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This invention relates to an improved process for re 
covering petroleum from underground reservoirs. More 
specifically, this invention is directed to an improved 
miscible drive, waterflood process in which the reservoir 
is contacted first with liquefied light hydrocarbon then 
with carbon dioxide and lastly with water. 

It is known that greater quantities of oil can be re 
covered from subterranean petroleum reservoirs by dis 
placing the oil with an oil-miscible liquid and then dis< 
placing the oil-miscible liquid with a cheap scavenging 
fluid which may be left in the reservoir. The oil-miscible 
liquid is preferably one which will dissolve in the oil 
and substantially reduce the viscosity of the oil with which 
it mixes. The use of various oil viscosity-reducers has 
been proposed and it is well known in the art that mix 
tures of low-molecular-weight hydrocarbons, known com 
mercially as “liquefied petroleum gas” are especially suit 
able as petroleum solvents. “Liquefied petroleum gas,” 
hereafter referred to as LPG, is a mixture of hydro 
carbons consisting principally of propane and butane with 
minor proportions of ethane and pentane. 

It is known further that increased oil recoveries can 
be obtained when the scavenging fluid used to drive an oil 
miscible solvent through a reservoir is a dense fluid hav 
ing a viscosity greater than that of the fluid which it dis 
places. The use of a scavenging fluid of lesser density 
than the Vpetroleum and connate water in the formation, 
as has been proposed in the past, results in an uneven and 
inefficient flow distribution. For example when methane 
is used as the scavenging fluid, the compressed methane, 
being substantially lighter than the petroleum or connate 
Water, tends to override the formation, With the result that 
petroleum in only the upper portion of the reservoirs is 
produced while the petroleum in the lower strata of the 
formation is substantially bypassed. Moreover, a scav 
enging fluid, such as methane, which has a viscosity sub 
stantially lower than that of the fluid which it displaces 
tends to finger through the displaced fluids in the more 
permeable portions of the reservoir resulting in a low 
sweep efficiency and the bypassing of large areas of the 
reservoir. 

Since Water has the same density as the connate water 
and a density only slightly different from the petroleum 

I. in the formation, it is an effective scavenging fluid. In 
' addition, water has a viscosity substantially greater than 
that of low-molecular-weight hydrocarbons and is rela 
tively inexpensive and abundantly available. Also pos 
sessing these attributes is carbonated water. 'Lhe use of 
geraamte@ Water asterixmelsssadditignalQQzgu@ 

thel formation oil but also` 
www Ys', producing bicawrbmiates, reacts with ̀ the formation ro 
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which increases formation peririeval'íilityîV Tlie"viscòsityîf 
the injected water may be conveniently and economically 
increased by the addition of various natural or synthetic 
gums. 
However, hydrocarbons and water are not readily 

miscible. Consequently, when water is injected directly 
behind the hydrocarbon, a hydrocarbon-water interface 
is produced and a dual rather than a single phase displace 
ment of the petroleum results. When this happens, the 
scavenging fluid tends to replace only the connate water 
in the formation and to bypass large quantities of the in 
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jected hydrocarbon and petroleum. I have found that 
much greater efficiency is achieved by injecting between 
the low-molecular weight hydrocarbon and the scavenging 
water a fluid which is miscible both with the hydrocarbon 
and with the water. While this intermediate fluid may be 
completely miscible with the limited quantity of hydro 
carbon which is injected before it, it is desirable that the 
intermediate fluid be miscible only to a limited extent 
with water. Otherwise, too large an amount of the inter 
mediate fluid dissolves into the great quantities of water 
which are injected behind it. This causes a breakdown 
of the intermediate zone, and water containing the dis 
solved intermediate fluid comes into contact with the in 
jected hydrocarbon. In order to prevent this, excessive 
quantities of the intermediate fluid would have to be used. 
In addition, the intermediate fluid would tend to dissolve 
in too great an amount in the connate water contained 
in the formation thereby tending to increase further the 
amount of intermediate fluid which must be injected. 

I have further found that the formation is advanta 
geously scrubbed first with a liquid, then with a gas, and 
lastly with another liquid. It is therefore desirable (al 
though not necessary) that the intermediate fluid be a 
gas at reservoir conditions. Carbon dioxide possesses 
all these qualities and is therefore a superior intermediate 
fluid. Carbon dioxide is miscible with low-molecular 
weight hydrocarbons and, since the reservoir temperatures 
are almost invariably above the critical temperature of 
carbon dioxide, the carbon dioxide exists as a dense fluid 
at typical reservoir temperatures and pressures. The low 
molecular-weight hydrocarbon must, of course, be main 
tained as a liquid and it is therefore necessary that the 
reservoir pressure be maintained at a high level, prefer 
ably in excess of about 700 p.s.i. A further advantage of 
the use of carbon dioxide as the intermediate fluid results 
from the fact that carbon dioxide is soluble, but not in 
finitely soluble, in water at pressures in excess of 700 
p.s.i. By using carbonated water for at least part of 
the drive media, the efllciency of the carbon dioxide slug 
is increased inasmuch as the carbon dioxide slug will 
attain greater formation sweep or contact before it is 
completely lost in mixing with the oil and drive water. 
Carbon dioxide, when dissolved in water, produces acidic 
carbonated water which acts .as a surfactant to reduce 
the surface tension between the reservoir rock and a sub 
sequent flood medium, thus enabling the carbonated water 
to better wet the reservoir rock and thereby minimizing 
bypassing of the carbon dioxide by the moving waterfloo " 

Briefly, therefore, the process of this invention com 
prises injecting into the reservoir a quantity of liquid 
low-molecular-weight hydrocarbon followed by a quan 
tity of carbon dioxide, and driving these injected fluids 
through the formation by the injection of floodwater. 

lt is an object of this invention to provide an improved 
method of recovering petroleum oil from underground 
reservoirs. 

Another object of this invention is to provide an im? 
proved secondary-recovery waterflooding process. 

It is another object of this invention to provide an 
improved miscible-drive, waterflood process in which the 
reservoir is scrubbed first by a liquid, then by a gas, and 
lastly by another liquid. 
More objects of this invention will become apparent 

upon reading the following specification in conjunction 
with the drawing wherein: 
The figure discloses a chart which illustrates the un 

expected increased recovery obtained by the method of 
this invention as compared with another Well-known 
process. 
The pressure of the injected fluids and the quantity of 

the various fluids injected must be determined from a 
study of each individual reservoir. In general, it is de 
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sirable to inject the minimum effective quantitites of 
liquid loW-molecular-weight hydrocarbon and carbon di 
oxide. It is, however, necessary that the quantities in 
jected be suflicient to prevent a complete break-down in 
either the hydrocarbon or carbon dioxide zone. To main 
tain the integrity of these zones, carbonated water may be 
used as the ilood medium, thereby replenishing the car 
bon dioxide previously injected in the slug form or at 
least preventing loss from the CO2 slug to the driving ñood 
water. 
The quantity of low-molecular-weight hydrocarbon in 

jected generally will be between .01 and 0.1 reservoir pore 
volume. The quantity of carbon dioxide preferably 
should be slightly larger than the quantity of injected 
hydrocarbon, to allow for the loss of some carbon dioxide 
into the connate water in the formation, and generally 
will be about .05~.35 reservoir pore volume with the 
preferred range between about .1-.15 reservoir pore vol 
ume. The injection pressures preferably should be in 
excess of 700 lbs. per square inch. At this pressure 
carbon dioxide satisfactorily mixes and dissolves in the 
injected water, and the low-molecular-weight hydrocar 
bon is maintained as a liquid at ordinary reservoir tem 
peratures. 
The process of this invention may be initiated at any 

time during or following primary depletion of the petro 
leum-bearing formation. Superior results are dependent 
on the pressure being at least 700 p.s.i., and therefore, it 
is preferred to initiate the process while the reservoir pres 
sure is still above this point, preferably well above 700 
p.s.1. 
The liquid low-molecular-weight hydrocarbon injected 

into the petroleum reservoir in accordance with this in 
vention may be any low-molecular-weight hydrocarbon or 
hydrocarbon mixture which can be maintained in the 
liquid state at reservoir temperature and pressure, and 
with which the selected intermediate fluid, such as carbon 
dioxide, is substantially completely miscible. Non-limit 
ing examples of suitable hydrocarbons include propane, 
butane, gasoline, natural gasoline, “LPG,” “compressor 
condensate,” and all hydrocarbon fractions having a boil 
ing point lower than that of kerosine. “LPG” is rec 
ognized in the petroleum industry as a term representing 
certain liquefied petroleum gases, these gases being petro 
leum fractions lighter than gasoline such as butane, pro 
pane, etc. and mixtures thereof which remain in the 
liquid state when maintained under pressure. As used 
herein and in the petroleum industry, “compressor con 
densate” refers to the liquid petroleum fraction obtained 
as a result of compressing natural gas for pipeline trans 
mission. These condensates are rich in butane and pen 
tane but contain minor amounts of propane and lighter 
hydrocarbons and of hexane and heavier hydrocarbons. 
As an example of the process of this invention, a core 

of McCook dolomite, 7.5 inches long and 3.5 inches in 
diameter, is saturated to 48% of a pore volume with 
Devonian stock tank oil, i.e., weathered Devonian crude 
oil. In accordance with this invention, the saturated 
core is flooded at 1200 p.s.i.a. and 120° F. with 0.02 pore 
volume of propane, and this is followed by flooding with 
0.10 pore volume of carbon dioxide (measured as a liquid 
at 1200 p.s.i.a. and 80° F.). After the carbon dioxide 
has been injected, the core is flooded with water in a 
conventional manner. Oil recovery at water break 
through is 58% of the oil originally in place, and this in 
creases to 60% when the water-to-oil ratio reaches 100/ 1. 
For comparison, a similar core is flooded at the same 

conditions (1200 p.s.i.a. and 120° F.) with 0.12 pore vol 
ume of carbon dioxide, and then is flooded with water. 
At water break-through, only 54% of the oil originally in 
place is recovered, and the recovery rises to only 57% 
when the water-to-oil ratio reaches 100/ 1. Thus 34% 
more of the oil in place is recovered by applying this in 
vention. Even greater superiority is evident in actual 
oil-ñeld practice because of the superior sweep efficiency 
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4 
achieved by applying this invention, in comparison to mis 
cible flood projects in which the solvent is displaced by 
low-viscosity ñuids, such as gases, rather than relatively 
viscous liquids, such as water. 

In another example, a similar core is flooded at the 
same conditions (1200 p.s.i.a. and 120° F.) with 0.02 pore 
volume of compression condensate rich in material lighter 
than hexane. The compression condensate is obtained 
by compressing field gas, produced with crude oil and 
gathered from low-pressure separators (about 20 p.s.i.g.), 
to about 500 p.s.i.g., chilling to about 100° F., and sepa 
rating the condensate from residue gas. The compres 
sion-condensate flood is followed by a flood with 0.10 pore 
volume of carbon dioxide (measured as a liquid at 1200 
p.s.i.a. and 80° F.). After the carbon dioxide has been 
injected, the core is flooded with water in a conventional 
manner. Oil recovery at water break-through is 57.5% 
of the oil originally in place, and a total of 60% when 
the watertooil ratio reaches 100/ 1. 
As another specific example of the process of this inven 

tion, a petroleum-bearing reservoir, having an input and 
an output well and an internal pressure of 1000 p.s.i., is 
produced by injecting through the input well and into the 
formation 0.05 reservoir pore volume of LPG, then in 
jecting into the formation 0.07 pore volume of carbon 
dioxide, and finally injecting lloodwater into the forma 
tion. The LPG and carbon dioxide banks are driven 
through the formation by the continuing injection of 
floodwater, and petroleum is produced from the producing 
well without any substantial reduction in formation pres 
sure. 

In view of the results of the foregoing examples, it 
would be advantageous to note the following experimental 
data demonstrating the superiority of carbon dioxide as 
an intermediate fluid over those in the art. For ex 
ample, Slobod et al. in U.S. Patent 2,968,350 describes a 
typical miscible-slug secondary recovery process. In ac 
cordance with Slobod et al., a slug of miscible fluid, viz., 
ethane, propane, sulfur dioxide or hydrogen sulfide, is 
injected into a subterranean oil reservoir followed by the 
injection of a slug of a normally gaseous hydrocarbon such 
as natural gas or a similar gas comprising principally 
methane. Thereafter, a waterilood drives the miscible 
slug and normally gaseous slug through the reservoir, thus 
forcing the oil to flow toward a production well through 
which it is removed to the surface of the earth. 

EXPERIMENT 1 

An 8’ sandstone core was saturated with a Colorado 
crude oil, so that the sandstone contained 0.603 pore 
volume of oil. The core was then ñooded with water 
under pressure yof 1150 lb./sq. in. at 180° F. and there was 
recovered 0.291 pore volume of the oil, leaving 0.312 pore 
volume of oil remaining in the core. The core was then 
flooded with 0.25 pore volume of propane, followed by 
0.16 pore volume of carbon dioxide, both measured at 
1150 lb./sq. in. and 180° F. Water was then injected 
behind the carbon dioxide ̀ at the same pressure and tem 
perature and the oil recovered from the core at various 
stages in the operation was recorded. The following table 
accurately sets forth the oil recovered at various stages 
during the injection. 

Table l 

Oil recovered 
Cumulative pore 
volumes of fluid 

injected Pore Percent oí Water-oil 
vol. oil in place ratio 

Ü. 192 0 O oo 
0. 365 0. 155 49. 8 <0. 1 
0. 55 0. 267 85. 5 1. 0 
1. 0 0. 289 92. (ì 30 
1. 5 0. 303 97. 0 >50 
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EXPERIMENT 2 

An 8’ sand core was saturated with the same oil as in 
Experiment 1 so that the core contained 0.618 pore vol 
ume of oil. The core was flooded with water and there 
was recovered 0.319 pore volume of oil, leaving 0.299 
pore volume of oil in the core. There was then injected 
into the core at 1150 lb./sq. in. and 180° F., 0.25 pore 
volume of propane, followed by 0.25 pore volume of 
methane, and then driven with water. The following 
table accurately represents the recoveries of oil obtained 
at different stages in the treatment of the core. 

Table Il 

Oil recovered 
Cumulative pore 
volumes of fluid 

injected Pore Percent oi Water-oil 
vol. oil in place ratio 

0.106 0 0 œ 
0.282 0. 103 34. 5 <0. 1 
0. 685 0. 250 83.7 1. 0 
1. 0 0.263 88. 1 35 
1. 5 0. 272 91. 1 >50 

As can be seen, bythe practice of this invention, carbon 
dioxide, as an intermediate iiuid, is superior to those here~ 
tofore utilized in the art. In Experiment 1, following the 
technique of this invention, When a total of 1.0 pore vol 
ume of propane, carbon dioxide and water had been in 
jected, the recovery of oil was 0.289 pore volumes, or 
92.6% of the oil in place. In contradistinction, using the 
prior art technique as set forth in Experiment 2, even con 
sidering the fact that the amount of methane used was 
greater than the amount of carbon dioxide used in Experi 
ment 1, when a total of 1.0 pore volume of propane, 
methane and water had been injected, the oil recovered 
was only 0.263 pore volume, or 88.1% of the oil in place. 
Both floods were terminated when the Water-to-oil ratio 
exceeded 50 and at that time both the volume of oil re 
covered and the percentage of the oil in place recovered 
by the propane-carbon dioxide waterllood exceeded that 
recovered by propane, methane and water. 

It is to be noted that the prior art method utilizing an 
intermediate hydrocarbon gas succeeded in recovery of 
only 91.1% of the original oil in place, whereas by the 
practice of this invention the significant recovery of 97% 
is realized. As is well known, the lesser the amount of 
oil remaining in a reservoir, the more difñcult further re 
covery of oil becomes. However, the data in the fore 
going experiments would indicate the superiority of car 
bon dioxide over that of methane in the aspect of increas 
ing residual oil recovery efficiency. 
The ligure graphically illustrates a comparison of the 

oil recoveries obtained by the method of this invention, 
employing carbon dioxide as an intermediate gas, as com 
pared to Ithe prior art method, utilizing methane as the 
intermediate gas. This graph, obtained from calcula 
tions based on laboratory experiments, shows recovery as 
the ordinate and volume of ñuid injected as the abscissa, 
therefore eventually indicating the ultimate recoveries. 
Curve B shows the recovery attained by a propane-meth 
ane-waterñood process. Curve A shows the recovery 
obtained by the use of this invention. From the graph, it 
is apparent that a larger amount of methane than of car 
bon dioxide is necessary as the intermediate gas, to achieve 
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a given recovery of oil, and that less of the oil in place is 
ultimately recovered when using methane than when using 
carbon dioxide. 

If desired, the viscosity of the initially injected ñood 
water may be increased by the addition of 1-5% of crude 
dextran. Dextran is a water-soluble carbohydrate which 
is compatible with the salts generally present in the avail~ 
able waters. Other viscosity-improving additives may, 
of course, be used, but it is necessary that they be com 
patible with both dissolved carbon dioxide and the min 
eral content of the lloodwater. The use of a viscosity-in 
creasing additive in the initial portion of the injected 
water results in the removal of oil from greater areas of 
the reservoir, and minimizes the tendency of the water 
drive to iinger through the carbon dioxide and liquefied 
low-molecular-weight hydrocarbon zones at places of un 
usually high reservoir permeability. 
The embodiments of the invention in which an exclusive 

property or privilege is claimed are defined as follows: 
1. A method for production of oil from a subterranean 

reservoir consisting essentially of injecting through an in- 
jection well into said reservoir a quantity of low-molecu~ 
lar-Weight hydrocarbon, liquid under reservoir conditions, 
injecting immediately behind said hydrocarbon a quantity 
of carbon dioxide, driving the hydrocarbon liquid and 
carbon dioxide through the reservoir by injection of ñood 
water in the direction of a`n output well, and maintaining 
the reservoir at a pressurëvdîît‘lëast 700 pounds per 
square inch. 

2. A method according to claim 1 in which a viscosity 
increasing additive is added to the initial portion of thei ' 
ñoodwater. 

3. A method according to claim 1 in which the amountA 
of low-molecular-weight hydrocarbon injected is between 
0.01 and 0.1 reservoir pore volume and the amount of 
carbon dioxide injected is between 0.05 and 0.35 reservoir 
pore volume of liquid hydrocarbon. 

4. A method according to claim 3 in which the low 
molecular-weight hydrocarbon comprises propane as the 
major constituent. 

`S. A method .according to claim 3 in which the low 
molecular-weight hydrocarbon comprises butane as the 
major constituent. 

`6. A method according to claim 3 in which the 10W 
molecular-weight hydrocarbon comprises L.P.G. 

7. A method according to claim 3 in which the low- 
molecular-weight hydrocarbon comprises compressor 
condensate. 
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