becomés l.4. Craig (1971) suggests a factor as high as 2.0. Apply-
ing this range of factors to the average core oil saturatlon results in a

range of corrected values of 0:24 to 0.34.

Empirical relationships between permeability,¢pdrosity; aud water satura-
tion have been the subject of many publications since the early 1950's.
Utilizing an average porosity vs average petmeability plot and a plot of
average initial water saturation vs average permeability (Fig. 3755 -an
empirical relation can be derlved ‘relating observed average por051ty, per—

meability, and water saturatlons of Mid-Continent sandstone reserv01rs

N

cy3 : :
K = E%T (after Wylie & Rose, 1950)

‘where C = 1543.21 for these samples.

1

- This correlation is strictly empirical and, as Fig. 35 shows, there is

considerable spread in the .data. .

Other Features

Certaln features of 011 reserv01rs are critically 1mportant to the polymer
waterflood:process, yet .are largely unavallable from the techn1ca1 litera- -

ture, namely mobility ratios and permeability  variances. The values used
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to estimate the ranges of these reservoir features for the purposes of this
study, as well as design features employed to date, were drawn almost ex-

clusively from one paper (Jewett and Schurz, 1970).

Permeability Variation

A plot of the dlstrlbutlon of permeablllty varlatlon (Vk) in the fields
~ where - polymer floods have been "attempted is’ grven in Fig. 38..  The range of
.values of Vi is from 0.95 to 0.4 with an average iof about 0.67.

Resistance Factors;

Also on' Fig.. 38 is a plot of the distribution of resistance‘factors'attrib;'

.rutable to the polymer desrgn employed in these. projects. They range from 4 we

;to 15 with an average of about 8.5, The resistdnce factor. 1s due in part
'“to the rock and in part ‘to the polymer and consequently can be de31éned,

3w1th1n 11m1ts

“Initial Mobile 0il Saturation

_The dlstrlbutlon of 1n1tlal moblle 011 saturatlons and 1rreduc1ble water
'saturatlons is glven in F1g 39 The moblle 011 saturation ranges " from 45

percentvto 18 percent w1th an average of 30. The irreducible. water ' satura-

tlons range from 51 percent to 17 percent, wrth an average of about 30

percent

. Mobility Ratio . .

R i
’, . s
.

;The mob111ty ratlo of water to 011 in these proyects has ranged from less_

than l-to about 40, with-an" ‘average’ value of abOut 6. Thls dlstrlbutlon is’

. plotted in Flg 40 Also plotted in Fig. 40 is a de31gn feature which is, .a
¢ombination of slug concentration and slug size  (ppm x % pore volume)
This factor has ranged from. 200 to'.less than.l. :»The mean value for these

projects is about 60.
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MOBILITY RATIO OF WATER TO OIL.
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IV. ESTIMATE OF FUTURE INCREASED OIL PRODUCTIVITY

Lacking essential evaluation data for enough reservoirs to permit estiﬁa—
tion of regional potential by a field sampling approach, the alternate
method adopted was to estimate (1) the total polymer oil resource from
regional statistics, (2) the fraction of this resource occurring in reser-
voirs that might be considered polymer 'fldodingi candidates, and (3) an

average recovery efficiency applicable to this targef.

Estimate of Regional Polymer 0il Resohrce.

The regioﬁal polymer 0il resource (total acceséible mobile oil not economi-
.cally recoverable by ébﬁventional waterflooding) in all‘actfvé waterfldod'
projects in the Mid-Continent area'is.estimated to be 1.7 billion barrels.
This is based on a mobile 0il volume remaining after conventional watér-

flooding equal to the ultimate volume recoverable by conventional flooding.

Estimate of Ultimate Recovery by Conventional Waterflooding

The follow;pg.-tabqlation . from- API s;atistics shows the distpibution¢ of:
estimated original.oil in place and. estimated ultimate recovery.from.sand-.

stone reservoirs in the study region, as. of December 31, 1977.

. Estimates for.Sandstone Only

State or, - Original 0il in Place .-~ Ultimate Recovery
District . . . Bbl (M) .. % Region . .  Bbl (M) . %.00IP
Colorado: ~ * ©3,9973596 9 ¢ L - 1,386,750 -  34.7
Kangsas = . 4,349,316 . 10 . ... 1,541,502 ©.35.4 .
Nebraska 1,277,012 3 361,440 28.3
Oklahoma 33,660,217 76 11,477,888 " 341
Tex. Dist. 10 930,137 2 ' 169,966 - 18.3
Regional Total 44,214,278 . 14,937,546
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The following breakdown of regional total by type of production .mechanism
is a distribution consistent with our estimate of regional ultimate water-

i

flood recovery.

Equivalent Breakdown of Regional Total by Type of Production Mechanism

Original 0il in Place Ultimate Recovery
Bbl (M) % Region Bbl (M) -% 0OIP
_Fields with.no . . '
waterflood 26,700,000 60_ 8,250,000 31
Fields with . ,
waterflood 17,500,000 40 6,650,000 38
Primafy Recovery 3,850,000 (22)
‘Waterflood Recovery S o o 2,800,000 (16)
‘Active . - - 1,700,000
Abandoned : | 1,100,000

It will be noted from fbe API statistics - that Oklahoma contains 76 percent'
- of the egtimated regional total original oil in place and 77 percent of the.
estimated ultimate recovery. For this reason, and because of the unavaila-
bility of better statistics, an estimate of ultimate waterflood recovery .
was develdped for Oklahoma and extrapolated to the totél region on the

basis of Oklahoma ultimate 0.76 x regional ultimate.

Uitimate waterflood recerry from Oklahoma was estimated using two ap-
proaches, (1) utilizing historical statistics on primary production, sec-
ondary recerry, and the number of active projects reported by the Bureau
of Mines, and (2) an. analysis of production statistics on 148 waterflood
projects ‘included -in the group of 88 fields selected for intensive data

search under Section III.
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Bureau of Mines Information Circul'ars 8455 and 8734

'In.Bureau of‘Mines_InformationACircular 8734 (1977), estimated annual pro-
duction by enhanced oil recovery methods for 1946 thr0ugh‘1974 was reported
by major producing states. Circular 8455 (1970) estimated that 90 percent

of secondary recovery in Oklahoma was derived from waterflood1ng

Reported EOR productlon statistics for key years and our analyses of water-

flood productlon and reserves are summarized in the following:

.Estimated Annual Production - Oklahoma
: Barrels (M)

Key Year . Total EOR  Waterflood @ 0.9 x EOR
1931 (1) ' : , Assumed nil.

1946 (2) 13,132 A 11,819

1970 (3) . 110,903 99,813

1974 (4) E . 90,383 ’ - 81,345

1978 (5) -— .+ 60,000

Estimated Total Waterflood Produétion—Okiahomak
. . , Barrels (M)
Time Period : ' C ‘

1946 thru 1974 (6) : 1,500,000
1931 thru 1945 (5) . ’ _ 100,000
1975 thru 1978 (5) ° ‘ _ 270,000
"Est. Cumulative to 1/1/79 1,870,000
. . | 7
Est. Reserves 1/1/79 (7) 360,000
Est. Ultimate - - | 2,230,000
NOTES

'(1) Year first waterflood project .commenced in Oklahoma.

(2) First year of estimated productlon statlstlcs

(3) Peak waterflood production. ‘ -

- (4) Last year of estimated production statistics,

‘(5) Gruy estimate by extrapolation.

(6) Summation of annual estimates.

(7) Based on estlmated reserves/annual productlon ratio (R/P)

~1ol-




One other source of support for the waterflood reserve estlmates “is in-

cluded in estimates reported in Twentieth Century Petroleum Statistics,

1211,’hvaeGolyer - and MacNaughton.., The estimate of secondary recovery
reserves at stripper well locations in Oklahoma was 374 million barrels as
of December 31, 1975, based on 10CC. and National Stripper Well Association
information. Stripper wells at that time comprised about 80 percent of the
total producing wells in the state and accounted for about 48 percent of
the state's total production. These wells would be .expected to contribute
a higher percentage of secondary recovery production. Assuming they repre-
sent 65 percent of tne total secondary recovery reserves, the indicated
total for the state is 374/0 65 =. 575 million barrels. Correcting .for
waterflood portlon at 90 percent of total secondary recovery results in an
estimated waterflood reserve at January l 1976, of 0.9 x 575 = 518 million
barrels. Deducting estimated waterflood production of 195 million Barrels
for 1976 through 1978 rednces the apparent reserves at January 1, 1979 to
323 million barrels before provisions for extensions and addltlons durlng
1976 through 1978. This is in close agreement with the est1mated flgure of

360 million barrels as of Januar& 1, 19?9, derived above.

Bureau of Mines Information Circular 8455 also reported the number of act-
ive waterflood projects in the state as 61 in 1942, 107 1n'1949, and 955 in
1964 .

From commercial reports'prepared by Petroleum Information Corporation for
the period July through. December 1977, about 1300 waterflood projects are

estimated to have been active in 1978.

Utilizing these statlstlcs, and estlmatlng abandonments based on. an average
waterflood life expectancy of 12 years before 1960 - 1ncreas1ng to 16 years’
in 1978, the cumulative total number of projects initiated through 1978 is

estimated to be about 2100.
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Assuming the 1300 currently.active projects will have a project average ul-
timate waterflood recovery expectancy equal to the average for the 2100 to-
tal, the estimated ultimate from these projects is 1300/2100 x 2.23 bil-

lion, or 1.38 billion barrels.

From statistics reported by the API, sandstone reservoirs in Oklahoma con~
téin,88 percent of the estimated original oil in place in -all reservoirs in
the state and .were expected to yield 91 percent of the ultimate recovery as
of December:31,-197f.j Applyiﬁg a 90 percent. factor .to ‘the above-derived
es.imate of statewide ultimate waterfiood recovery from:all reservoirs . re-
oults in au estimated .ultimate from sandstone reservoirs of. 1.24 billion
barrels. The estimated reserve as of January 1, 1979, is 0.9 x- 360 = 524
milliord barrels. . .

.

Analysis of 148 Waterflood Projects

Data from commercial sources for the group of waterflood projects described
in Section III show a total cumulative production of 459 million barrels
since the date of unitization. Arbitrarily reducing this by a‘factor of
0.80, to correct for ppimary reserves at date of unitization, leaves an ad-
justed waterflood cumulative of 370 million barfeis. Total annualized pro-
duction rate for these projects based on: December 1977 pipeline runs was
18.5 million barrels. Estimated reserves based on R/P = 6 are 111 million
barrels, for an estimated ultimate of 481 million barrels. The sum.of. the
individual project ultimates deveioped‘in preparation of Fig. .33, similarly

corrected, is 109 million bafrels.

The distribution of project ages for this study group is the same as that
for all currently actiﬁe Oklahoma projects.  For example, . approximately.
one-h§1f of the projects in each group were begun before 1965. Assuming
they are at the same- average stage of..depletion, the relative ultimate re-
coveries .are estimated to be proportional to the remaining reéerves.- On
this basis the indicated total state ultimate waterflood recovery is 481 x

324/111 = 1.40 billion barrels.
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The.agreement between this figure and the 1.24 billion Heveloﬁed in the
preceding section appears to justify use for this study of 1.3 billion bar-
rels as the estimated-ultimate waterflood recovery from active sandstone
waterfloods in Oklahoma.

Based on API statistiés for December 31, 1977, Oklahoma contained 76 per-
cent of the original oil in place in sandstone reservoirs in the total

study region. Based on. Twentieth Century Petroleum Statistics, Oklahoma |

secondary reserves at stripper well locations also represented 76 percent
of the regional total as of December 1975. Applying this factor to the
estimate of 1.3 billion barrels ultimate waterflood recovery from currently
active sandstone waterfloods in Oklahoma results in an estimate for the
region of 1.72 billion barrels. Assuming an average remaining mobile oil
volume gqual to waterflood ultimate, this figure also represents the

regional resource for mobility control processes.

Target in Candidate Reservoirs

~From Fig. 33 it is apparent that about 40 percent of the estimated water-
flood ultimate in currently active proﬁects'is in projects with broducing
water-oil ratios of 60 to 100. Eliminating this portion as candidates for

polymer application reduces the above figure to 1.03 billion barrels.

From economic considerations discussed in Section III, the ecoqomié~poten—
tial for polymer flooding of the average Mid-Continent sandstone waterflood
project would not justify assumption of _the risks involved, at current
prices and technology. Any immediate application of significant scope
would be expected to be‘limited, therefore, "to selected prospects having -
better than average poténtial. These are-judged.to represent no more than
" 20 to 30 percent of the ultimate recovery represented by all those projects
with current producing water-oil ratios less ‘than 60.  This would be
-equivalent to projects with _estimated ultimate waterflood recoveries

totaling 200 to 300 million barrels.
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Assuming a mobile oil target femaining after conventional .waterflooding
equal to the waterflood ultimate, the immediate target for mobility control
process (at 100 percent rea11zat10n) is estlmated at 200 to 300 million
barrels. Since this potential is conceptually in projects with ‘better -than
average qualifications, we have assumed recovery efficiency. factors (Fig.
25) applicable to this group as follows: - Fp = 0.5, FZ = 0.7, F3 =
0.8. Factors F; and F3 reflect basically more favorable reservoir and
fluid parameters and a minimum of adverse conditions. Factor Fy 1is also
higher than the average (0.64).app1icab1e to all current waterflood pro-
jects with beginning water-oil ratios 'less than 60 from the correlation
shown in Fig. 26. Thé application of these factors results in an aggregate
pclymer recovery efficiendy of 28 percent for the mobile o0il target in the
select group, as compared to an aggregate éfficiency of 12 perceht<for the
average waterflood reservoir. Applying this factor to the target of 200 to
300 million barrels produces an estimated immediate potential of 56 to 84
million barrels. Allowing for future extensions and additions of as much
as 15 to 25 million barrels, the estimate of ultimate potential for the
regién is 80 to 100 million barrels. However, it is éxpected-that not all
of this potentialﬁwili be realized, for the following reasons:

‘1. The aggregate affect of the factors applied in developing of the

above estimate of potential tends to produce a liberal.end result.

2. The potential will decrease with time because it is sensitive to
the extent of prior flooding and because of the time lags expected

in identifying, evaluating, and effecting projects.

3. The potential decreases with improved conventional waterflooding
economics or efficiency. Such improvements can accrue through
improved crude oil prices or application of less expensive water-

flood upgrading techriques.
4. The estimate has not been discounted for application of other EOR

processes in reservoirs where such processes may take precedence.

This would most likely occur ih the better candidate reservoirs.,
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Effects of Crude 0il Price and Improved Technology

The o0il production performance model assumed for an a?eraée successfﬁl
polymer appliéation in a project of the same size (acre feet) as North
Stanley is,éhown on Fig. 27 as Extension B. For this level of performance
and with other conditions as exemplified by North Stanley, the calculated
recovery and economic outcomes for specified crude price conditions are

chown in Table 10 and Fig. 41.

For the base case crude price of $7 per barrel, the incremental recovery is
1,440,000 barrels. The indicated economic return would be marginal at best

for the relatively high-risk investment involved.

Ddubling‘the oil price results in an increase of 753,000 barrels in recov-
ery attainable by waterflooding alone,  with the incremental réco§ery by
polymer reduced to 1,190,000 barrels. Despite the reduction in incremehtal
oil, the higher crude price improves the potential economic reward, ﬁfovid4

ing a more acceptable incentive for field applications of the prOcesé.

For the case of differential crude prices; the estimated total waterflood
ultimate :with polymer augment is the same (3,5933000?baffe1s)“é§ for the
previous case: where the -higher price 'is applied uniformly. However, the
estimated‘recovery by conventional flooding alone is reduced by 753,000
barrels. This increment, thereforé, becomes a'credit to the ‘polymer appli-
cation . and ‘improves' the -apparent economics ‘of the préject.” It will be
noted from Fig. 41,"howevér, that at the level of’ reébﬁé}y"performance
attributed to the average successful project, the increase in apparent eco-
nomic incentive by differential pricing as compared t6 uniform pricing is
relatively small, particuylarly at discount ‘rates of 15 percent and higher.
This is because ' the -net ‘value-of the incrémental 753,000 barrels switched
from conventional flooding to polymer floodihg 'is received in the last
years of life, and its present value at time zero becomes progressively
smaller with increasing life (associated with higher recoveries) and with

increasing discount rates.’
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 TABLE 10
" SUMMARY PERFORMANCE AND ECONOMIC OUTCOME

AVERAGE SUCCESSFUL POLYMER APPLICATION

~7biscoﬁnt Rate ¥
0 15% 25%

-Crude 0il Price = $7/bbl Applied Uniformly

Recovery in thousands of barrels

Est. Ultimate With Polymer : 6440
Est. Ultimate Without Polymer Co 5000
Polymer Increment ;v:;f440

Economic Success Ratio (ESR) , LJF 2.25 1.38 1.06

.Crude 0il Price.= $14/bbl Applied.Unifo}mly

Recovery in thousands of barrels

Est. Ultimate With Polymer - 6940
Est. Ultimate Without Polymer ' 5750
Polymer Increment 1190

Economic Success.Ratio (ESR) _ 4.48 2.79 2.14 .

Crude 0il Price = $7/bbl (WF 0il); $14/bbl (Polymer 0il) .
Recovery in thousands of barrels

Est. Ultimate With Polymer . 6940

Est. Ultimate Without Polymer : o7 5000
Polymer Increment 1940

Ecoﬁomic Success Ratio (ESR) | " 5.70 3.09 2.28

P.V. incremental ongoing income, before taxes

ESR = P.V. up-front costs
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ECONOMIC SUCCESS RATIO
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!
l FIGURE 41 ]
GRUY FEDERAL, INC.

. NORTH STANLEY
© POLYMER “AUGMENT WATERFLOOD
ECONOMIC SUCCESS RATIO VS.
DISCOUNT RATE FOR SELECT CRUDE
PRICE CONDITIONS
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Improvements in technology would be expected either to reduce unit costs of
resources employed in the process cr to dncrease recovery per unif of re-
source employed. Because chemical costs are a major factor, the principal
areas for potential improvements would appear to be in reduced costs or im-
proved effectiveness of the chemical employed. Opportunities for.signifi—
cant reduction in chemical cost are limited by the energy-intensive nature
. of the chemical production process. There may Be opportunities for some °
.improvement in effective use of chemicals in larger projects. Beneficial
effects might be extended over longer time periods by extended idjection of
low concentration solution, and produced polymer solution might be recycled
with omall aderLuns of make-up chemicals. No major technolqucal break-

through appears imminent, however.

From the above observatlons it is concluded that the magnltude of the prob-
able effects of increased’ crude prlces or improved technology 1is within the
precision of:'the basic ‘estimate of recovery potential - at current

conditions.

It is estimated, therefore, fhét even with allowadce'for increaéeddcrude
prices and future technological advances, the 1deal1zed potent1a1 is of the
order of 100 million barrels and .that reallzatlon of roughly 50 ‘million

barrels is a reasonable practical expectation. -
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