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ABSTRACT

The Otis gas and oil pool is located in central Kansas, in Rush and Barton
counties, and embraces about twenty-three square miles. Production is ob-
tained from the Lamotte sandstone of Late Cambrian age. The reservoir is
estimated to have contained originally 207,900 million cubic feet of gas and
5,913,400 barrels of oil, both quantities expressed at standard surface condi-
tions. As of May 1, 1941, a total of 93,100 million cubic feet of gas had been
produced, of which 31,900 million cubic feet had been vented to the air in the
production of oil, and the testing and blowing of wells; 1,411,386 barrels of
oil had been marketed as of the same date.

Two elements of waste exist in the pool: (1) oil production with excessively
high gas-oil ratios, and (2) premature decline in the reservoir pressures.
Unless the oil is produced prior to the time when the static reservoir pres-
sure becomes so low that operating pressure gradients sufficient to move the
oil to the wells efficiently cannot be established, a large part of the otherwise
recoverable oil will be left in the reservoir as underground waste.

In order to prevent such waste it is suggested (1) that the oil wells be al-
lowed to produce at a rate sufficient to deplete the reservoir of its recoverable
oil content before the withdrawal of too much gas for pipe-line sales, and (2)
that the production of gas with the oil be prohibited unless such gas be recom-
pressed and returned to the reservoir. The most feasible plan for such action
lies in the unitization either of the entire pool or at least of that portion con-
taining oil.

A tabulated summary of information pertaining to the Otis pool follows:

1. Area of the Otis pool: gas (includes oil), 14,780 acres; oil, 455 acres; total
14,780 acres.

2. Percent of area in Otis pool capable of producing gas, 100 per cent; capable
of producing oil, 3.09 per cent.

3. Original gas content of the Otis reservoir, estimated in cubic feet at 60° F.
and 16.4 p.s.i. (pounds per square inch), 207,900 million cubic feet.

4. Gas in reservoir on May 1, 1941, estimated under same conditions as in no.
3, 114,800 million cubic feet.

5. Total pipe-line sales, as of May 1, 1941, corrected for deviation from ideal
gas laws, and computed under same conditions as in no. 3, 61,196 million
cubic feet.

6. Original reservoir pressure at 109° F., 1,178 p.s.i.

7. Volume of gas (measured at same conditions as in no. 3) required to form
one cubic foot of gas at initial reservoir conditions in the Otis pool, 78.07
cubic feet.

8. Original quantity of oil, estimated under reservoir conditions, 6,045,205
barrels.

9. Original quantity of oil, estimated as stock tank oil, 5,913,419 barrels.

10. Total oil produced from the Otis pool, prior to May 1, 1941, 1,411,386 bar-
rels.

11. Per cent of original quantity of oil in reservoir estimated to be commer-
cially recoverable, 50 per cent.

12. Amount of future recoverable oil, as of May 1, 1941 (estimated), 1,545,323
barrels.
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13. Reservoir pressure (equals average bottom-hole pressure), as of May 1,
1941, 702 p.s.i.

14. Thickness of gas pay (estimated average), 30 feet.

15. Thickness of oil pay (estimated average), 13.7 feet.

16. Porosity of pay sand (estimated average), 12.5 per cent.

17. Volume of gas vented with oil production, September 1, 1936, to May 1,
1941 (estimated), 26,100 million cubic feet.

18. Reservoir volume of gas vented with oil, for same period, expressed as
barrels, 59.5 million barrels.

19. Volume of gas used in operating gas wells, and vented prior to oil pro-
duction, cumulative to May 1, 1941 (estimated), 5,800 million cubic feet.

20. Ratio of gas vented to oil recovered during the period of September 1,
1936, to May 1, 1941, expressed at standard surface conditions (estimated),
18,750 cubic feet per barrel.

INTRODUCTION

Location.—The Otis gas and oil pool is situated in west-central
Kansas, partly in eastern Rush county and partly in western Bar-
ton county (fig. 1). The areal extent of the pool is approximately
twenty-three square miles, and its wells are located in secs. 1, 2, 4,
5, 8-16, 21-27, 35, 36, T. 18 S., R. 16 W., and in secs. 15-21, 27-33,
T.18S,R.15W.

Acknowledgments.—Valuable assistance in the acquisition of
pertinent information was rendered by T. A. Morgan, Director of
the Conservation Division of the State Corporation Commission
and by J. H. Page, chief gas engineer for the Conservation Division.
Special appreciation is expressed to the U.S. Bureau of Mines and
the Kansas State Corporation Commission for permission to use
and quote from a confidential report entitled “Data Report on the
Otis Field”, by R. E. Heithecker, C. F. McCarroll, and W. F. Kreu-
ger, to whom acknowledgment is also made. This report was based
primarily upon field work done by these men in May and June,
1937, and it was published jointly in mimeographed form by the
U.S. Bureau of Mines and the Kansas State Corporation Commis-
sion.

Generous cooperation was afforded to us by the Northern Nat-
ural Gas Company, by Morgan, Cobb, and Flynn, and by employ-
ees of these companies, particularly J. M. Fields, Jr., and John Han-
ley. Employees of other companies operating in the field gave
freely of their time and of such information as they had acquired
during their intimate contact with the unique problems of drill-
ing, completion, reconditioning, and production.
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Ficure 1. Index map of Kansas, showing location of Otis pool.

The manuscript has been read critically by R. C. Moore, Di-
rector of the State Geological Survey, and by R. H. King and T. G.
Payne, all of whom have made helpful and constructive sugges-
tions.

Purpose of the report.—The first study of the Otis pool by the
authors was made in July, 1937, and a second more comprehensive
examination was carried out in January, 1941, at the request of the
Kansas State Corporation Commission. The pool has also been
used as a field laboratory for four years, by students in Petroleum
Engineering from the University of Kansas. The information ob-
tained as of January, 1941, was used to forecast reservoir condi-
tions as of May 1, 1941, but during the interim the engineers for
the Commission completed the 1941 pressure survey of the pool.
The calculations of the present paper have been thoroughly re-
viewed in the light of the last Commission survey (fig. 17), and
some of the original computations have been slightly altered. No
fundamental modifications have been necessary, however.

The Otis pool is predominantly a gas pool; however, it yields a
small but significant quantity of oil on its southwest flank. Oil was
discovered after the pool had produced gas for several years.

The Kansas proration regulations, which distribute the total
state production among pools on the basis of the total potential of
the wells in each pool, achieve their purpose admirably among
most pools of the state, inasmuch as these pools have approxi-
mately similar characteristics. The Otis pool, however, differs rad-
ically from other Kansas pools. The energy which drives the oil to
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the well-bore is free gas rather than gas in solution in oil or the
more customary water drive. Furthermore, the gas pressure has
-been steadily depleted by removal of gas for sale to the gas pipe-
lines and by the production of gas along with the oil from oil wells.
Considerable expense has been sustained by the oil-producing
companies in efforts to lower the gas-oil ratios of their wells, but re-
sults have been only temporarily successful. Practically all the gas
produced with oil has been reduced to approximately atmospheric
pressure in the production process and has then been allowed to
escape to the atmosphere.

The purpose of this report is to present all of the available in-
formation concerning the Otis pool, so that it may provide a work-
ing basis for the development of improved means of operation and
regulation.

History of the field.—The discovery well in the Otis pool, the
Milmac Oil Company No. 1 Eitel Estate well, located in the cen. NW
sec. 11, T. 18 S,, R. 16 W., was completed on March 26, 1930. The
well had an initial open-flow capacity of 16,500,000 cubic feet of
gas per day from a total depth of 3,507 feet. The initial rock pres-
sure in this well was not ascertained, but other near-by gas wells
completed soon afterward had maximum pressures of 1,064 pounds
per square inch (absolute) at the well-head.

0il was first produced from the Mid-Kansas Oil and Gas Com-
pany (Ohio Oil Company) No. 1 J. B. Mohr well, located in the
NW sec. 10, T. 18 S., R. 16 W. This well was completed July 20,
1934, and had an initial production of 12,000,000 cubic feet of gas
and 153 barrels of oil per day from a depth of 3,536 feet; the rock
pressure at the well-head was reported to be 1,010 pounds per
square inch. No other oil wells have been completed in the north-
ern portion of the Otis pool. On February 16, 1936, oil was dis-
covered in what is now the southern edge of the pool, by the com-
pletion of the Schermerhorn-Winton Company No. 1 Maneth-
Brackley well, located in the NE sec. 22, T. 18 S., R. 16 W. This
well had an initial production of 700 barrels of oil and 6,000,000
cubic feet of gas per day from a depth of 3,566 feet.

On May 1, 1941, the pool included a total area of 14,760 acres,
classified as proven gas territory; of this 3.09 per cent is produc-
tive of both oil and gas and the remainder of gas alone. On May
1, 1941, the field had 53 gas-producing wells and 17 oil wells, from
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which 58,853,599 cubic feet of gas (measured at 16.4 pounds per
square inch and 60° F.) and 1,411,386 barrels of oil had been
marketed.

GEeorocic FEATURES

All the wells of the Otis pool produce from the Lamotte sand or
from the “granite wash” where these rocks lie directly upon the
top of the granite. The pool seems to represent a structural trap,
bounded on the southwest by a topographically high portion of the
pre-Cambrian granite surface. Definite proof of this is found in the
line of dry holes that define the southwest edge of the pool. These
dry holes encountered the granite at considerably less depth than
adjacent producing wells. The producing zone rises northeastward
to a point in the northeast part of the pool, where the zone is 70 to
80 feet higher than in the southwest portion.

Evidence pertaining to sand thickness is at best somewhat
meager. Information from three sources is available—logs from
the Kansas Well Log Bureau, records given in the U.S. Bureau of
Mines (1938) Report to the Corporation Commission, and the
electrical logs of four oil wells. These thicknesses are shown in
table 6. In calculating average sand thickness the electrical logs
were not utilized due to the fact that the electrical log may not
show exact thickness of consolidated rocks; an average was taken
of the thicknesses reported by the U.S. Bureau of Mines and the
Kansas Well Log Bureau. Thus calculated, the average thickness
of the oil pay zone is 13.7 feet and that of the gas pay is 30 feet.
Very little information concerning the Lamotte sand is available
from well cores. Only three cores in the sand have been taken and
analyzed, and of the three wells from which these were obtained,
one is unproductive and outside the oil-producing area, another
produces only a very small amount of oil, and the third is a well of
average production in the oil zone. The core from the non-pro-
ductive well was not considered. The average porosity of the oil
zone was calculated on the basis of the two remaining cores and
determined to be 12.5 per cent (table 7).

PETROLEUM ENGINEERING

Requisites for engineering study.—The basic information needed
for a precise engineering study of an oil field is not available in the
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TaBLE 7.—Porosity of the oil-bearing sand in the Otis pool.

b gw 'g 2 o o 5 2
ik ) = BS iR, | SEgN
BS S S¥EE <288 | AR5E
J. Schroeder A-1 3519-3530 3522-3530 (8) 18.8 150.4
NW SW SE, 23-18-16 : - ,
3531-3539 3531-3539 (8). 10.1 80.8
(casing set at 3521)
Woodward 1 3487-3509
SW SW SE, 23-18-16 >
3523-3550 3536-3550 (14) 10.1 1414
Total (30) 372.6

Computation of weighted average porosity—Sum of porosity times thick-
ness (372.6) divided by total thickness (30) equals weighted average porosity
(12.44). Figure for porosity used in computations is 12.5.

case of the Otis pool. The operation of an oil pool on a sound engi-
neering basis is dependent on such comprehensive materials and
investigations as the following:

1)
(2)
(3)
(4)

6
(6)

(M
(8

Cores from all wells; the cored section should start a few feet
above the top of the pay sand and continue through it.

Measurements of porosity, permeability, and connate water
of the core samples.

A bottom-hole sample of the crude oil from the first oil well
and from selected other wells.

Laboratory examination of the oil, including determination
of (a) solubility of the dissolved gas at various pressures at
bottom-hole temperature, (b) composition of the dissolved
gas, (c) changes in oil volume that accompany escape of the
gas from solution, and (d) viscosity of the oil at reservoir con-
ditions.

Complete bottom-hole pressure and temperature surveys, at
periodic intervals, at least twice a year.

Segregation of cuttings and compilation of complete well logs;
these should be made available to engineers of the State Cor-
poration Commission and to the State Geological Survey.
Complete and accurate records of all gas produced and uti-
lized, and estimates of all gas lost. ‘

Complete and accurate records of all oil produced, and used,
and estimates of all oil lost. '
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(9) Complete information concerning all casing, cementing, and
perforating operations, squeeze jobs, quantities of dry ce-
ment and per cent of water used, together with depth at which
pipe was set.

(10) Electrical well logs.

The acquisition of materials and information of the above types
makes it possible to calculate the total quantities of oil or gas, or
both, in a reservoir even before the precise boundaries of the pool
have been ascertained, and thus facilitates determination of the
efficiency of the production practices employed.

Fundamental data of the character indicated above are most
readily procured when a pool is operated as a unit, a plan which,
as already demonstrated, is also more likely to lead to greater ul-
timate recovery of oil and gas, lower average development cost,
and lower operating expense ( as well as increased revenue to the
royalty owners) than can be achieved under such practices of de-
velopment and operation as accompany competitive production.

Bottom-hole pressures.—Casing head pressures have been mea-
sured at intervals throughout the life of the Otis pool, for the pur-
pose of allocating the gas production. These pressures have been
converted to bottom-hole pressure figures (referred to a datum
plane of 1,600 feet below sea level) by means of the tables pub-
lished by the U.S. Bureau of Mines (Rawlins and Schellhart,
1935). The resulting bottom-hole pressure data are plotted on
figures 9 to 17 inclusive, and contoured at intervals of 10 pounds
per square inch. From these maps the weighted average bottom-
hole pressure was obtained.

The method outlined by the U.S. Bureau of Mines is based on
computation of the weight of the column of gas in the well, which,
when added to the casing-head pressure, gives the bottom-hole
pressure. The tables published by the Bureau are based on the
premise that ideal gas laws are applicable under the actual pres-
sure conditions. The ideal gas laws are known to be inapplicable
at high pressures, however, and therefore the average bottom-
hole pressure as determined from the contour maps has been cor-
rected for deviation from the ideal gas laws (Brown, 1941).

The bottom-hole pressures of each well as of May 1, 1941, cal-
culated from casing-head pressures and corrected for deviation is
shown on figure 17. The weighted average pressure of the field
was determined directly from this map.
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TaBLE 8.—Weighted average casinghead and bottom-hole pressures in the
Otis pool, based on field tests reported by the Kansas State Corporation
Commission (text figs. 8 to 17).

(Pressure expressed as pounds per square inch absolute)

‘Weighted average Weighted average

Weighted average bottom-hole bottom-hole

Date casinghead pressure, pressure,
pressure uncorrected for corrected for

deviation deviation
1930 1064.0 1157.0 1178.0
Sept. 1,1936 955.4 1039.0 1057.0
June 1, 1937 924.0 1000.5 1015.2
Jan.1,1938 865.6 941.5 955.2
June 1, 1938 855.6 930.6 943.3
Oct. 1,1938 827.8 900.4 912.7
May 1, 1939 781.7 850.2 861.2
Oct. 1,1939 759.9 826.5 837.1
May 1,1940 682.1 7419 749.7
Mayl,1940 702.2

'Gas production.—The pipe-line sales of gas are published
monthly by the State Corporation Commission. These figures are
based on the volume metered at pipe-line pressures, approximately
350 pounds per square inch, and calculated at a base pressure of
16.4 pounds per square inch and a temperature of 60° F. No cor-
rection is made for deviation from the ideal gas laws in the pub-
lished figures.

The cumulative totals of pipe-line gas sales at dates correspond-
ing to those of the pressure surveys of the field are tabulated in
table 9 (column 1), and are presented graphically in figure 6. The
appropriate factor required to correct for deviation from the ideal
gas laws has been applied to obtain the true volume of the metered
gas, which is shown in table 9 (column 2).

For the purpose of calculating the over-all gas-oil rations, the
reserves and other desirable quantities, it was necessary to esti-
mate the amount of gas vented to the air prior to September 1,
1936, but of which no accurate record had been kept. After con-
sultation with production men in the field, and comparison of
various figures submitted by them, it seemed reasonable to assume
that 3,000 million cubic feet had been vented in efforts to obtain
commercial oil from wells that originally produced only small
quantities. Estimates of the amount of gas vented during drilling-
in and well-testing operations (590 million cubic feet) were also
available (table 9, column 3) and were utilized in the calculations.
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Oil production.—All pipe-line runs of oil are reported monthly
by the State Corporation Commission. These have been tabulated
(table 10) semi-yearly, and for certain other specific dates utilized
in the calculations, and are shown graphically (fig. 7). The figures
are based on volumes in the stock tank, corrected to 60° F. Where
reservoir displacement was computed, these volumes have also
been corrected for expansion to the bottom-hole temperature. The
solution of gas in the oil would also appreciably increase the vol-
umes, but inasmuch as the effects of this solution factor on the oil
in the Otis pool are unknown, the correction has been omitted from
the calculations.

The total oil production from the Otis pool, as of May 1, 1941, is
1,411,386 barrels. The maximum rate of production was reached
during the second half of 1938, although the rate for the ensuing
six months was nearly the same. The average daily rate of pro-
duction during the second half of 1938 was 88.6 barrels per well,
for an average of 17 wells. At the present time the wells are pro-
ducing at the statutory limiting rate of 15 barrels per well per
day.

TasLE 10.—Oil production of the Otis pool, compiled from reports issued peri-
odically by the Kansas State Corporation Commission. (Quantities
expressed as barrels of stock tank oil).

Average monthly Semi-annual Cumulative
Date production for production production
semi-annual pericd
Dec. 31,1934 523 523 523
June 30, 1935 289 1,733 2,256
Dec. 31,1935 127 760 3,016
June 30,1936 1,618 9,707 12,723
Sept.1,1936 ... . 18,894
Dec. 31,1936 4,857 29,141 41,864
June 30, 1937 12,560 75,361 117,225
Dec. 31, 1937 19,522 117,134 234,359
June 30, 1938 16,687 100,119 334,478
Dec. 31,1938 45,697 274,184 608,662
May1,1939 .. 801,325
June 30, 1939 45,297 271,780 880,442
Dec. 31,1939 34,882 209,294 1,089,736
May1,1940 - .. 1,198,216
June 30, 1940 25,271 151,623 1,241,359
Dec. 31,1940 23,118 138,706 1 1,380,065

May1,191 1,411,386
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TaBLE 11.—Monthly oil production of the Otis pool, and volume of gas produced

with the oil in 1940, as reported by the Kansas State

Corporation Commission.t

Monthly gas produc-

Monthly oil produc-

Calculated

1940 tion, M cu. ft. tion, barrels gas-oil ratio
Jan. 270,488 33,309 8,120
Feb. 202,651 27,681 7,320
Mar. ] 172,586 27,039 6,382
Apr. 141,670 20,451 6,927
May 164,446 21,225 7,747
June 201,735 21,918 9,204
July 240,336 26,396 9,105
Aug. 254,658 25,604 10,161
Sept. 244,322 25,627 9,534
Oct. 248,086 28,701 8,644
Nov. 187,072 23,672 7,903
Dec. 54,349 8,706 6,243

Totals 2,382,399 290,329 Average 8,206

1The figures for gas produced with oil are approximately 45 per cent of the amount
computed on the basis of the decline in reservoir pressure. The differences may be due to
errors in the measurement of gas, gas retained in solution in the oil, or imperfect separa-
tion of gas and oil, or other unknown causes.

TaBLE 12.—Pipe-line gas sales, operating losses, gas vented and unaccounted
for, current gas reserves (all as of May 1, 1941), and original
gas content of Otis pool.

(Bottom-hole pressure as of May 1, 1941, 702 p.s.i., at 109° F.)

Million cubic feet of gas

l

=
3
(=]
e by N i
G .S e w0
) Bo i
2 22t o
=28 e 58
<5< 258 ki)
1 2 3
Pipe-line runs 61,200 784 U-w
Operating losses of gas wells,
plus gas vented prior to
oil production 5,800 74 X-Y
Gas vented with oil and unac-
counted for during period,
Sept. 1, 1936 to May 1, 1941 26,100 334 wW-X
Gas present in reservoir, as
of May 1, 1941 114,800 1,471 Y-Z
Total 207,900 R-M

2,663
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ESTIMATES OoF RESERVES

Gas reserves.—In the case of gas pools, estimates of recovery
must take cognizance of the deviation of gases from ideal be-
havior, and must also recognize some average well-head pressure
which marks the end of economically profitable operating condi-
tions. In order that the effects of different final well-head pres-
sures on the ultimate recovery may be shown, two such abandon-
ment pressures have been assumed for use in the calculations,—
one of 350 pounds per square inch (gauge) and the other of 50
pounds per square inch (gauge). The volumes of pipe-line gas,
gas not recovered from the reservoir and other quantities com-
puted on the basis of these pressures, are compared in detail in
tables 13 and 14, with appropriate references to points on a graph

(fig. 2).

TasBLE 13.—Estimates of recoverable gas in the Otis pool for various operating
conditions, based on an assumed abandonment pressure of 350
p.s.i. (gauge at casing-head) or 397 p.s.i. (absolute
bottom-hole pressure).

Million cubic feet of gas -
=
- 3
. S .
O] G 5
25 g 25 3
wo & oo g8
=3 o™ =] [
Ge8 alat 3
53 258 a:g
1 2 3
Original recoverable gas volume......... 144,800 1,855 T-M"
Original unrecoverable gas volume.... 63,100 808 M”"-Z
Total operating losses of gas wells........ 9,500 122 N”-M"
Ultimate pipe-line runs at past
rate of venting 86,000 1,102 T-P”
Ultimate pipe-line runs if no more
gas is vented with oil production.... 110,700 1,418 T-0"
Remaining recoverable gas at past
rate of venting 24,800 318 w-p”

Remaining recoverable gas if no

more gas is vented with oil

production 49,500 634 w-0"
Total volume of gas that would

be vented if past rate of venting

were to be maintained. ... 50,800 651 P”-N"

Gas which will have been vented
with oil production if venting
ceases May 1, 1941 26,100 334 0”-N"
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TasLE 14.—Estimates of recoverable gas in the Otis pool for various operating

conditions, based on an assumed abandonment pressure of
50 p.s.i. (gauge at casing-head) or 70 p.s.i. (absolute
bottom-hole pressure).

Million cubic feet of gas

. S .
3.9 G '
A &
S 23 | ECIN
et § A <o's
oe e -] §38
<45 <82 =28
1 2 5 3
Original recoverable gas volume.......... 197,500 2,530 S-M'
Original unrecoverable gas volume..... 10,400 133 M-Z
Total operating losses of gas wells...... 10,400 133 N’-M'
Ultimate pipe-line runs at past
rate of venting 114,300 1,464 S-P’
Ultimate pipe-line runs if no more .
gas is vented with oil production..... 161,000 2,062 S-0’
Remaining recoverable gas at past
rate of venting 53,100 680 W-P’
Remaining recoverable gas if no
more gas is vented with oil
production 99,800 1,278 w-0’
Total volume of gas that would
be vented if past rate of venting
were to be maintained....................... 72,800 932 P-N’
Gas which will have been vented
with oil production if venting
ceases May 1,1941.............oonneneee 26,100 334 O’-N’
Pipe-line runs as of Sept. 1, 1936......... 20,406 261 u-v
Pipe-line runs as of May 1, 1941......... 61,196 784 U-w
Gas vented and unaccounted for
between May 1, 1939, and May 1,
1940 7,700 98

The estimates of future recoverable gas range from 24,800 mil-
lion cubic feet (table 13, column 1, line 6) to 99,800 million cubic
feet (table 14, column 1, line 7), dependent on operating condi-
tions and on the abandonment pressures used as the economic limit.
The first of the above estimates is based on an abandonment pres-
sure of 350 pounds per square inch (gauge) at the well-head and
the assumption that venting of gas with oil will continue at the
same rate as in the past. The second estimate is based on an aband-
onment pressure of 50 pounds per square inch (gauge) at the well-
head and the assumption that no gas will be vented after May 1,

1941,
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If no water drive exists, the total original quantity of gas in a
reservoir may be estimated by plotting graphically the average
static bottom-hole pressures of the reservoir, divided by the ap-
propriate deviation factors, against cumulative gas removed at the
date the pressure survey was made. This results in a straight line
when the points are plotted on cartesian coordinates, the equation
for which is as follows.

P, P,
=m (Q, — Q)

Z Z
where P 1=' bottoin—hole pressure, lbs. per sq. inch
Z = deviation factor, applicable to the specific pressure
Q = quantity of gas reserve, billions of cu. ft. (at 16.4 lbs.
per sq. inch and 60° F.)
m = the slope of the line.
or, as designated in figure 2:
P, P,
7 — —2— =m (Q, + 3,590,000,000 — Q,)
a 1
The subscripts refer to the points on figure 2, and 3,590,000,000
represents gas lost, in cubic feet. The total original reserve could

then be expressed by the following equation:
‘ P./Z,
Q= (Q, + 3,590,000,000)
Pa / Za _ Pl / Zl

This relation may also be stated as follows: The original or
total gas content of the reservoir equals (1) total quantity of gas
produced since discovery, multiplied by (2) the original bottom-
hole pressure (corrected for deviation), divided by (3) the de-
cline in bottom-hole pressure (similarly corrected), during the
production of the quantity of gas above.

The line A-L-M of figure 2 is based on the above equations. The
quantity indicated along the horizontal scale of the graph, under
A-M (or R-M) represents the original content of the pool. A-M’
(or S-M’) shows the quantity that could have been recovered
from the reservoir had it been operated solely as a gas pool to an
abandonment pressure of 50 pounds per square inch (gauge) at the
well-head. Experience with many other fields has demonstrated
that such an abandonment pressure may be reasonably anticipated,
although it will be necessary to install additional compressor units
in the field in order to boost the pressure at the wells to suitable
line pressure. Such installations must precede the decline of
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working well-head pressures to the pipe-line pressure, which is
approximately 350 pounds per square inch.

Several other significant features are portrayed by figure 2 (also
table 12), as follows.

(a) The actual pipe-line sales, corrected for deviation, are repre-
sented as of May 1, 1941, by the line U-W, which corresponds
to 61,190 million cubic feet.

(b) The quantity of gas utilized in operating the gas wells, plus
necessary losses prior to oil production, is represented by the
horizontal distance between lines ALYM and ABXN. Since
this quantity is cumulative, it gradually increases through-
out the life of the pool. On May 1, 1941, it amounted to 6,100
million cubic feet (X-Y). _

(c) The gas vented with oil or otherwise unaccounted for since
oil production began, is 26,100 million cubic feet, and is
shown by the line W-X.

(d) The gas still present in the reservoir and recoverable, to an
abandonment pressure of 50 pounds per square inch at the
well-head, provided no gas is vented with oil after May 1,
1941, is 99,800 million cubic feet, as represented by the hori-
zontal distance between points W and O’. If, however, gas is
produced with the oil at the average rate that prevailed dur-
ing the period from 1936 to December, 1940, then the amount
of recoverable gas will be reduced to 53,100 million cubic
feet, as shown by the horizontal distance from W to P’. The
gas that would be lost in the future under such conditions
would amount to 46,700 million cubic feet; the latter quan-
tity would be in addition to the 26,100 million cubic feet be-
lieved to have been lost prior to May, 1941.

(e) Points B,C, D, E, F, G, H, J, and W, represent respectively
the cumulative quantities of gas produced and marketed
(corrected for deviation from the ideal gas laws) plotted
against the corresponding bottom-hole pressures (divided by
the deviation factors), as of Oct. 1, 1936, June 1, 1937, Jan.
1, 1938, and later dates as shown in table 9. Extrapolation of
the line B-J to point P”, or P/, shows the relation of the esti-
mated, future, marketed production to the bottom-hole pres-
sure (corrected for deviation) under similar conditions of
waste to those which prevailed up to May 1,1940. The change
in the slope of the line from B-J-P to J-W-O, indicates the
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wholesome influence of the restrictions which became ef-
fective about January 1, 1941, as a result of regulations by
the State Corporation Commission. The general effect of
these regulations was to increase the quantity of recoverable
gas as of May 1, 1941, from 53,100 million to 99,800 million
cubic feet. This increase in recoverable gas assumes 50
pounds per square inch as the abandonment pressure, which
would probably mark the economic limit for the field. It does
not take into consideration the effects of the return to the
reservoir of the gas produced with the oil.

In general, the divergence of the two lines B-N’ and B-P’ repre-
sents the continual increase in the proportion of gas lost by vent-
ing with oil, as compared with the quantity that could have been
produced in the past or might be produced in the future if the
operations were based on engineering principles.

In many instances it is essential to know the volume of gas
(measured at surface or standard conditions) required to form a
cubic foot of gas at the pressure and temperature of the reservoir.
This computation can be made readily if the reservoir pressure and
temperature are known, together with the composition or the grav-
ity of the gas, so that the deviation from ideal gas laws can be given
proper consideration (Brown, 1940).

In the case of the Otis pool, the initial bottom-hole pressure was
1,178 p.s.i., absolute, and the temperature according to a Schlum-
berger electrical log was 109° F., and the gas had a specific grav-
ity of 0.669, compared with air as unity. The deviation factor un-
der these conditions is 0.841. By following the method of compu-
tation outlined by Brown, it is found that 78.07 cubic feet of gas
measured at 60° F., and 16.4 p.s.i., would have a volume of one
cubic foot under the initial conditions in the reservoir.

Oil reserves.—Inasmuch as all the oil wells have been under
restricted rates of output for the greater part of their lives, it is not
possible to estimate their future production by the use of any of
the various types of decline curves. Neither can the dependable
methods based on the “material balance” procedures be used, ow-
ing to the lack of basic engineering information essential for such
computations. Hence it has been necessary to rely on the method
based primarily on the porosity and thickness of the sand, to-
gether with the areal extent of the oil-bearing portion of the
reservoir. A summary of the results obtained by this method is
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shown in table 15, which also makes use of other data presented in
tables 6 and 7.

The total quantity of oil originally present in the Otis pool is
estimated to have been 5,913,409 barrels, expressed as stock tank
oil, of which 50 per cent is considered to be recoverable. Of the
latter amount, 1,411,386 barrels had been recovered by May 1,
1941; this leaves 1,545,323 barrels remaining to be recovered. All
the above calculations and estimates ignore the presence of connate
water in pore spaces of the rock and of dissolved gas in the oil. If
either or both of these factors should be taken into consideration
the volume of oil expressed as stock tank barrels would be reduced.
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tom-hole pressure divided by the deviation factor, for calculating ordinates of
fig. 2.
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The estimates of recoverable oil purposely ignore the great dif-
ficulty that will accompany efforts to produce it without an in-
evitable increase in the over-all gas-oil ratios.

The original volume of gas in the Otis pool occupied 2,663 mil-
lion cubic feet, at reservoir conditions, and comprised 98.74 per
cent of the total reservoir space, while the oil occupied 33,941,000
cubic feet or only 1.26 per cent; therefore the pool must be re-
garded as a gas pool rather than an oil pool.

It has been established both theoretically and experimentally
that where oil and gas are present in the same sand, the difficulties
of completing and operating the wells are such that they usually
produce excess quantities of gas, even under most careful control.
Hence it is necessary to maintain relatively low pressures at the
separators; otherwise the wells produce virtually all gas and no
oil. Gradually the permeability of the pay diminishes with respect
to oil, and at the same time it increases with respect to gas; thus
in the fluid produced the proportion of gas tends to increase and the
proportion of oil to decrease. Ultimately a point is reached where
gas alone is produced, even though 30 to 60 per cent of the total oil
originally present still remains in the sand. Long before this point
is reached, however, the operation of the wells probably will have
become unprofitable, owing to the compression cost of the in-
creased volume of gas that must be handled if the gas is to be re-
turned to the reservoir or sold directly to pipe-lines.

Gas-O1L RaTios

High gas-oil ratios have characterized the oil production of the
Otis pool since the date of its discoverey. As a result of most care-
ful testing by engineers of the Bureau of Mines in 1937 (Heit-
hecker, McCarroll and Kreuger, 1937), these ratios were found
to have ranged from 7,600 cubic feet per barrel to 176,500 cubic
feet per barrel. The results obtained during the tests by the U.S.
Bureau of Mines engineers are shown in tables 1 to 5 inclusive,
which are reproduced from the report referred to on page 348.

In order to reduce the high gas-oil ratios that had prevailed in
the Otis pool, several operators undertook expensive recondition-
ing operations at the wells. Some degree of success attended these
efforts, but it has been necessary to repeat the reconditioning
process several times. After these treatments the gas-oil ratios
have continued to be extremely high, as determined from well
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tests, from the pressure decline of the field, and from consideration
of the actual quantity of gas marketed and accounted for from the
reservoir.

From May 1, 1939 to May 1, 1940, the oil production amounted to
396,891 barrels, and the estimated quantity of gas produced, but
not accounted for, was 7,700 million cubic feet,—equivalent to a
gas-oil ratio of 19,400 cubic feet per barrel, measured at standard
conditions (tables 14, 15, and 16). During the first four months of
1940 (table 11) the Corporation Commission figures show that 787,-
395,000 cubic feet of gas were vented while 108,480 barrels of oil
were produced; these volumes represent a gas-oil ratio of 7,256
cubic feet per barrel. The latter in itself is a high gas-oil ratio, but
is less than the average quantity computed by us and regarded as
unaccounted for during the same four-month period. According to
Corporation Commission figures, the average quantity of gas
vented during 1940 was 8,206 cubic feet per barrel, whereas the de-
cline in pressure of the reservoir indicates that the gas unaccounted
for (including vented gas), or the over-all gas-oil ratio for 1940,
was about twice that amount. Within the first four months of
1941, during which time the pool was shut-in to a maximum of 15
barrels per day per well, the gas oil ratio dropped to 3,546. This
improvement is clearly shown on figure 2 by the divergence of line
J-W towards the right and away from J-P’. Point W represents a
higher pressure and a smaller cumulative gas volume than would
have resulted if the oil wells had been permitted to operate with
such high gas-oil ratios as had prevailed before May 1, 1940.

A thorough study of the relationship between the volume of gas
reported as marketed (fig. 2, B to W) and the quantity that the
pressure-decline curve indicates was produced (B to X) shows
that since Sept. 1, 1936, soon after the discoverey of oil, the average
gas-oil ratio has been approximately 18,750 cubic feet per barrel.

Both the decline curve and the application of the average gas-
oil ratio (18,750 cubic feet per barrel) to the total oil production of
the pool (1,411,386 barrels), show that 60,354,000 barrels of reser-
voir space have been voided by the combined volume of oil pro-
duced and gas vented therewith. This means that 12.6 per cent of
the original reservoir space has been voided in the production of
oil that originally occupied only three-tenths of one per cent of the
total reservoir space (table 17).
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TaBLE 17.—Summary of oil and gas data for the Otis pool, expressed as
percentage of reservoir volume.

Gas PER CENT
Reservoir volume occupied originally by gas 98.74
Reservoir volume occupied originally by recoverable gas with 350

p.sd. as the abandonment pressure (1855/2696.9 x 100) ................... 68.78
Reservoir volume occupied originally by recoverable gas with 50

p.si. as the abandonment pressure (2530/2696.9 x 100) ......cccccoeeecne 93.81
Reservoir volume occupied originally by gas sold, as of May 1, 1941

(784/2696.9 x 100) 29.44

Reservoir volume occupied originally by gas lost in well operations,
as of May 1, 1941, plus gas vented prior to oil production (74/
2696.9 x 100) 2.75
Reservoir volume occupied by gas vented and unaccounted for,
during period from Sept. 1, 1936, to May 1, 1941 (334/2696.9 x

100) 12.38
Reservoir volume occupied by all gas produced, as of May 1, 1941
(1192/2696.9 x 100) 4419
Reservoir volume occupied by gas remaining, as of May 1, 1941
(1471/2696.9 x 100) 54.55
Oil
Reservoir volume occupied originally by total oil .....ccccoooricoiinceas 1.26
Reservoir volume occupied originally by recoverable oil (50 per
cent of total oil) ' 0.63
Reservoir volume occupied originally by total oil sold, as of May
1,1941 0.30
Reservoir volume occupied originally by oil remaining in reservoir
and recoverable as of May 1, 1941 0.33
Gas and Oil
Reservoir volume occupied originally by all oil and gas produced
as of May 1, 1941 4450

From an economic standpoint, the excess gas production of 26,-
100 million cubic feet, measured at standard conditions of 16.4
pounds per square inch and 60° F., is equivalent, at 4 cents per
thousand cubic feet, to $1,044,000, First-hand information is lacking
as to the selling price of the oil per barrel from the Otis pool; but
if the price has been of the order of magnitude of 70 cents per bar-
rel, which has been the case for at least a part of the crude oil, it
would seem that more money has been lost in the production of
gas with oil than has been received from the sale of the gross bar-
rels produced.
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CONCLUSIONS

It is hereby proposed that an allocation plan applicable in the
future to the Otis oil production should include the following ob-
jectives:
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(1) Elimination from consideration of wells, now classified as
oil wells, that are not in condition to produce oil or are producing
gas only. This proposal need not be applied if the oil area should
be unitized.

(2) The return to the reservoir of all gas produced with the oil,
except that needed as fuel for the compressors. The location of
the injection wells should be at least one mile from the edge of the
oil pool or from the nearest oil well.

(3) Foundation of the allowables, in so far as possible, upon the
net volumetric reservoir displacement for which each oil operator
is responsible.

(4) Development of a method of allocation that will (a) permit
the oil operators to produce as much oil as possible under a method
of proration that conforms with the laws of the State of Kansas
and with the rules of the State Corporation Commission, and (b)
conserve the energy of the reservoir by returning to it all gas pro-
duced with the oil.

It should be noted that the volume of gas produced even at the
gas-oil ratios which have been used by the Conservation Division
of the Corporation Commission is many times the volume of oil
produced, where both volumes are expressed at the initial pres-
sure and temperature of the reservoir (table 16). No possible
method of allocation can ever fully compensate for the over-pro-
duction of gas.

The difficulties that attend efforts to produce oil from a reser-
voir whose contents are virtually 100 per cent gas (expressed at
reservoir pressure and temperature) are almost insurmountable
under competitive operating conditions.

The value of gas is two-fold: (1) as an essential commodity in
modern civilization, and (2) as an exhaustible source of energy for
the expulsion of oil. The aims of a true conservation program
should be directed toward the realization of both values. It is be-
lieved that these objectives can only be achieved in the case of the
Otis pool through separate unitization of both the gas and the oil
areas. Such unit plans or agreements should have incorporated
therein provision for the return to the reservoir of all gas pro-
duced with the oil which is not utilized as fuel for the compressor
plants.
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STATE GEOLOGICAL SURVEY OF KANSAS

Recent Publications

BULLETIN 22. Stratigraphic Classification of the Pennsylvanian Rocks of Kansas, by Ray-
mond C. Moore, 2566 pages, 1936. Mailing charge, 20 cents.

BULLETIN 23. Origin of the Shoestring Sands of Greenwood and Butler Counties, Kan~
sas, by N. Wood Bass, 185 pages, 1936. Mailing charge, 25 cents.

BULLETIN 24. Geology and Coal Resources of the Southeastern Kansas Coal Field, by W.
G. Pierce and W. H. Courtier, 122 pages, 1987. Mailing charge, 25 cents.

BULLETIN 25. Secondary Recovery of Petroleum, Part I, Bibliography, by John 1. Moore,
108 pages, 1988. Mailing charge, 20 cents.

BULLETIN 26. Relation of Thickness of Mississippian Limestones in Central and Eastern
Km:sas to Oil and Gas Deposits, by Wallace Lee, 42 pages, 1939. Mailing charge, 25
cents.

BULLETIN 27. Ground-water Resources of Kansas;, by Raymond C. Moore with chapters
by S. W. Lohman, J. C. Frye, H. A. Waite, T. G. McLaughlin, and Bruce Latta, 112
pages, 1940. Mailing charge, 25 cents.

BULLETIN 28. Exploration for 0Oil and Gas in Western Kansas during 1939, by Walter A.
Ver Wiebe, 106 pages, 1940. Mailing charge, 25 cents.

BULLETIN 29. Asphalt Rock in Eastern Kansas, by John M. Jewett, 23 pages, 1940.
Mailing charge, 15 cents.

BULLETIN 80. Oil and Gas in Linn County, Kansas, by John M. Jewett, with chapters by
Wallace Lee and R. P. Keroher, 29 pages, 1940. Mailing charge, 25 cents.

BULLETIN 381. Oil and Gas in Mo*xtgomery County, Kansas, by G. E. Abernathy with
chapters by R. P. Keroher and Wallace Lee, 29 pages, 1940. Mailing charge, 25 cents.

BULLETIN 82. Coal Resources of Kansas; Post-Cherokee Deposits, by R. E. Whitla, 64
pages, 1940. Mailing charge 20 cents.

BULLETIN 88. Subsurface Mississippian Rocks of Kansas, by Wallace Lee, 114 pages,
1940. Mailing charge, 25 cents.

BULLETIN 34. Geologic Studies in Southwestern Kansas, by H. T. U. Smith, 244 pages,
1940. Mailing charge, 25 cents.

BULLETIN 85. Preliminary Report on the Meade Artesian Basin, Meade County, Kansas,
by John C. Frye, 89 pages, 1940. Mailing charge, 26 cents.

CIRCULAR 10. Mapping the Aquifers of Kansas, K. K. Landes, 3 pages, 1985. Mailing
charge, 5 cents. :

CIRCULAR 11. An Inventory of the Mineral Resources of Kansas, K. K. Landes, 7 pages,
1987. Mailing charge, 5 cents.

CIRSCULtAR 12. Distribution of Volcanic Ash, K. K. Landes, 3 pages, 1938. Mailing charge,
cents. \

CIRCULAR 13. Ceramic Uses of Volcanic Ash, Norman Plummer, 4 pages, 1939. Mailing
charge, 5 cents.

SCENIC KANSAS, Kenneth K. Landes, 51 pages, 24 pls. Mailing charge, 5 cents.

RESOURCE-FULL KANSAS, Kenneth K, Landes and Oren R. Bingham, 65 pages. Mailing
charge, 10 cents. ;
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ParT 2.

Part 3.

ParT 4.

Part 5.

PART 6.

ParT 7.

ParT 8.

ParT 9,
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BULLETIN 38
1941 REPORTS OF STUDIES

TREATMENT OF MINE WATER AS A FACTOR IN THE MINERAL PRODUCTION IN
SouTHEASTERN Kansas, by E. D. Kinney, pp. 1-16, figs. 1-3, June, 1941,

GRrROUND-WATER CONDITIONS IN THE VIcINITY OF LAWRENCE, KANsSAS, by
Stanley W. Lohman, pp. 17-64, pls. 1-2, figs. 1-6, June 23, 1941,

New Permian CoraLs FrRom Kansas, OxrasomA, aNp TExas, by Ray-
mond C. Moore and Russell M. Jeffords, pp. 65-120, pls. 1-8, June 27,
1941.

Upper PENNSYLVANIAN GAsTrROPODS FROM KaNnsAs, by Raymond C.
Moore, pp. 121-164, pls. 1-3, June 30, 1941.

Exrincr Lizaros FRom UPPER PLIocENE DEPOsITS oF KANSAS, by Edward
H. Taylor, pp. 165-176, figs. 1-6, July 7, 1941. ’

Exrincr Toaps AND SALAMANDERS FROM MippLe PLiocENE Beps oF WAL-
LACE AND SHERMAN Counrties, Kansas, by Edward H. Taylor, pp. 177-
196, figs. 1-7, July 7, 1941,

THe BorcHERS FAUNA, A NEw PLEISTOCENE INTERGLACIAL F'AUNA FROM
Meape County, Kansas, by Claude W. Hibbard, pp. 197-220, pls. 1-2,
July 14, 1941

GRrOUND-WATER RESOURCES OF MississipPIAN AND OLDER Rocks v Bour-
BON, CRAWFORD, CHEROKEE, AND LABETTE COUNTIES, SOUTHEASTERN KAN-
sas, by G. E. Abernathy, pp. 221-236, fig. 1, Sept. 5, 1941,

RECONNAISSANCE OF GrounD-WATER RESOURCES IN ATCHISON COUNTY,
Kansas, by John C. Frye, pp. 237-260, pls. 1-3, figs. 1-6, September 10,
1941,

Part 10. PRELIMINARY REPORT ON THE McLouTH GAs ANp O Frerp, JEFFERSON

AND LEAVENWORTH CouNTiEs, KaNnsas, by Wallace Lee, pp. 261-284, pls.
1-3, tables 1-6, September 27, 1941.

PaArT 11. CLASSIFICATION OF THE MARMATON GROUP, PENNSYLVANIAN, 1IN KaANsaAs,

by John M. Jewett, pp. 286-344, pls. 1-9, November 15, 1941.

Parr12. THe O11s Gas anp O1r PooL, Rust Axp Barton CounTties, Kansas, by

Eugene A. Stephenson and John I. Moore, pp. 345-388, pls. 1-17, No-
vember 28, 1941.
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