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INTRODUCTION

This report is one of a seriesk,5 / concerned with presenting histori-
cal, development and operating data on secondary-recovery projects in vari=
ous States to stimulate interest. in sound secondary-recovery programs. Pre-
ceding reports in this series have dealt ‘éxclusively with descriptions of and
results obtained by water flooding in-three Stgtes, but no recent publication
of comparable purpose describes gas- aneCtlonZ7 practices. The authors in-
tend to present material relevant to the development and operation of gas-
1njection projects in Illinois, with particular emphasis on those producing
from oil- -bearing horizons that had been depleted to a point near the economic
limit of operation by past oil- -recovery methods.

Most operators realize.that. the_ehergy expended on the movement of
fluids througn gas-expansion- or gas- csﬁ'type 0il reservoirs to producing
wells must be supplemented. to. attain maximum recovery of the oil present.

Under favorable condltlons many operators choose to malntaln oil- propuls1ve

.....

into a reserv01r or recycllng produced flulds early in the 1life of a field.
More common, and less desirable, is the practice of replenishing these forces
after prlméfj‘produCIng methods become unnrofltable. The latter practice has
ing States during the last hO years ut other old oil fields, and oil proper-
ties w1thin those fields- which were partly exploited by secondary-recovery
methods also may offer favorable opportunity for further development. To
encourage and aid operators in the dovelopment of gas-injection. projects in
the old oil fields of’ ‘the Unlted States, four projects have been described

in detail 'in this report.. ‘
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Bureau of Mlnes Rept. of Investigations 3761, 194k, 146 pp.
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HISTORY OF GAS INJECTION

Records indicate that the injection of a gaseous medium into an oil
reservoir to stimulate the oil-recovery rate first occurred in 1903 in the
Macksburg field near Marietta, Ohio,. I. L. Dunn introduced gas through a
well completed in the Macksburg 500-foot sand for a 10-day period at a pres-
sure of 45 pounds per square inch. When the gas was released from the sand
the well pumped much oil. The method was demonstrated commercially by Dunn
in 1911 on the Wood farm near Chesterhill, Ohio, where air was injected
trhough a well (completed in the First Cow-Run sand) at a rate of 150,000
cubic feet per day and at a pressure of 40 pounds per square inch. Within
a week the oil-producirg rate of surrounding wells had increased. The use
of compressed air as an injection-medium was extended to other parts of the
property, almost doubling the oil-producing rate 2- l/ years after the air
drive was begun., Thé air- and gas-drive method developed by I. L. Dunn and
two associates, O. C, Dunn and H. E. Smith, sometimes is referred to as the
"Smith-Dunn" or "Marietta' process.

The initial success of the gas-injection process on the Wood farm led
to its use in other oil fields in Ohio anéd West Virginia. LewisZ / reported
that by 1917 approximately h,OOO 0il wells had been affected by the injec-
tion of air and gas. The method was extended to Pennsylvania, Illinois, and
the Mid-Continent area during the years immediately follewing the First
World War.

8/ lewis, J. C., Methods for Measuring the Recovery from Oil Sands:
Bureau of Mines Bull. 148, 1917, 128 pp.
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Gas injecticn originated in Illinois in 1921, when the Dinsmoor 0il Co.
introduced gas through a-well on the Mumford farm in the Casey field, Clark
County. The project, still in operation, produces from the Casey sand which
occurs at an average depth of 450 feet. On August 1, 1943, the project in-
cluded 2 injection and 1% oil wells located on 40 acres and produced oil at
a greater rate than in 1920, tks year preceding initial injection of gas.

Most properties in the old oil fields of southeastern Illinois produced
from sands that were subjected to vacuum when the gas-injéction process was
first introduced in the State, and operators were reluctant to use a method
that might drive oil from their properties to ad jacent, vacuum-operated
properties. Therefore the .gas-injection-process was exploited cautiously,
usually by combining it with vacuum .operations. The Illinois State Geo-
logical Survey - reported9/ that by 1932 gas-injection operations in the State
had affected 613 wells, of which 458 produced oil at an increased rate.
Since that date secondary-recovery methods involving the injection of gas
into 0il reservoirs have been adopted in some of the newer, as well as older,
o0il fields.

ATR-AND GAS-INJECTION PROJECTS IN IILINOIS

Location of Gas-Injection Projects

Few systematic gas-injection projects have been developed in Illinois
other than those in fields discovered within the last 10 years. A majority
of these projects are in fields discovered near the turn of the century in
the south-eastern part of the State, dand only four have been operated long
enough to prove their. effectlvenuss in recovering additional oil. The
Robinson field, Crawford County, offers the most favorable opportunities
_for profitable development of gas injection of any of the old oil fields,
and several well-organized projects have been started in this field within
the last 2 years. A map of Crawford County showing thc productive area of
the Robinson sand and the location of all gas-injection projects in the
Robinson field on July 31, 1943 is shown in figure 1.

Shallower oil sands north of the Robinson field, in the Johnson, Casey,
and Siggins Tields of Clark and Cumberland Countieg, also have been subjected
to zas injcction; but results are not encovraging becavse of their low oil
saturation .and varisble pormcability. In deeper 0il sands south of the
Robinson field, in Lawrcncc, Wabash, and White Counties, gas injcction has
been successful. Except for the Bridgeport field, however, the old oil
ficlds in this arca are small and cifcer limited copportunity for development,
Two of the largest. gas-injcction projects in cperation in the old oil ficlds.
arc in the Colmar and Plymouth ficlds, Hancock and McDonough Countics, in
the west-central part of the Statc.

9/ "Bcll, AL H., end Squircs, Froderick, Preliminary Summary of Results
Obtaincd from a Survey of Reprossuring Operations in the Southeastern
I1linois 0il Ficld: TIllincie Petroleum No. 23, Press Bulletin Series,

Illinois Statc Gool. Survey, Scpt. 2k, 1952 22 Pp.
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In addition to gas injection in the stripper oil fields of Illinois,
extensively developed projects are located in some of the oil fields dis-
covered since 1937, The largest project is that of the Carter 0il Co. in
the Louden field, Fayette County; two others of comparable size are the
Salem project of The Texas Co. in Marion County and the New Harmony project
Jointly operated by Superiocr 0il Co,, Tide Water Associated 0il Co., and
Sun 0il Co, The joint project included most of the New Harmony oil field,
in White County, Ill,, and Posey County, Ind. A smaller project includes
parts of the Hocdville and Walpole oil fields in Hamilton County, where
residue gas and some of the ligquid products from a gasoline-extraction
plant are injected into two sandstones,

Features of Reservoirs Being Exploited

Gas is being injected into oil sands occurring at depths ranging from
40O feet in the Siggins field to 3,075 feet in the Walpole field. The sands
are of Pennsylvanian, Mississippian, and Devonian age; most old oil fields
in southeastern Illinois produce from Pennyslvanian and Upper Mississippian
formations., The important newer fields in which gas-injection operations
are active produce oil from sands of Mississippian age. Gas is inJected
into three oil sands in the Louden field, two sands in the Salem field,
and seven sands in the New Harmony field,

The porosity of most oil-producing sandstones in Illinois ranges from
17 to 20 percent and averages 18 percent.lg Measurements of the permea-
bility of the sandstones range from O to 2,530 millidarcys, averaging over
100 millidarcys. The high average permeability characteristic of many of
the oil sands permits the use of low injection pressures,

The oil-producing formation of greatest areal extent in the older oil
fields of the State is the Robinson sand of Pennsylvanian age. Most wells
in the Robinson field were drilled before the valuve of information concern-
ing the characteristics of an oil sand was appreciated, and few core analy-
ses of the sand are available, Results of a few analyses indicate that the
porosity of the Robinson sand ranges from 17 to 19 percent and its permea-
bility is as high as 2 darcys, averaging about 125 millidarcys. O0il- and-
water-saturation values fluctuate so widegly that no general statement
regarding them can be made, Blatchley}i/ has describei the Robinson sand
as follows:

The Crawford County pools are distinctive for possessing one
general oil-producing zone known as the Robinson sand., This sand is so
broken and lenticular that it offers little opportunity for structural
study, In fact the sand shows innumerable streaks, tongues and de-
tached portions and so prohibits correlation and contouring. In some
portions of the fiéld, however, the sand is rcgular in its distribution.

10/ Bell, Alfred H., Squires, Frederick, end Cohee, George V., Secondary
Recovery of 0il in Illinois: Illinois Petroleum No. 43, Press
Bulletin Series, Illinois State Geol. Survey, Jan. 20, 1943, 1L pp.

l}/ Blatchley, Raymond S,, Oil in Crawford and Lawrence Counties; Illinois

State Geol. Survey Bull, 22, 1913, pp. 97, 98, and 99.
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AIB~GAS-INJECTION OPERATIONS, CRAWFORD COUNTY, ILL.

Shown in Pigure 1

REFERENCE MAP NO. COMPANY LEASE OR PROJACT
1. Brenneman & McDonnel Dee - Kirtland
2 Mahutska 0il Co. Bond
3 The Ohio 0il Co. Henry
4 Niagara 0il Corporation Stifle
5 Tide Water Assocliated 0il Co. J. Randolph
6 Kewanee 01l Co. Headley - Chalon
7 Brenneman & McDonnel Wekenman
8 Tide Water Associated 0il Co. Stifle No. 1
9 The Ohio 0il Co, Edwards

10 Mahutska Clark

11 Dinsmoor 0il Co. Wilson

12 The Ohio 01l Co. Eulse

13 Tide Water Associated 0il Co. Rutherman
pt do. Drake No. 2
15 do. Clark

16 The Ohio O0il Co. Wilkin

17 do. Arnold

18 Mahutska 0il Co. Price

19 Tide Water Associated 011 Co. Dees - Mason
20 Kewanes 0il Co. Best

21 The Ohio 01l Co. Warnock

22 Mahutska 0il Co. Reedy

23 American 011 Development Co. ¥all - Short .
24 The Ohio 011 “o. Woodworth
25 do. Wood

26 Eewanee 01l Co. Shilts

27 Tide Water Associated Oil Co. Birch

28 do. Murphy

29 do. Good

30 The Ohio 0il Co. Siler

n do. Prior

32 do. Shire

33 Kewanee 011 Co. Hooker

3 do. Martin

35 J. D. Toomey Estate Highsmith - Mills
36 Malmtaka 011 Co. Carlton

37 Kewanee 011 Co. Wright

38 Tide Water Associated 0il Co. Deanis
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It is split into two or three persistent lenses that show average
depths of about 850, 900 and 940 feet with an average interval between
the, tops of the sands of about 50 feet. . The thickness of the sand
lenses varies between 2 and 50 feet w;th,an average of about 25 feet,
The wells in which one or two lenses are absent are too numerous to
mention, There are additional lenses of sand both above and below
the zone which includes the three persistent lenses, One above is
known as the "gas" or "stray" send. It is usually from 6 to 20 feet
thick and about 20 to 50 feet above the top-most lens of the Robinsqn.
sand, The sand lens lower than the oil zone may belong to the .
Robinson sand as .a fourth lens, so closely is it related to the upper
lenses, - There are other minor streaks of sand even in the produclng
zone that add further confusion to the correlatlon, :

Source-of Gas for Injection

The supply of natural gas in the o0ld oil fields of Illinois usually
has been inadequate for gas injection, -In the Colmar and Plymouth oil fields
of western Illinois, where the volume of natural gas produced is Inadequate
to supply fuel for central-power engines, air is injected into the oil sand,
Operators in the Robinson oil field in the southeastern part of the State
have been more fortunate. After air has been injected into the reservoir
for several months, enough gas is produced to provide fuel for engines on
most of the projects, and part of the produced air-gas mixture is reinjected.
‘Within the last 5 years, however, only air has been used as an injection
medium on several projects because the air-gas mixtures produced by the oil
wells have become deficient in gas.

Natural gas is produced in some of the newer oil fields in quantities
exceeding their requirements for ‘gas injection and fuel, It is unfortunate
that gas from these fields (all of which are less than 70 miles from the-
Robinson oil field) has not been used to replenish the diminishing supply
of gas in the older oil fields in that part of the State,

Dcevelopment Practiceg

Ordinarily most opcrators of gas-injection projects.in the stripper
fields of Illinois have converted old oil wells to injection wells and have
drilled no new wells. On a few, large, well-organized projects -one or more
wells have been drilled to obtain information on the reservoir, Absence of
extenslve drilling programs hes resulted in a material saving in the cost
of developing many projects, but the scarcity of core samples from the oil-
producing sands has made it difficult to design systematic gas-injection
projects, Thus, projects have been developed slowly, usually by experimental
injection, and it is common practice for an oil well to be converted to an
injection well and reconverted to a producing well within 1 year.

With few exceptions, the 12 oil-producing companies operating gas-
injection projects in the old oil fields have utilized second-hand equip-
ment in the development of their projects, In the southecastern oil fields
gas pumps and compressors, utilized in vacuum operations and the
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extraction of gasoline from the natural gas produced with the oil, have
been included in compressor plants to supply either air or gas under pressure
for injection into the oil sands.

Air- and gas-distribution systems usually include pipe and fittings
salvaged from the normal accumulation of used equipment in old oil fields.,
Low injection pressures, ranging from 20 to 190 pounds per square inch,
make this practice p0351ble. A few operators have reduced development costs
by changing gathering-l}ine eystems, used in vacuum operations, to distri-
bution lines for the injection medium. The saving realized is not large,
but steel is conserved. Most air- and gas-distribution lines consist of
2-inch jpipe and fittings, but larger projects, such as those in the Colmar
and Plymouth oil fields, are equipped with trunk lines of 3-inch pipe laid
through the center of the project, and air or gas is delivered to inJjection
wells through 2-inch lateral lines connected to the trunk lines.

Compressed air or air-gas mixtures are used as the injection medium on
most projects in the old oil fields, and some provision is made to reduce
the moisture content of the gas after compression. The presence of moisture
in the injection medium not only stimulates the rate of corrosion of pipe
and fittings but forms an emulsion with oil that has leaked by compressor
rings and may plug the sand face in injection wells over a long operating
period. In the winter, when atmospheric temperatures below freezing are
common, the accumulation of water in distribution lines may cause much
difficulty; therefore a nipple and valve usually are installed at low points
in the lines, and the water is blown periodically to the atmosphere, On
most projects the provision made for condensing and removing moisture im-
mediately after compression of the gas consists of a 2-inch riser pipe 10
or 15 feet long on the discharge lines of the compressor., Moisture con-
densed by a reduction in temperature between the compressor cylinder and
the vertical pipe is trapped and discharged from the line, Radiation of
heat alone seldom reduces the temperature enough to cause appreciable con-
densation at the compressor plant, and additional traps at points more
distant from the plant frequently are nccessary. The temperature of the
compressed gas can be reduced more satisfactorily by passing the gas through
water-cooled coils, This method of cooling is being employed with.good.
results by The Ohio 0il Co, on the Warnock project in the north central part
of the Robinson field,

The calculated maximum percentages of water vapor . that cen exist in ges
at various temperatures and pressures are shown .in table 1. The calcula-
tions were based on the following form%la:,

W
S = 100 P

where S = water vapor existing in the gas, percent;

P,=-vapor pressure of water at the temperature of the cqmpressed gas,
pounds per square inch;

Pp= pressure of the gas and water-vapor mixture, pounds per square
inch absolute.
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TABLEfi.i::Maximum‘percentagé of wafer vapor in gas
E(Pressure base, 14,4 1b, per sq.in.abs,)

Gage pressure, L - ' Temperature, OF,
1b. per sg..din. [ 32 [50 | 60.1 70 | 80 | 90 i 100 ¥ 120 1140 | 160 | 180
' 0 ~oi0.61 1,20 1, 7812.52 (3,55 i4.8616.,60 111.8 [20,1 [33.0 |52.2
10° 36| 731051149 [2,0812.8713.90 | 6.95 11.9 [19.4 (30.8
20 © 426 .52 .75!1.06[1.4812,03{2.76 | 4,93 | 8.41{1%.8 |21.8
30 .20 | Jho| ,58| .82 (1.1411.57(2.1k | 3.82 | 6.51(10.7 |16.9
Lo W16 .33 1 W47] .67 4931.29]1.75 | 3.12 | 5.32| 8.72|13.8
50 bt 28| J4O| .56 LT9|1.0911.48 | 2.63 | b 49| 7.37(11.7
60 JA21 2k | 34t kot ,68] ,9ki1.28 | 2,28 3,89| 6.38(10.1
70 W11 21| ,30] JA43| 60| 83(1.13 | 2.01 | 3.43] 5.62} 8,90
80 09| .19 27! 39| 54| 74[1.00 | 1.80| 3.07| 5.03| 7.86
90 (091 .17 ] «25] W35 49! L67] W91 | 1.62 | 2.77| 4.55| T.20
100 . : L081 .16 22| 32| JAuk| 61 .83 | 1.48] 2.53| L.15| 6.56
150 ..t (051 W11 16| (22| .31 J43] .58 | 1,03 | 1,76| 2.89| L.57
200 ,‘ N .O)-l' QO8 ol2: 017 02}4- .55 QL"L" -079 I|55 2.22 3050

Well Spacing

‘No spacing relationship exists for oil ‘and injection wells in the old
oil fields.: Densities of injection wells on systematic projects.range from
20 tc 35 acres per well., In the Robinson field old ‘0il wells usually are
spaced 4hO feet apart along the boundaries of leases, the intericdr. of which
is undeveloped by drilling. These undrilled areas and the arrangement of
0il . wells in irregular llnes preclude the development of- vepeatlng well
patterns. . :

Well-Completion Methods

The conversion of an Qil well to an injection well includes the replace-
ment of corroded casing with good pipe, cleaning out the shot hole, and eilther
cementing 2-inch tubing above the o0il sand or setting it with a tubing packer
in the lower part of the casing. The tubing, extending to the bottom of the
well, contains a perforated section 4 to 20 feet in length and opposite the
sand face, The oil sand in injection wells is not shot, A few operators
have converted old oil wells to injection wells by cleaning out the shot
hole, running a burlap packer on 2-inch tubing into the well, and setting
the packer.in the open hole below the casing. 'This practice usually is not
satisfactory in Illinois because well bores in the o0ld oil wells have caved,
making it difficult to 1solate the oil-producing zone with a packer in the
-open hole,

Use of Air-Gas Mixtures

Vacuum has been: maintained on most of the oil sands in southeastern
‘Illinois for over 30 years, and large quantities of natural gas obtained
by its use were sold or wasted before operators considered installation of
gas-injection projecte. advisable. In general, air injection was adopted
in conjunction with vacuum operatlons, and although only small volumes of
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ges were being produced-when ‘41¥ first was injected, the air introduced into
0il sands forced large volumes of natural gas to.producing wells. During
the first year or two.of -operatich many projects produced enough gas to es-
tablish a cycle,. and air wes introduced (or injected) thereafter only once
or twice yearly for 30- to 60-day periods to replace the liquids removed
from the reservoir and the gas used as fuel. The air-injection periods in-
creased in succeeding years, and as the percentage of natural gas in the
produced air-gas mixtures deéreasqd the extraction of gasoline from the gas
became unprofitable and entire air-wet-gas mixtures were recycled. In l9h3,
recycled air-gas mixtures were being supplemented with alr continuously on
nearly half of the gas-injecﬁion,projeqts. On the remainder of the projects
only, alr was being injected;. and the produced air-gas mixtures, because of
low fuel value, were being discharged ipto the atmosphere.

Explosion Hazards

Yhen air or air-gds mixtqres are caompressed an cxplesion hazard is
present; however ‘if -theé -fundaméntal laws governing combustion are recognized
and"precautionary measures are taken explosions on air-gas injection projects
can be avoided. A complete discussion of explosive limits of air-gas mix-
tures is not within the scope of this report, dbut the subject has been evalu-~
ated comprehensively by Jones and associates.lg/. lﬁ/, 1 Experience has
shown that ordinarily months or years elapse after initiation of air-injec-
tion projects before the produced air-gas mixture comes within the explosive
range (unless excessive bypassing or channeling is occurring in the reservoir).

Air-gas mixtures containing 10 percent oxygen or less will not burn or
explode, therefore compression is relatively safe if the oxygen oontent of
the produced air-gas mixture is kept below 10 percent. Some operators in
Illinois have successfully compressed and injected into oill sands alr-gas
mixtures containing as much as 16 percent oxygen (approximately 76 percent
air). Mixtures containing 16 perceént oxygen or less can be explosive, how-
ever, depending mainly upon the kind and proportion of inert gases present
(nitrogen in excess of that in air and carbon dicxide) and to some extent
upon the composition of the natural gas portion of the air-gas mixture. BEx-
plosive limits of air-gas. mixtures are not altered much by temperatures or
pressures encountered in compressors ordinarily used on air-gas injection
proJects in the older oil fields of Illinois.

Tests should be made periodically to determine the explosibility of
air-gas mixtures produced'on air-injection projects. Some operators make
oxygen and carbon dioxide tests on composite samples of the air-gas mixtures
semi-monthly or monthly with an Orsat analyzer. Ordinarily when the com="
posite samples contain 10 percent or more oxygen-the gas produced by each

12/ Coward, H. F., and Jones, G. W., Limits of Inflammability of Gases and

_—' Vapors: Bureau of Mines Bull. 279, 1939, 146 pp.

13/ Jones, G. W., and Kennedy, R. E., Limits of Inflammability of Natural
Gases Containing High Percentages of Carbon Dioxide and Nitrogen:
Bureau of Mines Rept. of Investigations 3216, 1933, 23 pp. ,

l&/ Jones, G. W., Inflammadbility of Mixed Gases: Bureau of Mines Tech.
Paper 450, 1929, 38 pp.
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0il well is analyzed, and wells producing mixtures having the highest

oxygen content are withdrawn from the gathering system, Either back pres-
sure is applied to the sand in oil wells with high air:gas ratios or the
gas-injection rate of the nearest injection well is reduced, 0il wells with
persistently high ratios are removed permanently from the gathering system.

The results of periodic tests that indicate the injection medium is
not explosive are reliable only at the time of the test. In southeastern
Illinois Orsat analyses of air-gas mixtures once or twice each month have
proved adequate; but, in addition, operators observe closely those operating
conditions that are apt to dlter the composition of the mixtures. Three
operations having important bearing on the alteration of air-gas mixture
compositions are the unexpected channeling of the injection medium through
the reservoir from injection to producing wells, the withdrawal of produc-
ing wells from the gathering system for reconditioning, and the rise and
fall of fluid levels in oil wells, These conditions can be controlled,
resulting in an air-gas mixture of more uniform composition.,

Oxidation of Crude 0il

The use of air, or air and gas, as the injection medium in air-injec-
tion projects probably has resulted in ‘some oxidation of the oil in the
reservoirs, The time allotted for this 1nvestigatioh did not permit a
study to determine the degree of oxidation, but analyses of air-gas mix-
tures from 62 oil wells show that the percentage of carbon dioxide in the
mixture produced by many of these wells was higher than would be expected
ordinarily, which indicates that oxidation of the oil may have occurred.
The results of .these analyses are given in tables 5, 11, 17, and 23, High
concentrations. of carbon dioxide in some of the nuxtures produced on the
Henry and Warnock projects probably were due to the cumilative effects of
recycling air: and gas mixtures containing the inert gas.

Taylor and Smith reportedli/ that the resistance to oxidation of crude
oils studied by them decreased in the following order: Paraffin base,
intermediate base, and naphthene base. In the laboratory they also found
that when the crude oils were oxidized severely asphaltic materials and
gums insoluble in the oil were formed; and in the presence of water,.the
0il emulsified more readily because. of .a.'decrease in interfacial tension
between the oil and water. Field studies,l0 16/ however, indicate that
oxidation of oil under field condltions 1s hot severe.

Physical properties of the‘lntermediateebase oils produced in the old
oil fields of Illinois may be altered over a long period of air injection,
but no evidence was obtained during this study which indicated that
ox1dation of the oil has affected the 01l-recovery rate.

15/ Taylor, Sam.S., and Smith, H. M., Summary of Experlmental Data on
Laboratory Oxidation of Crude 0ils, With Particular Reference to Air-
Repressuring: .Bureau of Mines Rept of Investigations 3238, 193k,

11 pp.

16/ Johnson, T, W,, and Taylor, S. S., A Study of Oxidatlon of the 0il in
Two Air and Air-gas Repressuring Projects: Bureau of Mines Rept,
of Investigations 3325, 1937, 24 pp.
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Swmmery

Information regarding all gas-injection projects active in Illinois on
July 31, lQA}, is summarized in table 2, which includes information on the
Dinsmoor 0il Co. Mumford project, which was develcped in 1921 and was the
first successful gas-injection operation in the State. Complete data were
?Qtlgvailable for the two largest projects, in the Louden and Salem oil
ields.

Gas-injection projects in the old oil fields comprise 13,788 acres; 42
percent (5,832 acres) have been affected by air and air-gas mixtures intro-
duced into the oil sands through 279 injection wells. By July 1943 these
projects had been in operation for an average of approximately 9 years and
were producing 01l at an average rate of 1.3 times the average rate for the
period immediately preceding gas-injection operations. A maximum rate
usually was obtained 1 to 18 months after initial gas injection on a fully
developed project; depending on the .injection ratc and the degree of control.
over excessive channeling through the oil sands of the medium injected. The
mazimum oil-producing rate after air and gas injection was begun averaged
1.8 times the average rate for the period immediately preceding gas injec<
tion. Approximately 2,400 cubic feet of air and gas were injected into oil
sands for each barrel of oil produced in the old fields; and about 8,000
cubic feet of air and'gas_were injected for each barrel of oil estimated to

have been gained by August 1, 1943.

More systematic gas-injection projects in the stripper fields have been
developed in the Robinson, Bridgeport, Colmar, and Plymouth cil fields. The
quantlity of oil gained in these fieélds by projects that have been operating
9 or 10 years is not spectacular when compared to results obtained by
successful water-flooding operations. Development costs for gas-injection
projects in the old oil fields of Illinois have been so low, however, that
profitable operation has been assured over a longer period than the life
expectancy of an average water-flocding project. Development expenditures
for well-organized projects in the old oil fields of Illinois did not ex-
ceed $50.00 per acre before the present. World Wer, but in 1943 material and
labor costs would increase the investment for the development of similar
projects. The low development costs are attributed chiefly to the absence
of extensive drilling programs which ordinarily are necessary for the proper
development of water-flooding projects,

0il-producing companies usually agree that because of lack of uniform
permeability and the irregular distribution of oil sands, and the unusual
local variations in the oil saturation of the sands, the general application
of secondary-recovery methods in the old southeastern Illinois oil fields
would not result in & profitable recovery of morc oil. A complete study
rarely can be made of the applicebility of gas injection to an oil property
in en 0ld oil field. A proper evaluation would include consideration of the
analyses of core samples of the oil sand, and these seldom are avallable,
Wehn the results of core analyses of the sand are not available assumptions
may be made regarding the probable success or failure of secondary-recovery
operations by comparing the oil productivity of the property in the past with
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TABLE 2, - Aotive gas-injection operatioms in Illinois

July 31, 1943
Sand Location Company Lease or Project Tumber 011 wells ection medium Average daily oil production, bbl, Initial
) Tverage Average County Togal desoription o atic of o mber verage Average w%—br.ﬁ—sz'm air-gas
depth, thioke Seotion Town- Range area, mated injeo- number afe injeotion volume air-gas after injeotin
foot ness, ship acres af- tion feoted pressure in- injection air-gas
oot feoted  wells 1b, per jeoted injec-
ares, 8q. in. daily, tion
acres ¥ ou. ft.
Allendale field
Bienl 1,450 28 Tabash 5 16 12W, J. D. Toomey Litherland .69 55 2 -2 2 atr [ wYy s 25 12 1939
Estate -_— p—
) Totalss & 55 2 2 2 Lol/ 8 25 12
Bridgeport field
Bridgeport 95 Lo Lawrenoe 32 LE 12W, The Ohio 04l Co. Johnson Lso 250 10 %8 o e ™ 20 n No inorease 137 193
Totals: 6o 250 10 S8 Lo 25 mn 137
Calvin field
Aux Veses 2,800 25 hite e Ls, W Herndon Driii-  Bomd %5 &0 i 1 6  Oas 380 2,0 1252/ o, 902/ 1942
ing Co.
Bethel 2,600 22 do. 17 LS. WW Prane-Tox. Bramlett 80 Lo 1 12 [ 8o, 380 50 220 do, 165 1942
Paint Creek 2,655 1) Productien Co. ‘
Bethel 2,670 12} do. 8 and 17 Ls. Www 20 Coulter Lo Lo 13/ L [ do.. 380 27 37 o, 26 19l3
Aux Vasos 2,810 16, . . .
Paint Creek 2,670 12) do, 17 Lse W . Glate "D" 200 Lo 1&/ 22 L do. 380 170 505 do. 155 193
Bethel 2,605 16) . _ - - _ — —_— - —_
Totals:  L75 180 L L9 20 387 887 6
Casey field
Casey Lo 25 Clark 26 108 WW Dinsmcor 0il Co. lumford w 35 2 13 10 100 - 20/ 10l 23 B v
Totalss ue 35 2 13 10 20/ 10l 23 13
Col—r field
Hoing Wws 12 Banoook 9,10,14,15,16 LY. LW, The Ohio 011 Co. Colmar 1,800 1,100 w m 157 a0 LS o U9 . 26 1935
Totale 1,800 1,100 "N 77 157 70l W 378 226
Hoodville field
Bathel 2,950 20.  Eamilton 3 6s. 6B, The Texas Co.,  Hoodville L19 88 sty 3L 8 Gas 80 L5 1,250/ ¥o imoresse 1,193 1943
Aux Vases 3,050 20 The Ohio 011 Co., 260 2
and Tide Water
Assoojated 011 Co. —_ — - — - —
Totals:  L19 88 3 3L 8 é 1,251/ 1,193
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TABLE 2. - Active gas-injection operations in Illinois (cont'd.)

July 31, 1943
. Sand Location ___Lease or projsct Number 01l wells Injection medium Average daily oil production, bbl. Initial
Tane Average Average County  Legal description Fane Total Esti- of Total Number Type Average Average m:s‘_hﬁ%_‘n—_futw air-gas
depth, thick- Section Town- Range Company area, mated injec- number af- injec- volume air-gas  after injection
foot aess, ship acres affec- tion focted tion injec- injection air-gas
feet ted wells . pressure ted injec-
area, 1b. per daily, tion
acres 8q. in. M. cu. ft.
Robinson field
Robinson 900 25 Crawford 20 6H. 12V¥. J.D. Toomsy Highemith 40 4o 1 7 7 AMrend 125 25 3 10 3 1923
Estate . gas
Do, 900 25 do. 20 6N 12V do. Mlls 80 15 1 1 1 o, 125 15 1 " 2 1923
. 1,000 30 do. 2 8 N. 14 W. Cheuvront & Robinson %o 4o 1 6 6 Gas 100 20 2 1 13 1938
Brown 011 Co.
Do. 950 30 do. Y 7 H. 13 ¥. Dinemoor Oil Co. S. Wilkin 40 4o 2 3 3 Alr 100 BOy 1 4 2 1924
Do. 930 30 do. 5 78 13 ¥. Kewanes 011 Co. Headley 160 27 1 17 4 Alr and 50 9 8 ¥o increase 1 1937
gas
Do. 925 30 do. a 6 . 13 W. The Ohio 0i1 Co. Shire 200 100 3 19 8 Alr Bg 20 30 59 59 194
Do. 925 35 . 22 and 23 6N 13 V. do. Prier 240 150 10 n 10 ao. 30 3?‘ 33 1943
Do. 900 35 do. 26 6 N. 13 ¥. Eewanee 011 Co. Wright 80 13 2 19 3 Alr and 80 25 19 2l -21 1937
gas
Do. 875 20 do. 22 , 6E 13w do. Martin 4o 16 1 7 3 Q0. 100 10 5 7 7 1941
Do. 900 50 dou 23 6N 13 W do. Hooker 60 16 1 11 3 do. 175 23 5 6 6 1941
Do. 900 35 do. 28 6 K. 13 W. Mamtska 011 Co. Carlton 80 37 1 1 5 Alr 30 23 z 17 10 1937
Do. 925 30 do. 27 & 34 6 K. 13 V. Tide Water Asso- Dennis 80 Lo 2 16 6 Ar end 30 30 3 36 25 1932
N ciated 011 Co. gas
Do. 900 20 do. 1 58. 13 V. do. Dae No. 2 60 20 1 6 2 Alr 100 10 2 3 2 1941
Do. 900 2 do. 2 5N 13V do. Due Ho. 1 40 20 1 8 4 Gas 45 12 5 9 5 1932
Do. 95¢ 30 do. 15, 16, 21 and 22 6 N. 13 ¥. The Ohio 0il Co. Siler sko 150 12 82 5 Ar 125 100 u3 Ho increase 9 1943
Do. 875 k) do. 32 185 113 ¥. American 0il De- Wall-Short 145 85 3 17 10 Alr and u5 37 16 65 T 1936
velopment Co. gas
Do. 900 30 do, 10 7 8. 13 V. ‘Arkansas Juel Drake 98 68 2 13 7 Gas 20 33 19 45 22 1936
011 Co. .
Do. 950 30 . 5 79%5. 13 Y. Brenneaan Dee 4o 15 1 10 3 AMr 30 25/ 17 25 20 1941
& McDonnel
Do. 950 30 @, , § T8 13V do. Kirtland 40 10 1 25 3 do. 30 - o5t/ 4o 45 4o 1937
Do. 950 30 do. 6 78 13V do. Wekenman 40 20 1 8 3 do. 251/ 1 13 8 1936
Do. 900 35 . 2 7¥. 13 V. Dinemoor Oil Co. ¥ilson 4o 30 2 Y i 0. 100 501/ 1 F " 1922
Do. 900 30 4o, 9 70 13V . : 4o ko 2 4 do. 100 501/ 1 21 2 1922
Do. 850 30 do. 9 78 13V do. Hedry 4o 25 1 3 1 do. 100 251 1 L L 192
Do. 950 zg do. 9 78 13V do. Randolph 10 10 1 1 1 do. 100 25_/ 0o 2 2 19
Do. 815 do. 29 758. 13 V. Kewanee 0il Co. Best 40 20 1 9 2 Alr and 20 12 5 7 7 1940
a8
Do. 950 us . 8 TN 13 W do. Headley- 80 25 2 9 u do. 50 6 13 23 13 1937
Chalon
Do. 975 20 do. 11 78 13V do. Curtis 54 20 1 Y 3 do. u5 4 2 13 2 1936
Do. 950 15 do. 8 6H. 13 W. do. Shilts 85 10 1 10 2 do. 4o 25 15 18 14 1934
Do. 900 20 do. 10 T ¥. 13 V. Mahutska Oil Co. Shire 100 25 1 18 L Alr 30 23 15 23 18 1937
Do. 900 25 0. 16 TH 13V do. Bond 120 20 1 22 L3 do. 30 23 20 3N 28 1937
Do. 900 25 do. 17 7TH 13V do. Clark 80 25 1 1 32 do. 30 23 10 20 1 1937
Do. 900 25 . 20 7TH 13V do. Price 4o 20 1 6 3 do. 30 23 5 17 10 1937
Do. 900 25 do. 29 7N 13V do. Reedy 4o 20 1 6 3 0. 30 23 5 1 13 1937
Do. 950 40 do, ] 78 13 V. Hiagara 0i1 Stifle 57 29 1 6 2 Gas 50 20 ' 8 1939
Corporation
239 -~ 16 -
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July 31, 1943

TABLE 2, - Aotive gas-injeotion operations in Illinois (cont'd.)

Sand Looation X Company Lease or project Number 0il wells Injection medium Average daily oil duction, bbl. Initial
 — Iverage Aversge County Togal desoription ame o sti- of o r Nype Xverage Average Before TaxTnum Tuly, 903 air-gas
depth, thiok- Sestion Town- Range area, mated injec- number af- injeotion volume air-gas after injection
foot ness, ship acres af- tion feoted pressure, injeot- injeotion air-gas
t focted wells 1b, per injec~
area, 8q. in, daily, tion
acres N ou. ft.
. Johason field
Casey L8’ Clark 7 9N, W Kewanee 041 Co. Larrison Lo 15 1 9 3 Alr Lo 21 n 16 13 1937
and
gas
Do, 450 25 do, 2and 3 9N, W Tide Water Asso- Brimner Lo 16 1 5 2 Alr 30 27 1T 8 7 1942
N oiated 01l Co. .
Do, Lso 25 do. 3 and 11 9K, WUW, 0. Howe 120 15 1 15 2 do. 110 16 12 bIN 13 1941
Totals: 0 b3 b1 = 7 g b1 i3 b1
Loudon field .
Woiler U772 Fayette  1,2,3,9,10,11,12, 8% 3B The Carter 011 Co. Loudon 8,840 8,805/ 9§/  LAT/ L6k  Gas 393 2,676 Yy Yy 10,655 1939
Paint Creek 1,537 1 13,14,15,16,20,21, L33
Bethel ,562 1 22,23,24,26,27,28, (R
;}i ;;“3? 95¥ 3E
e ) ’ Pule TES TES 0O% 0B 57 ™55
New Barmony field
Waltersburg 2,200 23 wite 295 70
T B 1 21,28,29,32,33 tor 011 0 b
Weiler 2 5 » Superior 0o
Bethel 2,730 27 wd 3, Ls. WW Tide Water Asso> New 2,000}/ 1,709/  L01%/ 37 200 4. L50 1,35 14,700 No inoreass 11,300 942
Aux Vases 2,650 18 4,5,9,10 58. LW olated 011 Co. Har- 480 820
0'Hara 2,860 S and Swn 011 Co. mony 570 10
MoClosky 2,870 7 295 862
Totals: 20001/ T.700 by brvd T L5z LTS homy o
Plymouth field
Hoing 3o 1 Banoook 19 end 20 LE LW The Ohio 0il Co. Plymouth 450 350 19 L2 36 Afr L5 225 75 m 65 1934
;:::; 2 LE SW
Totale: IS0 IW pi) e % = T ur 127
Robinson field
Robinson 900 25 Crawford 3 X 12w Bell Broe. Maxwell Lo 10 1 2 1 do, 8 251 L7 1930
Do, <900 25 do, 9 5¥. 12w, do. Daron Heirs 16 20 1 L 2 0. as_'lf é{/ ai// 1 1930
Do. 900 25 do. S and 6 X 12W Tide Water Asso- Mann No. 1 140 100 3 16 13 Gas 50 70 1935
olated 011 Co.
-17 -
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TABLE 2. - Active gas-injeotion operations in Illinois (cont'd)
July 31, 1943

Sand Location - Company Lease or vrojeet Number 0i1 wells ection medium Average daily oil production, bbl, Initial
) Iverege Iversge Coumty Yogal desoription ¥ame  Total Eu’I- of Total T Average Average m-f—bmﬁ——.rary‘,‘m air-gas
depth, thiok- Section Town- Bange area, mated injec~  number af- injection volume air-gas after injeotim
feoot ness, ship acres af- tion feoted pressure, in- injection air-gas
fost feoted wells 1b, per Jected injec-
area, 8q.-in, daily, tion
acres ¥ ocu. ft.
Robinson field
Robinson %5 30 Crawford  18,19,30 7R 13 W, ®he Ohio 011 Co, Armold 520 165 n 57 16 Oas 160 Lo ‘59 86 68 1942
do. 925 30 do. 15:16:21 and 22 7H. 13 W, “: Henry 380 175 7 57 U Ay 60 85 29 85 85 9
do. 925 30 do. 18 7TH, 13W, do. Wilkin 330 5 5 ki 8 do. 4o 60 8 13 13 1943
do. 925 30 do. 7Tena 8 7. 13 W, do., Edwards 325 100 7 38 8 doe 150 60 19 zz 30 1938
do. 925 30 do. 76, 13W. 40, Wood 321 Lo 2 L3 L o, 60 10 30 38 9l
do. 925 Lo do. 11 and 12 TNH. W, do. Hulse 80 25 1 12 2 do, 50 15 13 22 16 1938
do. 875 25 do. 25,26, and 35 78, 13 W do. Warnook 660 300 8 81 20 do, 125 8 3 uw 38 1936
do. 950 25 do. 9 TH, 13W, . Drake 200 120 5 2 1 Oas 20 18 35 63 sk 1937
do. 950 25 do. 15 78 13W, do. Eill- 200 60 2 22 5 Mr and 60 21 9 2l 15 1937
Stente eas
do. 950 25 do. 33 and 34 7% 13W do, Woodworth  L60 35 1 39 3 Mr 80 13 32 uw 37 1932
do. 950 20 do. 1 7K. 13w, Tide Water Aseo~  Culver 30 20 1 3 2 Cas 25 U 2 6 5 1937
clated 011 Co,
do. 975 25 do. 16 7N, 13 W, . J.Randolph 190 70 2 13 L My 125 50 6 17 8 1936
do. 950 25 do. 1 TH. WW, do, Rutherman 30 12 1 S 2 do, 60 9 L 12 6 1936
do. 950 25 do, 2 78 13W do. Tracy 80 16 1 1 AMr amd LS 23 - 2 [ L 1936
s
do. 915 20 do. 1A 68, 13W, do, \ Birch 80 20 1 10 2 Gas 30 16 8 17 TN 1936
do. o 30 do. 16 6K, 13W. do, Good 80 15 1 13 2 o, 22 15 10 18 9 1936
do. 975 30 do. 17 6N, 13 W, do. Murphy 60 7 1 9 1 do. Lo 10 3 L 3 1936
do. 975 30 do. n 70 13W, do, Boward 110 30 2 3 [T 30 60 13 27 10 1935
do. 975 20 do. 9 end 10 7. 13W, do, Vattle- 120 100 3 n 10 do. 36 5 5 13 5 1935
worth
do. 1,000 25 do. 9 and 10 75. 13 VW do, T.Randolph 80 0 1 n 6 o, 7 a 2 7 L 1935
do. 950 30 0. 10 and 15 TE. 13W 4o, Ikemire 120 80 3 u 8 to. 20 o 6 7 17 1934
do. 975 20 do. 10 7. B W, do, B. Stifle 100 100 6 Ty i do. 20 55 1 L7 25 193,
do. 975 25 do. 12 TH. W, do, Drake 80 25 1 6 2 Ay 65 15 3 7 5 1934
No. 2
do. 975 35 do. 10 7H, 13N do. P. Drake 60 60 2 9 9 Gas 20 8 6 20 U 1933
do. 950 25 do. 10 TH. 13V do, Heury 80 65 4 10 8 do. 35 55 13 35 2 1932
o, 950 25 do. 18 7H. 13 W, . Clark 80 60 2 9 7 . 50 20 20 73 2 1932
do. 950 35 do. 8 7% 13W, do, Stifle 160 80 6 19 9 ALy 125 26 8 17 [ 1932
No. 1
do. 925 25 do, 21 anqd 28 T4 13V do. Does- 210 ] 2 13 6 Oas 60 36 12 32 12 1929
Mason
. 975 20 do, 6 78 12W, American 011 Athey 187 25 2 2 2 Mr 90 95 2 & 1 1937
0. o 2 ®. 3N ex. 12V, do. © Moo w7 L 15 8 to. ™ 100 16 25 2 1937
do. 900 30 1o, 2 TN, 13 % Arkansas Tuel ¥oClain 100 Lo 1 1 L Cas 30 a 9 20 1 1937
011 Co.
do. 900 30 do. 3 75 1BW do. Ikenire 80 Lo 2 7 L Alr and 5 25 L 5 5 1929
do. 1,000 20 do. 23 and 2, 8X. 13W, Bell Bros, Hi1l 160 20 2 2 2 n: 160 so;/ 1 g/ 2 1928
do. 1,000 25 do. 2 8X, 13W, do. Johneon 70 25 2 7 3 do.” 100 35}/ L ‘/ 6 1929
do. 975 30 do. 3 8N, 12W, he Ohio O11 Co, Lewie- 22 60 2 20 5 Oas 80 9 by 11 1932
Fawley
do. 975 30 do. 17 ana 18 7H. 12W, a0, Wileon 2,0 60 3 26 é Mr 60 19 17 28 17 1929
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TABLE 2, - Aotive gas-injeotion operations in Illinois (cont'd.)

July 31, 1943

Sand Loostion Company Lease or oroject Number 0il wells Injeotion medium Average daily oil produstion, bbl. Initial
Yane Average Average ount gal desoription o £33 03 of Total Humber Averags Average Before %xﬁm July, 1903 airegas
depth,  thick- Seotion Town- Range area, mated injec-  number af- injeotion volume  air-gas  after injeotion
foot ness, ship acres af- tion feoted pressure, injeot- injeotion air-gas
feot feoted wells 1b, per ed injeo~
area, sq. in. daily, tion
acres ¥ eu. ft.
Robinson field
Robdinson 950 30 Crawford 29 7% 12W 140 Water Asso-  Horning- 70 30 2 7 3 Asr 5 L5 7 18 7 1936
ciated 011 Co, MoCane
Do, 950 30 do. 18 7H, 12N, o, Barrick 100 10 1 pIN 2 Arand L5 22 8 9 7 1936
No. 3 gas
Po. 950 30 do. 1 7H, 12MW, 0. Correll 120 35 1 8 3 Alr 170 9 5 13 6 1926
Do, 950 30 0. 10 78 12w do. Hewlin 35 20 1 2 2 do, 190 20 L 8 2 %6
Do. 30 do. 9 7N, 1.2W, 0. Meserve 350 100 6 32 10 de. 160 25 19 39 12 1926
Do, 950 30 do. 9 and 10 74 12w, do. Conrad 100 20 3 16 3 de, 160 25 10 I 8 1926
Do. 30 o, 10 TN, 12V, do. Austin pH) ;IO 2 9 é do, 160 35 11 38 8 1926
Do. 950 30 do. 10 TN, 12W, do. Sankey Lo 15 1 5 2 8o, 125 20 5 1 3 1926
Totals: 10,669 3,981 Th I3k Lo3 2.5% 108 e 1,393
Salem field
Bethel 1,725 LS Marion 4,5,6,7,8,9,17 1% 2B The Texas Co. Salem 6,353 3,912 IARLVAN 2401/ cas 3020 7 g 8 8 1939
luz Vases 1,800 LS 29,30,31,32.33 2n 2k oz __‘/ el - 4 v 4
Totales 6,353 3,912 Ly 5o . 20/ 7,580
Siggins field
Casey Loo 25 Cumberland 13 10§ 108 Bell Bros. Queen 80 35 5 3L 1 Afr 35 2 & & 18 1928
Totalss 80 35 5 3 7 2 18
Talpole field
Aux Vases 3,075 20 Bamilton 27 and 34 68, 6B, The Texas Co. Walpole 320 60 [ 15 3 Gas Loo 158 680 No increase 556 193
Totales 320 60 6 15 3 158 680 556
1/ Betimated. 8/ Information mot available.
y 011 production for the affected wells cnlye 2/ Bstimated reservoir volumes produotive:
Waltersburg - 20,000 acre-ft.
3/ 3 inpud sones, Cypress - 61,000 aore~ft,
Weiler - 5,000 acre-ft.
y 2 input sones, Bethel - 51,000 aore-ft.
Aux Vases - 22,000 acre-ft.
y Estimated reservoir volumes affected: O'Hara - 300 acre-ft.
Weiler - 122.800 acre-ft, MoClosky - 6,600 sore-ft.
- Paint Creek - 150 acre-ft. : 1 L8,
Bethel - 146;!._.2 sore-ft. Total 165,900 sore-

Total 285,400 aore-ft.
&/ 17 tapat sones.

1/ 75 protuctng sones.
239

10/ €0 1mput somes.
1_1/ 75 input sones.

-19 -



R.I. 3783

that of adjacent properties. A high oil recovery by primary methods of
production usually is indicative of a high oil recovery by secondary-
recovery methods.

DESCRIPTICN OF FOUR GAS-INJECTIOK PRCJECTS IN ILLINOIS

Tide Water Associated 0il Co. Henry Project

Tide Water Associated 0il Co. has developed an air and gas drive on
700 productive acres in the north-central part of the Robinson field,
Crawford County, Il1l, The oil-producing member is the Robinson sand, which
occurs at an average depth of 975 feet. The sand averages 25 feet in
thickness.

History

Most of the oil wells on the leases included in the Henry project were
drilled in 1907 and 1908. The wells produced initially at rates ranging
from 5 to 300 barrels of oil daily and averaging 75 barrels. The absence
of an active water drive in the Robinson sand and of large quantities of
gas asgociated with the oil accounted for a reduced daily oil-producing
rate of 3 barrels per well in 1911, The normal decline in the rate of oil
production was interrupted in 1919 by the application of vacuum (15 to 25
incheg of mercury), and although it did not cause a substantial increase in
the oll-recovery rate the operation resulted in an increased yield of
natural gasoline from the solution gas and light hydrocarbon fractions that
were released from the crude oil, Vacuum was maintained on the sand after
gas injection was begun in May 193k,

As the chief propulsive force originally in the oil sand was supplied
by the expansion of gas liberated from solution, the rapid decline in indi-
vidual well-production rates indicates that the reservoir pressure was low
or that the oil was greatly undersaturated. High primary recovery of the
oil contained in the sand could not be expected, therefore, and less than
25 percent of the original oil in place was recovered before vacuum
operations were begun.

Characteristics of 0il Sand

Most of the oil wells on the Henry project were drilled before the
practice of taking cores had been developed and before the importance of
accurate information regarding the reservoir was recognized. Drillers' logs
and the analyses of cores from two wells drilled in recent years reveal that
two lenses are present in most wells and that a lenticular gas sand was
penetrated by half of the wells, The gas sand, when present, is above the
0il sand and is at an average depth of 900 feet, The gas sand is 2 to 12
feet in thickness. As the gas in the lenticular gas sand has been exhausted
and as the casing in all oil wells is set above the top of that sand, it has
been difficult to isolate it from the lower oil-productive lenses before
gsecondary-recovery methods are applied., The second and third lenses are at
depths of 945 and 975 feet, and their combined thickness averages 25 feet.
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Shale breaks from 10 to 40 feet in thickness separatec the lenses, and one
to three mice and shale streaks, 1 to 6 inches thick, frequently are found
in the two lenses containing oil, further subdividing the sand.

Porosity, permeability, and oilesaturation profiles shown in figure 2
constitute the available core-analysis data. The average porosity of the
cores was 17.9 percent., The permeability of the core samples averaged 123
millidercys and ranged as high as 729 millidarcys. The average oil satu-
ration of the sand varied widely but probably did not exceed 35 percent of
the average pore volume.

Development

o

A surface map indicating the extent of development .of the eight leases
comprising the Henry project on July 31, 1943, is shown in figure 3. Air-
and gas-injection wells on adjacent leases north and south of the: ppoject
also are shown because they affect the operation. Thellocation of closely
spaced wells along lease lines with inside areas left undrilled are:features
common to many areas in the Robinson field, as are the numerous dry:holes
and early abondomments,

- Development of the Henry project was begun in September 1932 and pro-
ceeded  slowly with the experimental injection of air into the Robinson sand
through an old oil well - Henry No.-9. The oil well was converted to an
injection well by cleaning out the shot hole and setting a tubing packer
above the top of the sand., 0il production from 2 of the 11 wells, on the
Drake lease increased 400 percent for the remainder of 1932 as a result of
the injection of air, Injection through Henry well No. 9 was dispoptinued
early in 1933, and in June 1933 Drcke well No., 2 was selected as an input
well for further experimentation. The number of wells affected by this in-
Jection is not known, but production from the Drake lease in 1933 was double
that of the previous year. At least one well on the T. Randolph lease also
benefited by the injection. Neithor injection well was used again for over
a year. b

For the purpose of this report development of the Henry project is con-
sidered to have started in May 1934 with the injection of air into Stifle
well No., 8. By the end of 1934 eight injection wells, affeécting an area
estimated at 130 acres, were in operation. Subsequent development to
August 1, 1943, is shown in table 3. On that date there were 21 active in-
Jection wells, which had affected 555 acres or 79 percent of the total
productive area of the leases included in this project.

Well-Completion Methods

All but three oil wells on the Henry project were drilled about 35
years ago and shot with 2 to 4 gquarts of nitroglycerin per foot of sand.
Ten-inch drive pipe usually was- set at 90 feet, 8-1/k-inch casing was set
at approximately 400 feet, and an oil string of 6-1/k-inch casing was set
about 25 feet above the first Robinson lens (the ges sand) at 875 feet. No
change was made in the casing program for oil wells when gas injection was
begun. All of the oil wells are pumped through 2-inch tubing by three .
central powers, and a vacuum on the sand is pulled through the casing of
~most 01l wélls by the game compressors ‘that supply the air-gas mixture under
pressure ©6. the injection wells, '
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TABLE 3. - Development of the Tide Water Associated 0il Co. Henry project
Affected!Active gas-injection wells Active oil wells Compressorsl .
area, Spacing,l/ Spa01ng41/ in ; N
Date acres |Number acres per well |Number | acres per well|operaticn Remarks .
Jan. 1, 1935| 130 8 87.5 103 6.8 2 8 oil wells .were converted
) ' to injection wells prior
. - | to 1935. _
Jan. 1, 1936} 190 . -0 70.0 101 6.9 2 2 0il wells were converted
! to injection wells in 1935.
Jan. 1, 1937 305 2/15-1/2 45,2 96 7.3 3 |5 0il wells were converted
- i to injection wells (1 in
! 1937) and 1 oil well was
. S R drilled in 1936, S
Jan. 1, 1938| 420 2/17 hi,2 98 7.1 3 1 oil well was converted to
an injection well and 2
0il wells were drilled in
. : ' ’ L 1937.
Jan. 1, 1939 | L60 18 38.9 97 7.2 3 1 oil well was converted to
S . l an injection well in 1938,
Jan., 1, 1940 | k465 18 38.9 97 7.2 -3
Jan. 1, 1941 ! L65 18 38.9 97 7.2 3
Jan. 1, 1942 505 18 38,9 93 7.5 3 3 o0il wells were converted
to injection wells, 1 in-
Jection well was converted
to an oil well, and 2 oil
wells and 2 injection wells
were abandoned in 1941.
Jen. 1, 1943 | 535 18 38.9 93 7.5 5
Aug: l 1943 1 555 21 33.,% 90 7.8 3 3 0il wells were converted

i

to injection wells in 1943,

1/ ‘Computed for a productive

229

area of 700 acres,.
2/ Offset operations added. 1/2 injection well in both 1936 amd 1937.
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All gas-injection wells are old oil wells. In the early stages of the
project's development, the conversion from an oil well to:an 1njoctwon well
was accomplished by cleaning out the shot hole and sotting a burlap packer
(on 2-inch tubing) below the 6- l/h-¢nch casing seat and above the top
Robinson lens. This method seldom was successful because the walls of the
old oil wells caved and prevented a tight seating of the packer. Only b of
the inJection wells are completed in this mamner at the present time. The
tubing and oil strings were removeéd from 5 other wells, the oil strings re-
set without packers, and air and gas injected through the casing. The re-
mainder of the injection wells (12 wells) were completed with 2-inch tubing
cemented in place, A normal completion of this kind included setting on
bottom a string of 2-inch tubing, which had the lower 10 to 20 feet perfo-
rated, and filling the shot hole with gravel to a point above the top perfo-
rations. A 1- to 2-foot cley- brldge was added and the tubing cemented with
6 to 8 sacks of cement. ' '

Operating Practice

Three Ingersoll-Rand, horizontal campreésors furnish compressed air and
gas for the Henry project. Two of the compressors have been converted from
two-stage to low-stage compression and compress only the return. air-gas mix-
tures from oil wells. The third compresgor has two stages (11l- by 5- 1/2- by 16-
inch); the smaller cylinder is used to supply air to injection wells on the
J. Randolph lease, and the low-pressure cylinder is used to compress air-gas
mixtures produced by part of the oil wells. A vacuum of about 18 inches of
mercury is pulled on the oil sand in most of the . oil wells by the. low-pressure
cylinders at the three compressor plants, and the alr-gas mixture is.dis-
charged to the pressure system at’ 60 to 70 pounds per square inch. Traps to
collect scale and water have been installed in the vacuum lines at the three
plants in addition to the customery water-trap installations on the dlscharge
lines of the compressors.

Initial injection of cir into the Robinson sand was begun in May 193k,
but the produced gas was not recycled until 9 months later, when the operator
determined that the air-gas mixture produced hy the oil wells was not explo-
sive. Since 1935 the volume of air-gas mixture produced on the Henry project
hag not been sufficient to supply all of the injection wells, therefore only
alr has becn introduced into the oll sand under the J. Randolph lease, TFuel
requirements of central power and compressor engines and losses in the reser-
voir have made it necessary to supplement the rocyclcd mixture with air for 2
or 3 months each year,

The low injection pressures on this project have not caused excessive
channeling of the injection medium thraugh the sand. One well on the J.
Randolph lease, where injection pressures are higher, has been disconnected
from the vacuum system because channeling could not be controlled.
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TABLE 4. - Vblumes of gas 1njected_/ and oil produced by months - Tide Water Associated 0il Co. Henry Project
(Pressure base, 1k.k 1b. per sq. in. ebs.; temperature base, 60°F.)

1954 ! 1925 : 1936 | 1957 ! 1938
4 Gas . 0il [ Gas 4 0il Gas | 0il ~,  Gas 0il Gas 0il
injected, iproduced,| injected, |produced,; injected,produced, iinjected, jproduced,| injected, | produced,
M cu. ft.! vl, | M cu. ft,.! bbl., |M cu. Ft.i thl. M cu. £f3.!  Dbbl. M.cu, ft. bbl.
Januarye. . E 9,765 | 2,615 @ 10,757 | 2,209 | 12,916 L 016 9,639 3,652
February. i 8,700 | 2,647 | 10,108 ; 1,811 | 12,294 L, 010 | 11,109 3,337
Merch..... § L 10 058 Poz213 | 1k, 546 2,236 ¢ 1h,hoh 4,621 | 12,901 | 3,407
April...., ? 7, 162 ! 3,008 | 1h;031 2,560 | 11,161 4L k86 | 12,914 | L ok
Mayeooons 2,770+ 1,732 6,648 | 2,960 ! 17,097 3,117 ! 15,223 L 581 12,660 L 248
JUNE. s os s 8,160 1 1,665 5, 1906 I 2,906 | 17,150 3,358 | 12,480 L o3ks 1 12 748 3,877
Julyesees ) ;2,095 5, “heo | 2,865 17,328 | 3,548 2,94( 3,999 13,565 L4 068
August...! ) 1 2,503 5,55 1 2,692 14,911 3,360 13,30k B ,530 13,276 3,945
September| }2/56,488 | 2,555 8,188 | 2,939 | 15,032 2,048 | 1k 551 4,055 | 11,880 3,670
October... ) L2,535 7,905 1 2,665 13, 7k2 | 3,136 . 13,2k2 h,162 12,400 3,709
quember.;) b2 u05 1 7,725 1+ 2,588 12,676 3,20k | 1k 993 3,822 1 10,315 3,675
: ) | 2.5 8,950 | 2,519 | 12.369 3,496 | 20,915 3,698 | 10,279 3,483
T EEE CL.ooL | 35,007 1500,7h1 1 35,015 1168,515 1 50,325 . 1h3,686 L5115

1/ Volumes of gus computed from occa31onal tests.
2/ Estimated.
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TABLE k. - Volumes of gas 1njected—/ and.oil. produoed by months = ‘Tide Water As5001ated 0il Ce. Henry Project

(Pressure base, 1l4.4 1b. per sq. in. abs.; temperature base, 60CF.) (Cont'd.)
1929 1940 1041 1942 1943
Gas - 0il Gas |  0il Gas 0il ‘Gas "0il " Gas 011
injected, |produced, | injected, |produced, injected, |produced,|injected, | produced, injected, |produced,
M ocu. ft.| bbl, M.cu., ft.: bbli. M cu. ft. bbl. |M cu. ft. bbl., !M cu. ft.: bbl.
January..| . 8,48% | 2,735 ) 2,717 | 8,020) 3,110 | )~ 3,007 9,037 3,321
Februery:| 7,940 2,520 )2/24,300| 2,457 i 7,282 2,663 |)2/25,980| 2,852 8,900 2,848
March....| 8,800 | 2,777 ) 2,761 | 8,129 3,104 ) 3,068 10,013 3,213
April....| 8,k71 | 2,805 8,022| 2,711 1,759 2,868 8,597 2,782 9,679 3,024
May.eesey; 8,852 1 3,017 ) 2,996 1) ‘ 3,048 |) 2,938 10,075 1. 3,143
June.ses. | 9,620 | 2,726 ) 5,003 1 L2777 ) 2,851 11,160 ] 3,009
JUlye.ees| 9,570 | 2 836 ) 3,236 |) 3,025 ) 3,029 13,298 3,12k
August...| 8,933 | 2,793 ‘|)2/6k,680] 3, ‘180 By '2/69, 1oo| 3,003 |)2/65,028} 3, 1016
September| 8,820 2,954 ) 5,oou ) 3,023 |) 3,180
October..| 8,885 3,027 ) 3,196 ) 3 3,255 ) 5,319 .
November.| &,250 2,620 ) 3,065 1) ; 3,127 1) 3,310 "
December.! 8,525 | 2,578 ) 3.076° 1) P 3, 275 ) 3,262 .
Tobal, [105,150 [33,368 | 2/*7L002 125 402 27100, 999I 36,2 2/95.,605 |36, 61% 72,162 21,682

1/ Volumes of gas ccmputed from occasional tests.
2/ ‘Estimated.
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The rate at which air or air-gas mixture is injected into each well is
controlled by a globe or gate valve in a l/h-inch bypass around a stop on
the upstream side of the meter run at each well, Meter runs consist of 2-
inch pipe, flange taps, and flanges containing either 3/8- or 1/2-inch ori-
fice plates. The static pressure and pressure differential across the ori-
fice plate in each meter run are measured about once each month with a pres-
sure gage and a manometer, a.d the rate of injection is computed. Recently
flow measurements ha- s been made weekly to permit closer control of the
injection rate,

Minor corrosion problems, common to this area, have not been aggravated
perceptibly by the injection of air. Well records indicate that the casing
and tubing in several wells have been replaced once or twice before air-gas
injection was begun. The corrosion resulting in those replacements was
caused by small amounts of hydrogen sulfide in the presence of water.

Orsat analyses of air-gas mixtures produced by six oil wells nearest
the injection wells on the J. Randolph lease were made October 22, 1943,
These analyses show that the gas contained unusually large amounts of carbon
dioxide (see table 5). Although some oxidation of the oil may have occurred,
the operator reported that nc trouble has been experienced with the plugging
of sand faces in the producing wells by the precipitation of insoluble
residues.,

TABLE 5. - Orsat analyses of gas produced from oil wells in the
Robinson field - Henry project, J. Randolph lease

Percent by volume of sample
analyzed
: Well No. O2 ’ COp
3 eceecesreeresecnecons 10.0 7.6
D teerececccncacnanans 10.8 7.0
S .2 8.0
12 tieeteieecnecanenans 3.7 13.7
I it iiiieieiean 2.8 4.8
15 €0 0000 0ce0s0e0c0so0 @e 505 . 8.)-‘-

The air-gas mixtures tested were produced from oil wells selected be-
cause of their proximity to the injection wells being supplied air on the
Henry project. The operator considered none of the mixtures explosive, and
these mixtures, as well as produced by 16 other wells, were being compressed
for injection. An analysis of the air-gas mixture on the discharge side of
the compressor revealed that 5.2 percent of the sample was oxygen and 7.7
percent carbon dioxide., The percentage of excess nitrogen in this sample
was not determined, but the proportion of natural gas in the injection medium
probably was 50 percent or less.

The general characteristics and distillation analysis of a crude-oil
sample taken from a run tank on the Henry lease are shown in table 6. The
gravity of the oil is 55.20 A.P:I., -and the .viscosity at a formation tempera-
ture (measured in June 1943) of 840 F. is 52 seconds Saybolt Universal, or
6.8 centipoises. T
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TABLE 6. - Chemical and physical properties of crude oil produced on Tide
Water Associated Qil Co, Henry project from Robinson sand

GENERAL CHARACTERISTICS

Sulfur, percent, 0.19 Specific gravity, 0.849
Saybolt Universal viscosity at 100°F., 47 sec, A.P.I. gravity, 35.2°
Saybolt Universal viscosity at 8LOF,, 52 sec.. Color, greenish black

DISTILLATION, BUREAU OF MINES HEMPEL METHOD
Distillation at atmospheric pressure, 752 mm. First drop, 26°C. (79°F.)

Fraction Cut at- Per- Sum, Sp. gr., C°A.P,I., C.I. S.U. Cloud

No, °c. "°F. cent per- 60/60°F,  60°F, visc., test,
' cent 100°F. ©F.
1 50 122 1.8 1.8)
2 75 167 2.3 k1) 0.659 83.2 -
3 100 212 5.4 9.5 715 66.4 19
L 125 257 6.1 15.6 .739 60,0 21
5 150 302 5.1 20.7 .758 55,2 23
6 175 347 k,9 25.6 JTTT 50.6 25
T 200 392 4,7 30.3 .795 6.5 .27
8 225  L37 4,8 35,1 .812 k2,8 30
9 250 482 5,8 40,9 .826 39.8 31
10 2715 527 6.4 L47.3 .839 3.2 32
Distillation ¢ontinued at 4O mm,
11 200 392- 2,8 50.1 0.852 3h.6 35 b1 15
12 225  L37 5.6 55.7 .860 33.0 35 Lt 35
13 250 482 5.3 61,0 .871 31.0 37 60 50.
1k 275 527 5.4 6.4 ,883 28,8 39 95 65
15 300 572 5.9 T72.3 .895 26.6 Lo 180 90
Residuum 27.6  99.9 0,954 16.8

Carbon residue of residuum, 7.5 percent; carbon residue of crude, 2,1 percent.
Base of crude: Intermediate

APPROXIMATE SUMMARY

Percent Sp, er. OA.P.I. Viscosity
Light gasoline . 9,5 0.691 73.3 '
Total gasoline and naphtha 30,3 C0.T82 59.2
Kerosine distillate ’ 10,6 .820 hi.1
Gas oil _ 13.3 848 35.4
Nonviscous lubricating distillate 9.9  .862-,884 32,7-28,6 50-100
Medium lubricating distillate 6.6 .88Lk-,898 28.6+28,1  100-200
Viscous lubricating distillate 1.6  .898-,901 26,1-25.6 Above 200
Residuum 27.6 .954 16.8
Distillation loss ol
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~-Results "

The cumulative oil production, before the initial injection of air in
May 1934, has been estimated at 125 barrels per acre-foot. From May 1934
through July 1943 the total recovery of oil wag 20 barrels per acre-foot,
By assuming that none of the eight leases forming this project would have
exceeded its economic limit of operation by the end of July 1943, the oil
gained by air and gas injection amounted to 12 barrels per acre-foot. The
0il gained each year for a calculated normal decline in the production rate
of 4,85 percent per year is given in table 7. The decline rate was calculated
for the period of settled oil production between the years 1923 and 1932
(see fig. 4).

TABLE T. = Oil-production statistics - Henry project

Year 0il production, bbl. Estimated oil
Normal decline | Actusl gained, bbl.

19341/.,.. 12,129 17,535 5,806
1935444, 17,311 33,307 15,996
1936, 0as 16,471 35,015 18,544
193Tse e 15,672 50,325 34,653
1938..... 14,912 45,115 30,203
1939 ¢ es. 14,189 33,368 19,179
1940,.... 13,501 35,402 21,901
941,000 12,846 36,270 23, hol
1942, ..., 12,223 36,61k ok 391
19432/, .., 6,78k ! 21682 | 14,898

136,038 . 1 - 345.033 | 208,995
1/ Last 8 months. 2/ First 7 months.

0il production by leases is illustrated graphically in figure 5. The
degree to which the leases responded to gir and gas injection generally
appears to have been in the order of their past productivities., The Henry
lease was the most prolific and had the greatest increase in oil recovery.
The T. Randolph lease showed the greatest improvement, moving in rank from
eighth in primary recovery .of oil to fourth in percentage recovery during air

and gas injection.

Between May 1934 and August 1943 approximately 1,115,500,000 cubic feet
of air and gas were injected into the Robinson sand at a differential pressure
of about 50 pounds per square inch between injection and oil wells., During
this period 3,230 cubic feet of air and gas were injected for each barrel of
oil .produced, -or 5,5&0 cubic feet for each barrel of oil gained by the injec-
tion. The driving medium was injected at an average daily rate of 650 cubic
feet per vertical foot of sand, per injection well. The volume of oil gained
by the air and gas drive was 299 barrels per acre.. An estimate of the oil
recovery indicated that 65 percent or more of the original oil content of
the sand, measured at stock-tank conditions, had not been recovered on

August 1, 19543,
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TABLE 8. - Summary of operatfons for the Tide Water A4ssociated 0il Co. Henry project, Crawford County, Ill.

Average | , f ! i
injection ' Zstimated | Bstimated iRatio of gas Ratio of gas | Horsepower of
Gas pressure, | Average vacuum |Ratio of oil area ICumulative oil ‘cumulative finjected to injected to compressor
injectedl/ 1b. per | on o0il wells, wells to in- effected, | production, joil gained, joil produced, 0il gained, prime
Year “ cu. ft. sq. in. | 1v. ner sq. in.! jection wells acres  [bbl. per acre jbol. per acre lcu. ft. per bbl.icu.ft.nerbbl. movers
193L</ 67,418 4o [ 8 12.9 © 130 : 25.6 ! 8.3 : 3,760 11,610 140
1935 91, 891 35 g 10.1 . 190 73.2 o311 | 2,760 5, TH0 140
1936 169, 747 Lo | 8 6.2 boo305 ! 123.2 | 57.6 § 4, 850 9,150 230
1937 168,519 IS g 5.8 . hao | 195.1 ' 107.1 { 3,350 4, 860 230
1938 i 143,686 L7 8 5.4 . 460 259.6 . 150.3 ! 3,180 L, 760 ; 230
1939 105,150 ! o 8 5.4 - h65 f 307.2 1777 , 3,150 5,480 * 230
19L0 | 97,002 . bo g AN L4651 357.8 0 209.0 2,740 L, 430 i 230
1941 i 100,299 | 3y 8 5.2 i 505 | 409.6 [ 2up.ky 2,770 4, 280 s 230
1042 ' 99,605 z 3 g 5.2 L 535 - L61.9 L 277.3 2,720 I, 080 4 230
19433/ 1 72162 0 35 | § L.3 | 555 492.9 | 298.6 3,330 4. 840 230
Total ..|1,115,479 f g | Lg2.9 I 298.6
Average. ; L0 L g ! § 3,230 5,340
1/ Computed from occasional tests. 2/ Last % months of 193h4 3/ TFirst 7 months of 1943.
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Tide Water Associated 0il Co. reported that the development cost for
the Henry project was about $50.00 per acre. Absence of an extensive drill-
ing program and the saving realized by using salvaged and second-hand materi-
als are reflected in the low cost., The same development would require more
capital if it were attempted with the advenced cost of labor and material
that prevailed in 1943,

The Ohio 01l Co. Warnock Project

The Ohio 0il Co. Warnock gas-injection project in the Robinson oil
field, Crawford County, I1l., encloses an oil-productive area of 630 acres.
The Robinson sand is at an average depth of 893 feet, and is 13 to 50 feet
thick,

History

The leases comprising the Warnock project were originally developed be-
tween 1906 and 1916, Of 118 wells drilled during the original development
of these leases, 29 wells oither were nonproductive when drilled or were
abandoned as noncommercial oil producers within a few years after they were
drilled. Completed wells flowed at an initial daily rate of 1 to 200 barrels
of oil and averaged approximately 40 barrels. It was necessary to pump most
of the oil wells within 1 month after completion which indicated that the
original reservoir »ressure was low. By 1925 the daily oil production had
decreased to an average of 0.63 barrel per well. The Robinson sand was sub-
Jected to vacuum the following year (1926), and although a small increase in
the oil-producing rate was observed the more important immediate benefit was
the increase in production of "wet" gas. Vacuum operations were maintained
after gas injection was begun in 1936, and in July, 1943, approximately half
of the oil wells still were on vacuum.

Characteristics of 0il Sand

No wells were drilled on the leases included in the Warnock project after
1916, therefore core-analysis information was not available. Consistent re-
sults of the analyses of core samples of the reservoir in other parts of the
field indicate that the Robinson sand will average 25 feet in thickness., The
porosity of the sandstone ranged from 17 to 19 percent. The permeability of
the samples ranged from O to 2 darcys and averaged over 100 millidarcys.

Development

A map giving the location of producing and injection wells on the leases
included in the Warnock project on July 31, 1943, is shown as figure 6. The
undrilled areas, the large number of abandoned wells, and the lack of uniform
spacing of oil wells prevented the development of repeating spacing patterns
when gas injection was begun.

Air first was injected into the Robinson sand through Warnock fee well
No. 4, an old oil well, on May 16, 1936. The injection affected offset pro-
ducing wells within 1 month. Other oil wells were converted to injection
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wells, and by the end of 19%6 six injection wells, spaced 105 acres per
well, were in operation. The yearly status of the development of the
project is given in table 9, On August 1, 1943, air was being injected
through eight wells, spaced 78.8 acres per well, end had affected an area
estimated to be 300 acres, or 48 percent of the productive area of the
properties included in the Warnock project.

Well-Completion Methods

No wells have been drilled on the leases comprising the Warnock project
since 1916, and oil wells are cased as they were originally - 10-inch drive
pipe set at an average depth of 77 feet, 8-1/k-inch pipe set at an average
depth of 386 feet, and 6-1/L-inch pipe set approximately 35 feet above the
top of the Robinson sand at an average depth of 858 feet. The producing
wells are equipped with 2-inch tubing and pumped by central powers.,
Eiﬁhty-one oil wells, spaced 7.8 acres per well, were active on July 31,
1943,

Injection wells are converted oil wells with no change in the casing
program except to replace corroded pipe with new pipe. The oil sand in
converted wells originally was shot with 2 to 4 quarts of nitroglycerin per
foot of sand, but no additional explosives were used because shot holes haq
become enlarged by caving over a period of 20 to 30 years. During conversion
shot holes were cleaned out, and a 2- by 10- by 6-1/h-inch anchor packer was
run in the hole on 2-inch tubing. The packer was set in the lower part of
the 6-i/b-inch casing, and a perforated anchor on the tubing (se?'on bottom)
was placed opposite the sand face. Perforated anchors in injection wells
are approximately 4 feet in length.

Operating Practice

A vacuum pump and compressor plant is located on the Warnock lease,
and a second vacuum pump is housed on the Barnes lease. Both vacuum pumps
(22- by 8-inch) are belt-driven by 35 horsepower gas engines. The pumps
pull a vacuum ranging from 25 to 27 inches of mercury on abqut half of* the
oil wells on the project and discharge into a fuel line at a pressure of
1 to 2 pounds per square inch., A trap to remove scale and Ya?er is on the
intake side of each pﬁmp. During the first 5 years of gas ;nJect?on th§
quantity of air-gas mixture produced was adequate for fuel'and relnjectlzn,
although it was necessary to supplement the mixture with air several months
each year., Since 1941 the oil wells on vacuum have produced only enough
gas to provide fuel for central-power, compressor, and vacuum-pum? engines,
and air has been used exclusively as the injection medium. The air-gas
mixtures produced by the other oil wells are deficient in gas and are
vented to the atmosphere,
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TABLE 9. - Develoopment of The Ohio Q0il Co. Warnock project

“Eetimated | Active gas-injection wells

Active oil wells, |

arca af- | Spacing,L/ I Spacing,l/ | Compressors!
fected, _ acres per acres per in
Date acres Number well Number well operation Remarks
Jan. 1, 1937 2Lo 6 105.0 83 7.6 1 8 cil wells were converted
- : to injection wells and 2
' injection wells converted
' to 0il wells in 1936,
Jan. 1, 1938 280 7 90.0 8o T.7 1 1 0il well was converted
' i to an injection well in
i 1937.
Jan. 1, 1939 300 8 | 78.8 81 7.8 1 1-0il well was converted
! to an injection well in
* 1938.
Jan. 1, 1940 300 8 78.8 81 7.8 1 : '
Jan, 1, 1941 300 8 78.8 81 7.8 1
Jan. 1, 19Lk2 300 9 70.0 80 7.9 1 1 oil well was converted
: to an injection well in
1941,
Jan. 1, 1Gk3 300 8 78.8 81 7.8 1 1 injection well was con-
verted to.zn 0il well in
1942,
Aug. 1, 1943 300 8 78.8 81 ' 7.8 1

1/ Computed for a

239

productive area of 630 acres.
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An Ingersoll- Rand two-stage compressor (8-1/2- vy 4-1/2- by 10-inch),
belt-driven by a 35-horsepower: gas engine, provides compressed air for the
project at a discharge pressure of approximately 160 pounds per, square inch.
The compressed air is inter- ahd after-cooled by discharging ;the air through
water-cooled coils of 2-inch pipe, and water condensed from the air is re-
moved in two stages by passing the cooled air through traps orlglnally used
in the extraction of gasoline from the produced gas. Compressed air is dis-
tributed from the high-pressure trap to the injection wells at approximately
atmospheric temperature,

Since air first was 1ntrodaced into the Robinson sand in May 1936 the
injection pressure has averaged 106 pounds. per square.inch, At this pressure
each injection well has affected an area of about ko acres of sand, or ap-
proximately twice the area affected by injection wells on those projects in
the Robinson field where injection pressures range from 25 to 40 pounds per
square inch. Core analyses of the oil sand under the Warnock project are not
available, but analyses of core samples from other parts of the field indi-
cate that the permeability of the sand probably will average 125 millidarcys.
In such a permeable sand, therefore, the high injection pressures used on the
Warnock project have caused channeling of the injection medium.to several of
the producing wells, and it has been necessary to disconnect these wells from
the vacuum system, Control over channeling has been made possible,  to some
extent, by reducing the 1n1ect10n rates of injection wells respon31ble for
the channellng. .

Six injection wells have 18-foot meter runs of 2- 1nch plpe, and two
wells are equipped with 21-foot meter runs, The:21- foot meter runs are pro-
vided with 6-1/L-inch traps to collect water present in “the 1nJeut10n medium
and are located below the meter runs which are elevated about 2- l/2 feet
above the surface of the ground. A l/h inch bypass - -around a stop :on the up-
stream side of each meter run includes a gate valve to regulate the rate of
flow of injection medium. Flanges, flange taps, and either l/8- or l/h inch
orifice plates are part of the meter runs. Flow measurements are made.
monthly with a portable manometer and pressure gage, and the rate of injec-
tion is computed, Volumes of gas injected and oil produced monthly are given
for the gas-injection period in table 10, Gas-injection figures are estima-
tions based on recommendations of the operators' personnel, or they are
interpolations of available data.

The use of air as an injection medium does not seem to have increased
the rate of corrosion of subsurface and surface equipment. Corrosion of
equipment before air injection was caused by water and small quantities of
hydrogen sulfide associated with the oil and gas in the:reseryoir.

239 - 3% .
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TABLE 10. - Volumes of gas injectedl/ and oil procduced by months - The Ohio 0il Co.
Warnock project
(Pressure base, 1k.L 1b. per sq. in. abs.; temperature base, 60° F.)

1936 1957 1938 1939
Gas 0il1 Gas ! 0il Gas 0il Gas 0il
injected, | produced, injected, i produced, injected, | produced, injected, ! produced,

M cu. ft. bbl., | M cu. ft. bbl. ! M:cu. ft. bbl. M. cu, ft. bbl.
January. .. ! 1,872 1,14k | 725 1,330 i 2,201 873
February.. 1,694 952 ; 770 1,031 2,005 799
March..... 1,931 9ok | 992 1,030 2,378 770
April..... 6hs 1,08k 1,524 1,288 2,292 glko
May.eooans 125 1,023 961 1,358 2,102 1,081 1,279 749
JUNCeeeesn 195 824 789 1,106 2,076 1,085 1,449 757
JulYeeens. 1,093 833 1,237 1,380 2,108 1,359 1,345 957
August.... ! 1,595 1,038 1,111 1,09k 1,767 1,117 1,311 756
September. 1,387 82 | 1,124 1,096 1,872 1,12k 1,161 951
October... 1,739 1,018 | 1,107 1,365 Poo1,k79 1,k 689 75k
November. . 1,677 . 882 ! 845 1,088 L 1,077 1,176 1,235 757
December., . 1,026 880 g 566 1,097 [ 1,922 1,396 1,185 952
Total.. 8,837 7,390 P 13,9682 13,713 18,414 | 14,431 18,53 9,925

See footnotes on page 35.

(]
=
1]
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TABLE 10. - Volumes of gas 1njected—/ and oil produced by months - The Ohio 0il Co.
. . Warnock project .(Cont'd.)
(Pressure basé, 1h.4 1b. per sq. in. abs.; temperature base, 60° F.)

19L0 1941 10L2 1943
Gas oil - . Gas 0il Gas ¢ 0il Gas 0il
injected, | produced, | injected, | produced,| injected, | produced, | injected, | produced,
M cu. ft. bbl. M cu. fi.. bbl, Mou. ft. | Dbbl. M cu. ft. bbl.
January... !|) 756 ) 959 ) 1,269 2,877 1,012
February.. |) 773 ) 984 )2/5,640 1,032 2,372 1,008
March..... ) 967 )2/7,500 1,286 ) 1,038 2,362 1,301
Aprilece.. |) 772 ) 1 o5u 2,102 1,047 2 658 1,055
Mayeeeooes |) 849 1,915 1,293 - - 1 ,905 1,313 2,771 1,031
June...... |)2/18,100 1,16k 2, 10k | 1,037 1 u78 1,053 1,951 1,273
JUYereees |) 921 2, ’ 060 | 1,038 1 813 1,046 2,765 1,043
Auguste... |) | 1,128 2,ooo 1,302 1,630 1,314
September. |) © 908 1,84k 1,049 1,446 . 1,0%2
October... |) 91k 1,649 1,052 2,k09 1,268
November.. |) 1,145 1,680 1,310 2,668 . 1,016
December.. |) C 935 . 1,760 1,045 2,605 1, 281
Total.. ?/18 100 1'11,232 55,570 13,380 T 23,696 13,709 17,736 1,723

1/ vVolumes of gas-computed from occasional tests.
2/ Estimated.
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The injection of air into the Robinson sand.has caused some’ oxidation
of the oil, but no study was made to determine the extent of oxidation.
Soon after the initial injection: of air in 1956, the injection medium chan-
neled to Mewmaw well No. 3 and an analysis of the produced,gas showed the
carbon dioxide content to be 14.2 percent by volume. The well was not pro-
duced after December 1936 but has not been Dlugged Analyses of samples :of
the gas produced by 4l oil wells in 1937 showed  a maximum carbon dioxide ..
content of 3.4 percent. Recent Orsat analyses of the prodiced gas 1ndlcated
that the amount of carbon dioxide present in a composite sample had increased
to 4.9 percent. Analyses’ of the gas produced by individual wells supplylng
part of the composite sample in November 1943 are given in table ll

TABIE 11, - Orsat analyses of gas produced from oil wells in the
Roblnson field --Warnock project

Percent by volume of sample .analyzed

Lease Well No. . (o) _ ECOg

J. N. Barnes ...... 6 13,4 6.6
DOt weveecvnnasse 2l 3.9 11.9
DO eevvacncnces 26 12.0 1.6
DOv vevvenvevnne 29 13.6 1.8
DO, teeensnnnces 31 .2 i
DO: veveensonans 32 9.2 7.0
DOv vevennseonas 36 3 .6

Je CULD sevevenonss T 5.6 3.6
M. McClain, fee ... 25 11.0 1.4
DOt wovsesnscnes 28 8.9 7.4
DOt tienennnnene 29 ’ 10.8 ~6i

E. MCWMAY 4evevenas 7 : 2.0 7.8
DO. wveenvnnnnn. 11 .6 1.k
Schwenke 1 : 2.8 1.6
Wm., Warnock, fee .. 3 i 6.4 6.6
DOs 4 eeevseseios T ) 77 l0.0B

When the tests were made, none of the oil wells listed in table 11 were
producing mixtures of air and gas that are considered explogive by ‘the oper-
ator. The mixtures were not recycled, however, because the' volume produced
was inadequate for both fuel and 1ndcct10n. An analysis of a composité sample
of air-gas mixture taken from the discharge side of a vacuum pump- showed that
5.0 percent of the sample was. oxygen and k.o percent carbon dioxide.

The general characteristics and distillation analysis of a sample of
crude oil from a run tank on the J. N. Barnes lease asre given in table 12,
The gravity of the oil is 33.8° A, P.I., and the viscosity at a formation
temperature (measured in Jurve 1943) of 84° F. 1s.59 seconds. Saybolt Universal,

or 8.5 centipoises.
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TABLE 12, - Chemical and physical properties of crude oil produced oﬁ

The Ohio 0il Co. Warnock project from Robinson sand

GENERAL CHARACTERISTICS

Sulfur, percent, 0.17

Saybolt Universal viscosity at 100° F., 53 sec,

Saybolt Universal viscosity at 8LOF,, 59 sec.

Specific gravity, O. 856
A.P.I. gravity, 33.8°
Color, greenish black

DISTILIATION, BUREAU OF MINES HEMPEL METHOD

Distillation at atmospheric pressure,_753Amm.

First drop, 31°C. (88°F.)

Fraction  Cut at- Per= Sum, Sp. gr., ©A.P.I., C.I. S.U, Cloud
No. °C. OF.  cent - per- 60/60°F 60°F, © visc., test,
. cent 100y, ©F,
1 50 122 = 0,5 0.5 )
2 7516777 2.2 2,7 ) 0.675 78.1 -
3. . -100. 21277 2.9. 5.6. .723 6.2 23
L4 125 257 5.1 10.7 + 740 59,7 22
5 150 302 5.4 16.1 757 55.4 22
6 175 347 5.5 . 21.6 775 51.1 2
7 200 392 5.0 26.6 .792 L7,2 26
8 225 L37 5.3 31.9 .808 43,6 28
9 250 482 5.8 37.7 .821 L4o.9 29
10 275 527 7.0 U7 .835 38.0 31
Distillation continued at 40 mm,
11 eoo, 592 2,7 k7.4 0.84k9 35.2 33 b1 15
12 225 L37 5.9 53.3 .856 33.8 33 k46 30
13 250 482 6.3 59.6 .869 31.3 36 59 50
14 275 527 5.3 64.9 .881 29.1 38 93 65
15 300 572 6.9 71.8 .890 27.5 39 165 85
Residuum 28.0 99,8 .955 16.7
Carbon residue of residuum, 8,0 percent; carbon residue of crude, 2.2 percent.
Base of crude: Intermediate -
APPROXIMATE SUMMARY
. "Percent  Sp. gr. °A.P.I. Viscosity
Light gasoline 5.6 0,700 70.6
Total gasoline and naphtha 26.6 0.752 56.7
Kerosine distillate 11.1 .815 he,1
Gas oil 14,6 Blk5 - 36,0
Noviscous lubricating distillate 10.6 .860-.882 33,0-28.9 50-100
Medium lubricating distillate 8.k .882-,894 - 28,9-26.8 100-200
Viscous lubricating distillate 5 .89&-.895 -26,8-26.6 Abave 200
Residuum 28.0 .955 16.7
Distillation loss 2
239 37 -
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Results

The total oil produced by the Warnock project during primary and vacuum
operations, to the beginning of gas injection in Mey 1936, was 1,334 barrels
per acre. The cumulative oil production during gas injection to August 1,
1943, was 145 barrels per acre. An estimate of the 0il gained as a result of
gas injection was made by extrapolating a production-decline curve (sec
fig. 7) and computing the oil gained as the difference between actual oil
production under gas injection and that expected under vacuum. An estimate
of the quantity of 0il gained each year for the gas-injection period between
April 1936 and August 1943 is shown in table 13, The decrease inoil produc-
tion during 1939 and 1940 was a result of State proration, which was 1n
effect between February 1933 and December 1940.

TABLE 13, - Qil-production statistics - Warnock project

0il production, bbl. i Bstimated oil

Year Normal declinc | Actual gained, bbl,
l9§6}/ cecsevessneancns 6,240 i 7,390 1,150
19;)7 ®ececcssecsvssecenns 8 700 15‘,718 5,018
1958 secscerecvesvecsce 8,100 i l)"',)"‘Bl ) 6,351
1939 ceeecesesenanansnn 7,500 9,925 2,he5
I9M0 tevviineianiinnenn 6,950 11,232 4 282
19’4'1 u.onﬁooooto.oocoio; 6,1"50 15’589 6,959
1942 L eieeernescncanada i 6,000 113,709 7,709
19)4‘52/ o9 0000000000000 ; /’200 ) 79725 | )"’,523
Total I EEEE XN ' Ra,lho 91 517 5 583577

1/ Iast 8 months. - 2/ First 7 months

Between May 1936 and August 1943, approximately 142,000,000 cubic feet
of air and gas were injected into the Robinson sand at an average pressure
of 106 pounds per square inch. A vacuum averaging 20 inches of mercury was
maintained on over half of the oil wells ‘so that the average differential
pressure between the injection pressure and the pressure in most of the oil
wells has been 116 pounds per square inch. The ratio of cumulative gas in-
Jected to oil produced was 1,550 cubic feet per barrel or approximately 3,700
cubic feet of gas for each barrel of oil estimated to have been gained. The
injection medium has been introduced at an average daily rate of approximately
340 cubic feet per foot of sand per injection well. The estimated volume of
0il gained by gas injection was 61 barrels per acre. The cumulative oil
production since 1906 was l,h79 barrels per acre,

The cost of developing the Warnock gas-injection project probably was
less than -that of the other three projects discussed in this report. No
wells were drilled during the development of this project, which, in itself,
was a major reduction in expense. Second-hand material and. equipment were
used when feasible, and the purchase of new equipment was held to a minimum.
The investment per acre in developing a project. today et.the higher costs of
labor and materials would be greater than the original investment on the
Warnock project
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R.I. 3783

TABLE 14. - Summary of operations for The Ohio 0il Co. “arnock project, Crawford County, Ill.

iAverage in- Ratio of gas ; Ratio of gas Horsepower of
Ges tjection nres-Injection- 0il-well Istimated Cumulative Cumulative |injected to oil |injected to oil,compressor and
injected,lvgsuro, 1v. well spacing, spacing, area affected,| oil production,j 0oil - gained, |produced, cu. ! gained, cu. vacuum pump
Year (i cu. ft. |per si. inch jacr>s ner well beresper welll  ecres bbl. per acre bbl. per acre ft. per bbl. Ift. per bbl. srime movers
19362/ %, 827 80 105.0 I 7.6 1 2LC 11.7 1.8 1,200 5 8,500 105
1937 | 13,982 | 99 50.0 1T 280 33.5 9.7 1,020 L2,790 105
1938 18,11k 1103 78.8 7.8 300 56. U4 19.7 1,280 | 3,050 105
1939 18,530 ? 121 . 78.8 ! 7.8 300 72.2 ‘ 23.6 1,870 i 10,270 105
1940 18,100 | 113 ; 7%.8 : 7.8 300 90.0 L 0.4 1,610 ! 5,430 105
1941 22,572 1 113 . 70.0 7.9 300 111.2 : b1k ! 1,690 | 3,970 105
19l2 L 23,696 { 104 78.3 7.8 z 300 133.0 . 53.6 ! 1,730 : 3,850 105
19&31/ i 17,736 | 108 78.8 i 7.8 ! 300 145.3 ; 60.8 | 2,300 5,210 105
rotal | 1L1,867 | j ! 1545.3 ; 60.3
Average L 106 s . 1,550 4,330
1/ Comzputcd from occasionszl tests.
2/ Last » months of 1935.
3/ Tirst 7 months of 1943.
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The Ohio 0il Co. Plymouth Project

The Ohio 0il Co. is injecting air into the Hoing sand in the Colmar and
Plymouth oil fields of Hancock and McDonough Counties in west-central I1li=
nois. The Hoing sand is at an average depth of L&7 feet in the Colmar field
and averages 12 feet in thickness. One and one-ha!f miles southwest, in the
Plymouth field, the sand occurs at an average depth of 430 feet and averages
11 feet in thickness,

The Hoing sand in each field was subjected to vacuum in 1926, before
air-injection operations were begun, and a substantial increase in the rate
of oil production was obtained, Air injection, which wvas begun in the
Plymouth field in 1934 and in the Colmar field the following year, resulted
in still greater rates of oil recovery. O0il production from each field has
declined for the last few years at a rate exceeding the decline rate for the
period preceding vacuum operations; the production rate in 1943, however,
almost doubled that in 1925,

The distance between fields has made desirable the maintenance of sepa-
rate compressor plants, centrally located with respect to each field. The
0ld vacuum pipe-line systems were used, wherever feasible, for distribution
of air to the various injection wells. Although secondary-recovery practices
are identical, the available historical and operating data for each field
Wwill be presented separately. All but 200 acres of the Colmar oil field,
with a productive area of approximately 1,600 acres, and the Plymouth oil
field, with a productive area of 410 acres, are included in the two projects.

The Plymouth project lies in secs. 19 and 20, T. 4 N., R. & W,,
McDonough County, Ill,, and sec. 24, T. 4 N., R. 5 W., Hancock County, Ill.,
and encloses a productive area of 410 acres. 0il wells are produced from the
southern and southeastern flank, near the crest of an anticlinal struc-
ture.}l/ The structure also is productive on the northeastern flank in the
Colmar field, but FloOdlﬁ/ reported that the sand probebly is not connected
between the two fields. A map giving the location of producing and injection
wells is shown as figure 8. There is no spacing relationship for oil wells
and injection wells, but oil wells generally are 44O feet apart.

History

Original development of the Plymouth oil field was begun in 1915, when
Peter Hamm well No, 1 was completed in the Hoing sand and flowed at a daily
rate of 280 barrels of oil. By the end of 1916 the field was developed com-
pletely. Initially the wells produced 2 to 280 barrels of oil daily and
averaged 35 barrels, but by 1925 the average daily oil production had de-
clined to approximately 0.7 barrel per well, In May 1926 vacuum was applied
to the Hoing sand, and almost immediately the average daily oil production

11/' Hinds, Henry, Oil and Gas in Colchéster and Macomb Quadrangles:
Illinois State Geol. Survey, Bull. No. 23, 1917, pp. 45-50,
18/ Flood, Millard H., petroleum engineer, Thé Ohio 0il Co., Robinson, Ill.
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inqreased from 0.68 to 0.3% barrel per well. A daily oil-producing rate of
about 0.9 barrel per well was maintained until January 1931, when production
was prorated. The low oil-producing rate allocated to the Colmar and Plymouth
fields during the proration period resulted in the suspension of vacuum
operations until oil-producing restrictions were removed in November 1931.
Vacuum was discontinued after air injection was begun on February 10, 193L.

Production records indicate that in 1915 only enough gas was produced
with the o0il in the Colmar and Plymouth fields tc provide fuel for two gas
engines, No evidence of important water encroachment in the sand was ob-
served, and because gas dissolved in the oil under pressure supplied the
principal propulsive force to drive the oil to the producing wells, the
recovery of oil by primery producing methods was small.

Characteristics of 0il Sand

No wells were drilled in the Plymouth oil field after 1916, therefore
core analyses of the oil sand are not available. Drillers' logs indicate
that the Hoing sand is L4 to 22 feet thick. Characteristics of the producing
zone probably arc comparable to those of the Hoing sand in the Colmar field.
Structural and isopachous maps and a cross section of the Hoing sand are
illustrated in figures 9, 10 and 11.

Development

Injection of air into the Hoing sand was begun on February 10, l95h,
after Homm well No, 1, an old oil well, was prepared as an injection well.
The well received air from a porteble compressor at a daily rate of 80,000
cubic feet and a pressure of 45 pounds per square inch. Eight additional
0il wells were converted to injection wells by June 1, 1934, and the daily
injection rate was reduced to h0,000 cubic feet per well at a maximum pres-
sure of 50 pounds per square inch. At the end of the year 16 oil wells had
been converted to injection wells, Development of the Plymouth project may
be followed in table 15 to August 1, 194%, when 19 injection wells ( with a
spacing of 22 acres per well) and 42 oil wells (spaced 9.8 acres per well)
were in operation,

The initial rate of air injection into the Hoing sand proved to be
excessive, and channeling was evident. Wells nearest the injection wells
usually were affected within a week of the first injection of air. On
December lh, l93h, the compressor plant was shut down to reduce the delivery
rate of the two compressors. While plant adjustments were being made, 1/8-
inch orifice plates were installed In the meter run at each injection well
as a means of regulating air-injection rates and, to some extent, reservoir
pressure, This method of regulation later was proved unsuccessful and it
was abandoned, Alr injection was resumed on May 1, 1935, at an average daily
injection rate of approximately 10,000 cubic feet per well. Since that time
the daily injection rate has rapnged from 9,000 to 12,000 cubic feet per well.
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TABIE 15. - Development of The Ohio 0il Co. Plymouth project

Active air-injection wells Active oil wells Compressors
Spacing,l/ }_ Spacing,l/ in _
Date | Number acres per well Number | acres per well operation Remarks
Mey 1, 19352/ 16 25.6 L6 8.9 2 16 oil wells were converted
! to injection wells in 1934,
Jan. 1, 1936 19 21,6 43 9.5 2 B oil wells were converted
‘ { to injection wells in 1935.
Jan. 1, 1937 18 22.8 Lk 9.3 o 1 injection well was con-
| verted to an oil well in
, | 1936.
Jen, 1, 1938 | 18 22,8 | Lk 9.3 2 |
Jan. 1, 1939 18 22,8 ([ Lb 9.3 2 i
Jan. 1, 1940 19 21.6 Lo 2.8 2 P 0il well was abandoned
i and 1 oil well converted
i to an injection well in
| 1959,
Jan, 1, 1941 119 21.6 Lo 9.8 2 |
Jan. 1, 1942 19 21,6 Lo 9.8 2 i
Jan. 1, 1943 19 2l.6 Lo 9.8 2
Aug. 1, 1943 19 21,6 42 9.8 2

1/ Computed for a productive area of W10 acres.

g/ Cempressor plant not in operation from December 1L, 193k,
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Vell-Completion Methods

All wells included in this project were drilled in 1915 and 1916 and
shot with 2 to 4 quarts of nitroglycerin per foo* of sand. The casing
usually congisted of a surface string of 8-l/h-inch drive pipe set at a
depth of approximately 30 feet and 6-1/h-inch pipe set about 240 feet above
the top of the Hoing sand at an average depth of 190 feet, During develop-
ment of the Plymouth project no additional ‘explosives were used in the oil
wells, and the wells are still cased in the same manner. 011 wells are
equipped with 2-inch tubing set on bottom and pumped by central power.

A1l of the air-injection wells are old oil wells. O0il wells were con-
verted to injection wells by cleaning out the shot hole and setting on
bottom tubing with a perforated anchor and an anchor packer. The perforated
section of tubing, about 4 feet in length, was placed opposite the sand, and
the anchor packer was set in the lower part of the 6-1/k-inch casing. Ordi-
narily the 6-1/k-inch casing was pulled during conversion, and demaged joints
were replaced with good pipe. This method of completing injection wells is
both rapid and simple and is applicable particularly to the Plymouth field,
where the shot holes must be cleaned out frequently.

Operating Practice

A compressor plant on the east line of the Peter Hamm lease in the
center of the Plymouth field is composed essentially of two horizontal two-
stage compressors and their prime movers. One compressor is a Worthington
Feather Valve (10-1/2- by 4-3/4- by 12-inch) and the other an Ingersoll-Rand
Imperial (8-1/2- by 4-1/2- by 10-inch). Both compressors discharge into a
common header at an average pressure of 50 pounds per square inch. Water
accumulation 1s removed from the header by means of a valve at the end of
the header. ZEach compressor is belt-driven by a 30-horsepower oil engine.

A part of the old vacuum pipe-line system was converted to a distri-
bution system for the injection medium. The main pressure line - 3-inch
pipe approximately 1 mile in length - extends east-west through the center
of the field, and 2-inch lateral lines tie into the 3-inch trunk line to
conduct air to the injection wells, Traps for removing water “are located
at low points in the system.

Measurements to determine the rate of flow of the air injected into
the Hoing sand are made at a meter run at each input well, The meter runs
congist of 20 feet of 2-inch pipe and tapped flanges containing l/8-inch
orifice plates. All meter runs are elevated about 2-1/2 feet above the
surface of the ground to minimize the accumulation of water near the orifice
and to facilitate the measurement-of.flow rates., Flow measurements are made
monthly with a portable manometer and pressure gage; and the individual in-
Jection rates are computed. A record of the air injected and oil produced
monthly is given in table 16. '
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TABLE 16, - Volumes of air 1n]ected_/ and oil produced by months on
The Ohio 0il Co. Plymouth project

(Pressure base, 1b4.4 1b. per sq. in. abs.

; temperature base, 60° F.)

1954 - | 1935 1936 ! 1937 19%8

Air 0il | Air 0il Alr 0il Alr 0il “Air 0il

injected, |produced,; inJjected, produced, |injected, produced,| injected, produced injected, jproduced,
M cu. ft. bbl., " Mcu. ft. ! Dbbl. |M cu. ft. bbl, |M cu. ft. bbl. (M cu. ft, bbl.
January.. ' ’ iPressure Plant; 2,475 ) 2,k78 2,59k ) 2,450
February. 1,350 1,739 Shut Down 2,549 1,223 )2/15,000' 2,552 ) 2,541
March.... !) 2,438 i12-1k-3k to 2,048  1)2/22,000| 3,089 ) 3,336 )2/27,500 ! 3,1he
April.... ) | 2,588 5-1-35 1,400 3,035 Lo73hi 3 L7k ) 2,2
May...... ) 3,485 6,327 2,282 6,783 3,113 2,641 ) 2,286
JUNE,sss. ) 3,316 7,035 3,%93 5, 658! 3,511 | )2/15,000! 2,088 5,445 ! 2806
July..... )2/106,500] 3,696 |) 3,567 5,131 2,979 |) | 2,935 1) | 2,560
August... ) C bes7 1) 3,233 6,067, 2,692 5,273 3,591 |) 2,638
September ) 3,827 ) 3,066 2/5 500! 3,158 2/5 500 3,399 )2/33,000 | 2,607
October. . ) | 3,951  1)2/39,000 3,608 L0771 3,062 5,611 2,586 |) 1,741
November, *) 3,527 ) 2,84k _ {3,134 -] 3,031 ) I 2,518
December. |- 2,506 1) 2,852 1)2/11,000| 3,324 ;)2/10,000! 2,270 |} 2 148
Total. i . 107,750135,353 52,362 ﬁ5 997 1~ 66,288]34,798 60,621 34,297 65,955 130,269

1/ vVolumes of air computed from occasional test
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TABLE 16, - Volumes of air 1njected_/ and oil produced by months on
The Ohio Oil Co. Piymouth project (Contid.)

(Pressure base, 1k.4 Ib. per sq. in. abs.; temperature base, 6c° F.)
1939 1940 1941 S 1942 1943
Air o 0il Air 0il _Air 701l ! Air 0il Air 0il
injected, |produced, ; injected, produced, {injected, |produced, | injected, |produced, injected, lproduced,
M cu. ft.i bbl. . M cu, ft. bbl, |M cu. ft. bbl. }M cu. ft. Pl. ‘M cu. ft, bol.
January. . 5,100 1"'2,029 ) 1,825 ) 12,313 1) 2,115 :2/6,000 1,719
February. |) 2,103 ) 2157 ) 2,1k ) 2,031 5,561 1,74k
March.... |) 2,565  |)2/37,800 2,598 |) 2,293 {)2/26,000! 1,920 6.727 | 2,390
April....)) 2,222 ) 2,u82 ) 12,kol ) 1,933 .,6 408 1,939
MY esooes i) 2,755 ) 2,673 )y - 2,418 6,526 2,512 ! ;5,6&1_ 1,907
June.....1)2/60,500 | 2,817 ) 0260 |)2/78,0001 2,438 |) 1,825 | 6,219 | 2,k06
Julyeoeess |) ' ,;60 6,362 2,466 ) 2,160 ) 2,075 05,701 | 1,8%5
Augustee. |) 2,586 ) 2,613 ) 2,111 ) | 2,543
September |) 230 ) 2,572 1) 11,993 |)2/45,500 2,483
october. , g 12500 )2/31,500 2,550 1) 2,238 1) 1,954
November. 2,463 ) 2,230 ) 1,04k ) 1,656
December, |) 2,125 ) 2,35% ), 2,249 ) 2,139 ,
Total, 65,600 | 28,56k i 75,662 285,579 78,000 126,792 78,026 125,494 42,2323 3,940

1/ Volumes of air computed firom occasional tests.
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Excessive channeling of air through the more permeable sections of the
gand has occurred several times; but two corrective measures have been
applied successfully, and serious channeling of air to producing wells has
been overcome, One consisted of raising fluid levels in the oil wells as
high as 100 feet above the top of the sand. "Although the back pressv“e on
the sand obtained by controlling fluid levels was adequate for reducing
channeling, the operating practice required close supervision and was aban-
doned in favor of the method now in use. Under the new procedure back
pressure igs maintained in the casing and on the sand face by installing l/h—
inch brase petcocks in the 8-1/k-inch casing through which air-gas mixtures
entering the well bores are exhausted to the atmosphere. The small-diameter
petcocks, which remain open, efflect a back pressure by msintaining a maximum
or critical velocity of the air-gs&s mixtures that escape through them,

The operator reported that the use of air as an injection medium has
not affected noticeably the rate of corrosion of surface and subsurface
equipment, Before the injection of air intoc the Hoing sand, corrosion of
equipment was caused by hydrogen sulfide and water prcduced with the oil.

Orsat analyses of the alr-gas mixtures produced to the atmosphere by
8 of the 42 o0il wells were made on Octcber 26, 1543, The tests were con-
ducted on the mixtures produced from wells located near injection wells.
Results of the tests are presented in table 17.

TABLE 17. - Orsat analyses of gas produced ffom.oil
wells in the Plymouth field

Percent by volume of sample
analyzed

Lease Well No. - 0 : i Co,

C. S. AleShiTe eeeeccscsevcsns 5 16,8 | 1.0
We A, RUSELES wevesnoessansans 6 18.7 oh
Peter Hall sesesesesecscsncans 2 17.4 .8
Dol S P 0OPOGOQQOGEOINPBPOIEELEOLEPIOIEPOIEOSEEOETDIODN . 8 l?.o loo
DO. S8 000 0089000000 O E l,‘l’ 18.)4‘ Ol"
DO. 0000000'00000000‘0.0'0. 17 1601 l.ll‘
Lyon Heirs P9 00 0 SO OPOIOSOEOEPIPITPOCEOSEOTDILIOE 6 18.9 .5
DO. 2066000000000 0000000CTTTS § lh' ) 1762' loo

General characteristics and the results of a distillatiép analysis of
a sample of crude oil taken from the oil and water separator on the Hamm
lease are given in table 18, The gravity of the oil is 35,40 AP.I., and
the viscosity of the oil at a formation temperature (measured in June 1943)
of 680 F, is 63 seconds, Saybolt Universal, or 9.3 centipoises,
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TABLE 18, - Chemical and physical properties of crude oil produced on
The Ohio 0il Co., Plymouth project from Hoing sand

GENERAL CHARACTERISTICS

Sulfur, percent, 0,26 - Specific gravity, 0.848
Saybolt-Universal viscosity at 1009 F., 48 sec. A P.I. gravity, 35.4°

Saybolt Universal viscosity at 68 F., 63 sec, Color, greenish-black

DISTTLIATION, BUREAU OF MINES HEMPEL METHOD . . 5
Distillation at atmospherlc pressure, 753 mm. First drop, 33°C. (91°F.)

Fraction. Cut at- Per- . Sum, Sp. gr., ©A.P,I. C.I. S.U. Cloud
No. "¢, ©°r. cent per- 60/60°F. 60°F . visc., test
cent 100°F, OF.
1 50 122 07 0.7 )
2 5. 167 1.8 2.5 ) 0.662 82.2 -
3 100 212 3.5 6.0 . 709 68.1 16
L 125 257 6h-- 12,4 .731 62.1 18
5 150 302 5.0 17.4 . 748 S5T07 18
6 175 347 5.0 22,4 765 535 19
7 200 392 5.5 27.9 .782 k9.5 2l
8 225 437 5.5 334 798 15.8 23
9 250 1482 5.5 38.9 812 k2,8 ok
10 275 527 6.5 b5.4 .826 39.8 26
.Distillation continued at 40 mm,
11 200 392 4,5 49,9 0,840 37.0. 29 29 20
12 225 L37 5.9 55.8 .851 3k..8. 30. 46 35
13 250 482 5.6 61,4 .865 32,1 3l 58 55
1k 275 527 6.0 67.h .878 29,7 37 87 70
15 300 572 5.3 72.7 .890 27.5 39 160 85
Residuum 27.1 99.8 0.956 16.5

Carbon residue of residuum, 9,0 percent;.carbon residue of crude, 2.4 percent.
Basé of crude: Intermediate '

APPROXIMATE SUMMARY

Percent Sp. gr. CA.P.I. Viscosity

Light gasoline 6.0 0.691 73.5 "

Total gasoline and naphtha T 27.9 0,741 59.5

Kerosine distillate 11.0 .805 bl 3

Gas oil 15.9 538 7.4

Nonviscous lubricating distillate 10.6 .856-.880 33.8-29,3% 50-100
Medium lubricating distillate 7.3 .880-.895 29.3-26.,6  100-200
Viscous lubricating distillate - - - Above 200
Residium - 27.1 <956 16.5
Distillation loss .2
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Results

The estimated cumulative oil production for the Plymouth project be~~
fore the initial injection of air in February 1934 was 84.5 barrels per -
acre-foot, and the cumulative oll production duri ng air-injection operatlons
to August 1, ;945 .was: 65.9 barrels per acre-foot. An estimate of the oil
gained for a U-percent decllnp in the rate of oil production-under vacuum
operations is given in table 19. Because of the difficulty of extrapolating
a decline curve for this project (see Tig. 12), the Lk-percent decline rate
was adopted on the recommendation of englneerg familiar with operations in
this field.

TABLE 19. - Oil;production statistics - Plymouth project

0il production, bbl. | Estimated oil

) Year 4-percent decline Actualﬁ gained, bbl.
103h L e 20,780 35,3531 1k 573
1955 ®e 0 v 0essee0s0sees st 21,767 55 297' ll,/)
1935 tevesecerevscacncncenss 20,896 - 54,,98 13,902
1937 seveseecosesssscecccons | 20,060 34,297 1&,257
1938 tuitiiitiinntinnsnanons 19,258 30,269 11,011
1939 tevesrvscescnesssacanans . 18,488 28 56&‘ 10,076
1940 tevienniirierenannnnnes 17,748 28,)79 10,831
e 17,038 26,792 9,754
19&2 Geeesessssesestscnences 16,356 - 25,49l 9,138
108327 e 9,160 15,940 k,780

TOtALl svevoovosnvasnnns 181,551 291,383 109,832
1/ Lest 11 months. 2/ First seven months.

0il production by leases is illustrated graphically in figure 13%. In-
sufficient evidence was available to explain the relatively poor response of
the Lyon Heirs. and Hamm leases to air injection. Four of the first six in-
jection wells placed in operation early in-1934 were on Lyon Heirs and Hamm
leases, The initial injection rates were relatively high, ranging from
3,500 to 7,000 cubic feet of air per foot of sand dmily. O0il production
from the five. other leases during air injoction exceeded that for the period
of primary vacuum operations.

From February 1934 to August 1943 aporoximately 692,500,000 cubic feet
of air were injected into the Hoing sand at an average pressure of 28 pounds
per square inch. A volume of 2,380 cubic feet of air was injected for each
barrel of oil produced or 6 »lO cubic feet of air for each barrel of oil
estimated to have been gained by August 1, 1943, The driving medium was in-
Jected at an average daily rate of approximately 1,040 cubic feet per verti-
cal foot of sand exposed in each well, The estimated volume of oil gained
by the injection of air was 268 barrvels per acre. The cumulative oil pro-
duction (on August 1, 1943) for all of the leesps comprising this project
was about 1,600 barrelo per acre. -
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TARLE 20. - Summary of operetions for The Ohio 0il Co. Plymouth project, Hancock and McDonough Counties, I1l.

| | Average in- E ! ( | Estimated Ratio of air Ratio of air
. Air tjection pres-, Injection- ! 0il-well | Repressursd!Cumulstive oilicumuletive injected to injected to t HForsenower of
iinjectcd,l/§sure, 1b. per| well spacingJ spacing, ; area, i production, !oil gaincd. :0il produced, 0il gained, compressor
Year i cu. ft. | sq. in. scres per well acres per well acres lbbl. ner acre |{bbl. per acreicu.ft. per bbl. |cu. ft. per bbl.|prime movers
19342/ | 107,750 % L5 25.6 b 8.9 I5X} | 86.2 35.5 3,050 7,390 ! 60
1935 PoB2,362 36 i 21.6 g 9.5 410 o 167.b 63.g ; 1,270 4 5ho ! 50
1936 | 66,228 : 27 22.8 ; 9.3 410 I 252.3 s7. R 1,900 4 760 i 60
1937 60,621 | 26 22,3 | 9.3 110 | 336.0 132.3 1,770 | 4,260 60
1938 ? 65,945 | el i 22.8 ! 9.3 U10 ; 409.8 159.1 2,180 3 5,590 60
1939 | 65,600 | 22 21,6 i 2.8 © h10 I 479.5 183.7 2,300 ! 6,510 60
1940 . 75,662 2 ; 21.6 ; 5.8 .o o oka.e 210.1 | 2,650 g 6,990 50
1941 78,000 oL f 21.6 | 9.8 - o . 61u.5 233.9 ; 2,910 | 8,000 60
1942 ) | 78,026 ! 23 f 21.6 ; 9.8 - Lo 67647 256.2 ! 3,650 g g, 540 60
19433/ _be,323 . ok H 21.6 ; 9.8 o 710.7 267.9 ; 3,360 | 8,850 60
Total | 592,517 g | i 710.7 267.9 ;
Averagc | foog ? ] ; | ! 2,380 6,310

1/ Computed from occaesional tests.
2/ Last 11 months of 193k,

3/ First 7 months of 1943.
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The Ohio 0il Co. Colmar Project

The Colmar project, in secs. 9, 10, 14 15, and 16, T. ¥ N., R. 4 W.,
McDonough County, Ill., encloses a productive area of 1,420 acres. O0il is
produced from the Hoing sand on the northeastern flank of an anticline about
1-1/2 miles from the crest of the structure. Wells encbuntered the top of
the sand at an average depth of 463 feet in the Colmer oil field, an average
of 33 feet deeper than those drilled in the Plymouth oil field, before pene-
trating the sand. The top of the sand, however, is 60 to 70 feet lower on
the sturcture in the Colmar field. The Hoing sand in the Colmar oil field
averages 12.4 feet in thickness. .

Historx

Most of the wells in the Colmar field were drilled in 191k and 1915.
The wells originally produced from less than 1 to 150 barrels of oil daily
and averaged 20 barrels daily. The daily oil-producing rate of wells in
the Colmar field, as in the Plymouth field, declined to a fraction of a
barrel per well by 1925. Vacuum was applied to the Hoing sand in May 1926,
and the average d-ily oil production per well increased from 0.41 barrel in
1925 to 0.54 barrel in 1926, An average daily oil-producing rate of 0.61
barrel per well was maintained until January 1931, when Illinois oil produc-
tion was prorated., Vacuum operations were suspended until oil-producing
restrictions were remoted in November 1931 and then were discontinued after
air inJection was begun in July 1935.

A slow encroachment of water was reported in the north and northwestern
part of the field, but as the water drive was ineffective in the Hoing sand
and too little enorgy was provided by the small volume of gas initially
associated with the oil, a low recovery of oil was achieved by primary
methods.,

Characteristics of Qil Sand

Wells drilled during 1943 for a pilot water-flooding project on the
Hendricks and McFadden leases provided mush of the available information on
the reservoir, Analyses of core samples from these wells, supported by
drillérs' logs of other wells in the field, reveal that the Hoing sand is
7 to 26 feet thick., The average thickness of the sand is 12.4 feet.

The average porosity of the cores taken from nine wells in the water-
flooding area was 18.3 percent. The average permeability of the core samplos
was a littlemorc than 1 darcy. The sand in six of the wells was cored using
an oil-base drilling fluid. The average oil content of these cores was 52.5
percent of the average pore volume of the cores, whereas the average oil
saturation of the sand cored in three other wells, using a water-base drill-
ing fluid, was 26,8 percent of the average pore volume. The average water
saturation was 22.8 percent of the pore volume of sand cored with oil and
51.9 percent of the pore volume of sand cored with water. The oil-satura-
tion figures cited above do not include values for the lower 2 or 3 feet of
sand, which have a water content of approximately 70 percent. A core log
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prepared from the results ofﬂanalyses of samples cored with oil inithe
McFadden well No. Q-10 ig shown in figure 1b, It is believed that similar
sand characteristics exist for the Hoing sand in the Plymouth oil field.

Development

A surface map of the Colmar project (sée fig. 15) shows the locations
of producing and air-injection wells on.dJuly 31, 1943. Figures 16 to 18
give maps and crosg. sections of the Colmar field. Air-injection patterns
seldom are complete, and never are repeating because the leases comprising
this project were not fully developed by drilling. The complete pattern,
when it occurs, ‘is. an inverted five-spot, with the injection well in the
center of four oil wells. The 1n1ect10n well is 44O feet from each producing
well in the pattern,

Development of the Colmar project was begun more than a year after the
first injection of air into the Hoing sand in the Plymouth oil lleld and the
operator's experience with high injection rates and their detrlmcntal effects
on the sand in that field resulted in the use of lower initial injection
rates in the Colmar field, Hendricks well No. 32, an old oil well, was
chosen as the first injection well, and air was introduced into the Heing
sand through it on July 2, 1935, at a deily rate of 14,000 cubic feet. By
the end of the year 46- 1nJect10n wells, spaced:30.9 acres per well were in
operation., Annual development of the Colmar project to August 1, lQMB, when
the number of injection wells was reduced to Ly with a spac1ng of 32.3 acres
rer well, is summarized in table 21.

Well-CompletionéMethods

Most of the oil wells in the Colmar project were drilled in 191k and
1915, and the completion practires were similar to those described under the
Plymouth project. Three wells were drilled after 1935, in addition to those
drilled during 1943, in an area of approximately 70 acres for the pilot
water flood begun in June 1943,

A1l of thejair-injeotion wells are old oil wells that were converted
to injection wells in the same manner as for the Plymouth project.
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|
'

TABLE 21, - Development of The Ohio 0il Co. Colmar project
. Active air-injection wells Active oil wells, Compressors
: ' Spacing,=/ Spacing,L/ in
Date lNumber iacres per well Number! acres per well., operotion Remarks
Jan., 1, 19%6 i ! 30.9 173 i 8.1 3 L6 o0il wells were converted to
; } ; injection wells and 1 oil well
| | i was drilled in 1935.
Jan, 1, 1937 | 47 30,2 1173 | 8.2 3 1 oil well was converted to an
; ! f injection well and 1 oil well
! | ! was drilled in 1936.
Jan, 1, 1938 | L7 | 30,2 17h 8.2 3 1 oil well was drilled in 1937.
Jen. 1, 1939 , 49 | 29,0 172 8.3 % % 0il wells were converted to
g ‘ injection wells, and 1 injec-
j | | tion well was converted to an
: ! ; 0il well in 1938.
Jan, 1, 1940 | 49 | 29.0 172 | 8.3 3 I1 0il well was converted to an
g : injection well and 1 injection
' well to an oil well in 1939,
Jan, 1, 1941 48 29.6 173 8.2 3 |2 0il wells were converted to
i injection wells and 3 injec-
! ! tion wells to oil wells in
! | 19k0.
Jan, 1, 19k2 48 29,6 173 8.2 L |
Jan. 1, 1943 L8 29.6 173 8.2 L !
Aug, 1, 1943 Ll 32,3 177 8.0 4 ;4 injection wells were con-
I

verted to oil wells in 1943,

|
1/ Computed for a productive area of 1,420 acres.
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Operating Practice

A compressor plant is located on thé Hendricks lease near the center of
the field. The plant is composed essentially of f£fur Ingersoll-Rand, Hori-
zontal, twin-cylinder (8-1/2- by 10-inch) compressors and their prime movers.
The prime movers consist of one 35-horsepower and three 30-horsepower oil
engines, The compressor cylinders operate under single-stage compression
and discharge into the same header at an average pressure of 50 pounds per
square inch, Moisture is condensed from the compressed air by reducing its
temperature at the plant. A cooling coil, consisting of approximately 100
feet of 8- l/h inch plpe arranged in a U shap° was constructed outside the
compressor building. After compression, air from the header flows through
the coil where its temperature is reduced by the transfer of heat to the
coil, and moisture is condensed. The weter that accumulates in the coil is
blown periodically to the atmosphere. The heat lost by radiation does not
decrease the temperature of the air substantially, however, because at the
customary rate of flow of air through the coil, the differential between the
temperature of the atmosphere and that of the coil usually is too small to
effect a large reduction in temperature.

The compressed-air distribution system consists of four 3-inch trunk
lines, 2-inch lateral lines from the trunk lines to injection wells, and
traps. to remove water. Three 3-inch lines, 1 to 1.5 miles in length- and
0.5 mile apart, are laid north-south and connected by another 3- inch llne
about 1 mile long, laid east-west through the center of the field. Air is
supplied to the injection wells through 2-inch lines connected at convenient
points to the 3-inch lines. .

Back pressure on the highly permeable Hoing sand is maintained in both
the Colmar and Plymouth oil fields to minimize excessive channeling of the
injection medium. In the Colmer field, as in the Plymouth field, back pres-
sure is maintained by venting to the atmosphere at restricted rates the air
and gas produced through the casing of the oil wells. On the whole, the pre-
cautions taken for preventing excessive channeling have been satisfactory,
but channeling of the air to one or more producing wells occurs ocasionally.
Water is injected into the sand through the nearest injection well as a
temporary corrective measure for persistent channeling. As much as 3,000
barrels of water have been injected into the sand through one well in
several treatments.

The pressure within the reservoir has varied widely during air injec-
tion. A large number of fluid-level measurements made in 1938 indicate that
the bottom-hole pressuwes at that time averaged approximately 15 pounds. per
square inch but ranged from 6 to 22 pounds per squere inch. Fluid-level
measurements made in the last 2 years verified that bottom-hole pressures
have continued to vary eppreciably from one well to another. The lack of
unlformlty of reservoir pressure probably has resulted in the migration of
0il from high- to low-pressure producing arveas, especially where the high-
pressure areas are structurally high.
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The rate of air injection is determined in the same manner as was de-
scribed for the Plymouth project. A record of the air injected and oil pro-
duced for the Colmar project is given in table 22. The values for thc
volumes of air injected are estimatcs based on monthly flow tests, end
scveral of the air-injection figures either are interpolations of the
aveilable data or were recommended by production men in the field,

As in the Plymouth oil field, water and the small quantities of hydrogen
sulfide associated with the oil in the reservoir caused most of the corrosion
of subsurface and surface equipment before air-injection operations were
begun. The rate of corrosion of equipment has not becn affected perceptibly
during air injection,

Orsat analyses of gas produced from 30 of the 177 oil wells on this pro-
ject were made October 25 and 26, 1943, Results of the tests, which are
given in table 23, are not considered conclusive proof that oxidetion of
the 0il has occurred. The operator reported that no evidence of sand
plugging with solid oxidation products has been found.

The gener=zl characteristics and distillation anelysis of 2 ssmple of
crude oil taken from the oil and gas separator on the Hendricks lease are
shown in table 24, The gravity of the oil is %5.80 A.P.I., 2nd the viscosity
at a formation tempereture (measured in June 1943) of 68° F, is €0 seconds
Saybolt Universal, or 8.6 centipoises.

Results

The estimated cumulative oil production for the Colmar projcct before
the initial injection of air in July 1935 was 65.4 barrels per acre- -foot,
and the cumulative oil production during air injection to August 1, l9h5,
was 43,9 barrels per acre-foot., An estimate of the oil gained for a k-per-
cent decline in the rate of oil production during vacuum operations is given
in table 25. Because of the difficulty of extrapolating a decline curve for
this project (see fig. 19) the 4-percent decline rate was adopted on the
recommendation of engineers familiar with operations in this field.

A1l except two of the leases comprising the Colmar project have pro-
duced more oil during secondary-recovery than during primary operations.
Such unusual results are misleading, however, unless it is recognized that
“the initial energy in the reservoir was very limited. The original oil con-
tent of the Hoing sand was over 500 barrels per acre-foot, and the total
primary recovery of oil from the sand in the Colmar field was approximately
L1 barrels per .acre-foot; therefore less then 10 percent of the oil origi-
nally present was produced during the primary-recovery period between 191k
and 19”6 The proportion of oil recovered from each lezse in the project
during primary- and secondary-recovery operations is given in figure 20.
‘Generally leases responded to secondary-recovery operations in.a manner in-
dicated by their past productivity; that is, a lease with high oil recovery
during primary production usually realized a correspondingly high oil re-
covery during secondary-recovery operastions., One notable exception is the
Mycrs a/c 2 lease which had a higher oil recovery during air injection than
during both primery and vacuum operetions.
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TABLE 22. - Volumes of air injectedl/ and o0il produced by nonths on
The Ohio 0il Co. Colmar project

(Pressure base, 14.I 1b, per sq. in. abs.; temperature base, 60° F.)
1955 1936 1937 1938 N 1939
Air 7 0il ~ Alr 0il Air i 0il” Air b 0il | Air 0il
injocted, !produced, !injected, iproduced,:injected, :produced, iinjected, [produced, injected, |produced,

M cu. ft bbl. M cu. ft. bbl. M cu. ft. | bbl. M cu. ft. | bbl. |M cus ft. bbl.

January.. ) 7,436 6,383, 9,682 ) I 8,507 - 17,146 7,729

February. ) 5,616 2/8 0001 9,160 ) ' 9,500 ) 7,048

March. ... ) 2/40,000; 8,500 ) | 10,554 1) | 9,006 1) 8,541

April. ... ) 9,640 2,7&5. 9,616 |) For,88 ) " 7,706

MeYesooss 11,600! 11,829 |) b 10, o1k 1) . iast 1) 1 8,684

JUNCavess 10,148) 11,738 |) 2/e1,000, 9,675 1)2/180,000! 7,756 | )2/176,000] 8,758

Julyeeoese|) 2,716 11,%65] 11,733 ) . 10,002 1) 6,961 ) 8,118

August.o.|) 1 859 11,455 11,k25 | 12,065 10,022_ 1) 6,987 ) 8,325

September )3/60 000| 2 h98 ) 11,041 15,201 9,551 ) 6,778 1) 8,088

October..!) . W ,091 ) 10,136 14,3191 8,682 ) 7,836 ) 8,135

November. |.). . L ,879 ) E/ho,ooo 9,686 3/1h,ooo 9,060 ) | 6,979 ) 7,392

December..|) . 5,639 1) 9,527 _1hozhh) 9,546 1) 7,805 1) 7,654

Total..! . 60,000{21,682 124, 5681118, 307 108,057(115,564 | 180 000|93 152 193,146 196,173
See footnotes. on page 56/ ‘
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TABLE 22. - Volumes of air injectedl/ and oil produced by months on

(Pressure base,

The Chio 0il Co. Colmar project (Cont'd.)

14.4 1b. per sq. in.

abs.; temperature base, 60° F.)

19L0 1941 1942 1943
Air 0il Air 0il Air 0il Air 0il
injected, | produced, | injected, produced, | injected, | produced, ! injected, | produced,
M cu. ft. bbl, | M cu. ft.; bbl. M cu. ft. bbl., | M cu. ft. bbl.,
January...:) 7,538 ) 7,12% ) L 8,587 2/21,000 6,327
Februery.. | ) 7,951 1) 2/36,000| 6,932 |) 2/88,000' 7,217 20,208 | 6,ke7
‘Marchee...) /68 000 8,170 18,4071 6,973 ) 7,141 21,833 | 8,287
April.....l) i08,56 1) - b 7,539 ) 1,233 21,510 © 6,720
Mayeeeoees| 197809 | 8,705 ) 8,088 1)y et 9,039 20,128 | 6,568
JUDC.easasi) ; 7,239 ) ‘/90 000y, T7,k6h ) HOT5 T 7 a5k 20,208 | 8,010
Julyeeeene)), ol 8ark ) 7,862 1) 7,071 19,651 | 6,042
August....|)= /119 ooo 8, ,2h9 ) 7,260 ), 8,770 ; g
September. }) 7,159 22,323 7,495 )=/15u 000 8,689 |
October...!) ~7,470 ) 7,715 ) 6 ,919
'Noverber. . | ) 6,941 ) 2/54, 000| 7,010 {) 6.7 ;
‘December..|) 7,j79 ) 6,798 ) I g’ ,163 i
Total.. 206,809 93Lu7o B 220 750' 88,2197 286,075 | 92,560 1ML 538 118,381 ¢

1/ Volumes of air computed from oocas1onal tests.
'2/ Estimeted.
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TABLE 23. - Orsat analyses of gas produced from oil

wells in the Colmar field

R.I. 3783

Lease

Well No,

Percent by volume of sample enalyzed
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TABLE 2k, - Chemical and physical properties of crude oil produced
~on The Oh;o‘OEA Co. Colmar project from Hoing sand

GENERAL CHARACTERISTICS

Sulfur, percent, 0.25 , Specific gravity, 0.846
Saybolt Universal viscogity at 100°F., L8 sec. A.P.I. gravity, 35.80
Saybolt Universal viscosity at 68°F., 60 sec.: “Color, "greenish blaek

~ DISTILIATION, BUREAU OF MINES HEMPEL METHOD'
Distillation at atmospheric pressure, 752 mm. First drop,  27°C.  {81°F.)

Fraction. Cut at- Per- Sum, Sp. gr., CA.P.T., C.I. S.U. . Cloud

No. °c. °F.  cent per- 60/60°F, 60°F, visc., test,
cént 100°E, ©F.
1 50 122
2] 75 167 2,6 2,6 0.652 85.5 -
3 100 212 Lo 6.6 .705 69.2 1k
iy 125 257 6.2 12.8 L7310 62,1 18
5 150 302 5.1 17.9 LU 57,7 18
6 175 3h7 5.2 23,1 .765  53.5 19
7 200 392 5.0 28,1 L78L k9.7 el
8 225 437 L.9 33.0 .798 45.8, 2%
9 250 482 5.9 38,9 812 42,8, 2l
10 275 527 6.6 L45.5 826 39.8, 26
Distillation continued at 40 mm.
11 200 392 3.6 49,1 0.843 26,k 30 ko, 15
12 225 437 6.1 55.2 B850 34,6 31 L6 35
13 250 482 5.9 6l.1 B8k 32,3 33 58 55
i1k 275 527 5.5 66.6 876 30.0 36 85 70
15 300 572 5.5 T2.1 890 27.5 39 145 90
Residuum 27.7 99.8 .955 16.7

Carbon residue of residuum, 8.2 percent; carbon residue of crude;-2.3% percent.
Base of crude: Intermediate

APPROXIMATE SUMMARY

Percent Sp. gr. °A.P.I. Viscositr

Light gasoline 6.6 0,684 75.4

Total gasoline and naphtha 28.1 0.738 60.2

Kerosine distillate 10.8 .806 L1

Gas oil 15.3 .839 37.2

Nonviscous lubricating distillate 11.0 856-.879  33,8-29.5 50-100
Medium lubricating distillate 6.9 879-.897  29.5-26.3  100-200
Viscous lubricating distillate - - - Above 200
Residuum 27.7 555 16.7
Digtillation loss .2
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TABLE 25, - Oil-production statistics - Colmar project

01l production, bbl,

Estimated oil

Year L-percent decline ; Actual gained, bbl,

193517 0006000000000 OO0 22:579 21)782 Minus 697
1936_aoocaooooonooéicooooooooc )4'2,967 118’507 75)5Ll'0
1937 0000000000000 000 0000000 )'l'l,z'l'l'B 115,56)"’ 7""}516
1938 9000800000000 0c0 000000000 39;598 95,152 55,55“‘
1939 ceesnvscsnssesrenssanoasas 38,014 96,178 58,164
19,-'-0 ®cs00000 000000000000 36;)‘"93 93))4'79 561986
19"l'l 00 0000080000000 0000000000 55’053 88,219 55,186
19)'"2 0 000000000000 ¢C0000000000 55’632 92,)-"60 58’828
19’4'5_2_/ ses0ces0ssretresesesree 18,83)4- ! )4-8,581 ! 29,5)47
TOtal oseessssessssssesas 303,198 | __167,he2 T 459,224

7T

ast 6 months,

2/ First 7 months.

From July 1935 to August 1943 approximately 1,524,000,000 cubic feet of
air were injected into the Hoing sand at an average pressure of 32 pounds per
e inch, About 2,000 cubic feet of air were injected for each harrel of
oil produced or 3,320 cubic feet of air for each barrel estimated t~ have been
d by August 1, 1943, The driving medium was injected at an avsrage daily
rate of approximately 800 cubic feet per vertical foot of sand exposed in each
The estimated volume of o0il gained by the injection of air into the

squar
gaine

well,

Hoing sand was 323 barrels per acre,

Avgust 1, 1943) was 1,345 barrels per acre.

pipe-line systems in air injection,

The cumulative oil production (on

The Ohio 0il Co. reported that the development cost for the Colmar and
Plymouth projects was approximately $55,000, or about $30.00 per acre. The
low cost may be attributed chiefly to the absence of extensive drilling pro-
grams, but two other contributing factors were the inexpensive method of con-
verting old oil wells to injection wells and the utilization of the vacuum

Labor and material costs prevailing in

1943 would increase the capital requirements for the same development,
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TABLE 26. — Summary of operations for The Ohio 0il Co. Colmar project, McDonough County, Ill.

i Avcrage in- I dstimated Ratio of air Ratio of air
Alr jection pres- Injection- 0il-well Repressured§ Cumulative cumulative injected to injected to Horsepower of
injected,l/ sure, 1b. periwell spacing, spacing, aresa, loil production, 0il gained, ! 0il produced, 0il gained, compressor

Yegr | cu. ft. } so. in. acres per welllacres per well acres [bbl. per acre |Dbbl. per acreicu. ft. per bbl.;cu. ft. per bbl. prime mcvers
1935</ 60,000 45 30.9 g. 1,520 | 15.3 0.0 2,710 - 30
1936 124,568 33 ; 30.2 8.2 1,420 § 9¢.6 52.6 1,050 1,650 90
1937 108,057 39 30.2 8.2 1,420 i 171.0 { 104.8 glio 1,450 90
1938 180,000 ! 33 : 29.0 | 8.3 1,b20 | 245,6 | 2.6 1,930 3,360 90
1939 193,146 28 i 29.0 g 8.3 1,k20 313.3 g 183.5 2,010 3,320 90
1940 206,809 | 27 i 29.6 | 8.2 1,420 | 379.1 | 223.7 2,210 3,630 90
1941 220,730 | 26 5 29.6 8.2 1,b20 4.3 | 261.2 2,500 4 150 125
1942 286,075 27 z 29.5 8.2 1,%0 506k : 302.6 3,090 ; 4,850 125
19&32/ b1kl 538 ol i 32.3 8.0 1,420 540. 4 a 323.4 2,990 1 L 890 125

Total 1,523,923 | i SLOL 4 3 323.4 !

Averege 32 ; 1,990 ; 3,320
&/ Computed from occasional tests.
2/ Last 6 months of 1935.
3/ TFirst 7 months of 1943.
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