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The present invention relates to the recovery of oil
from a porous subsurface oil bearing formation by
cycling an injected high pressure gas through the forma-
tion toward a production well to institute and effect pro-
duction of the formation oil at the production well bore.

The present invention is, therefore, particularly appli-
cable to the recovery of oil ffom underground reservoirs
after primary production methods have been exhausted,
when the formation oil is usually in a discontinuous phase
and can no longer be caused to flow by water flooding,
ordinary gas pressuring, and the like. Its application is
especially contemplated in the case of relatively high pres-
sure gas cycling at pressures upwardly of 3,000 p. s i
This process typically results in materially increasing the
volume of subsurface oil by gas solution effect to create
a continuous and therefore flowable oil phase. It also
results in enrichment of the injected gas phase by forma-
tion oil yielding at the production well bore a readily
flowable mixture containing formation oil. Irrespective
of the exact mechanism involved, it is found that at the
high pressures involved the components of the formation
oil are delivered to the production well in the resulting
readily flowable fluid.

The present invention contemplates the recovery of
oil, as above, by means of high pressure gas in the form
of a retrograde-enriched mixture comprising a normally
gaseous hydrocarbon containing in single-phase. admix-
ture therewith a substantial proportion of normally liguid
solvent for the heavy constituents of the oil, such as
bitumens, asphaltenes and the like, and subject to retro-
grade condensation upon isothermal pressure decrease.
The high pressure gas enters the formation from an in-
jection well extending into the formation at a region
spaced from the production well. Typical effective sol-
vents for the asphaltene-bitumen fraction precipitate are,
for example, carbon tetrachloride, aromatic hydrocarbons
such as benzene, toluene and cumene, pyridine, carbon
disulfide and many others.

The injection is continued to force the injected phase
through the formation in contact with the oil contained
therein and as a result substantial flow of hydrocarbon
fluid, including subsurface oil from the oil bearing inter-
stices of the formation, takes place and is instituted to-
ward the producing well. :

This procedure is of particular advantage from the
standpoint. of avoiding clogging or restricting of the mi-
nute interstices of the porous: subsurface formation by
waxy, bitumen or asphalt-like constituents of the oil which
otherwise tend to be precipitated by high pressure, light
hydrocarbons and particularly the normally gaseous hy-
drocarbons. Manifestly, the relatively immobile, solid
or semi-solid precipitates tend to obstruct the tiny pas-
sageways of the internal pore space and therefore decrease
permeability of the formation so that fluid flow is de-
creased and may cease entirely.

The plastic material precipitatable by light paraffin
hydrocarbons at high pressure is referred to herein as
“heavy hydrocarbons” or “heavy constituents” of the for-
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mation oil, and are therefore limited, by definition, to
the wax-like, asphaltic or bituminous appearing constit:
uents referred to above irrespective of their exact chem-
ical constitution.

Most crude oils contain these precipitatable materials
in a quantity sufficient to adversely affect the prodicing
formation. Therefore, in the presence of light gaseous
hydrocarbons the recovery of subsurface oil may be ma-
terially impaired by deposition of the plastic precipitate
in the reservoir structure.

In accordance with the present invention, however, for-
mation of the objectionable precipitate is inhibited by con-
veying the liquid sclvent for the heavy precipitatable con-
stituents into contact with the subsurface oil phase as a
retrograde-enriched mixture with the injected gas.

The fluid mixture- injected into the formation s, in
effect, a gas enriched with solvent vapor substantially in
excess of the amount of such vapor which the normally
saturated gas could carry. In this mixture the highly
compressed gas actually dissolves a substantial amount
of the solvent liquid while still retaining the desirable
characteristics of the gas and is, therefore, for the purpose
of the present specification and claims referred to as ret-
rograde-enriched-gas.

Due to its gas-like properties, it accordingly flows
readily under injection pressure through the interstices of
the oil bearing formation. However, due to the high sol-
vent capacity of the retrograde-enriched-gas and also the
high affinity of the gasiform mixture for the heavy pre-
cipitatable constituents of the formation oil, there is a
substantial solvent adsorption by the oil which prevents
the undesired precipitation. Actually, contact of the ret-
rograde-enriched-gas phase with the oil containing the
heavy precipitatable constituents alters the phase behavior
of the system resulting in what is, in effect; selective ab-
sorption by the heavy hydrocarbons of the solvent from
the refrograde-enriched-gas. To facilitate utilization -of
the effect it may be: considered as analogous to “salting
out” or condensation of solvent from the essentially gasi-
form mixture wherever it comes into contact with the
heavy hydrocarbons which might otherwise clog the for-
mation. Obviously from the foregoing, constituents
otherwise capable of clogging the formation are accord-
ingly maintained in fiuid solution which in a continuous
phase may be. caused to flush out of the formation or be
absorbed by retrograde vaporization in the flow of in-
jected gas.

From the foregoing, it will be seen that the injected
retrograde-enriched-gas. phase readily permeates the
minutest interstices of the formation due to its relatively
low viscosity as compared with a liquid solvent which
manifestly could be caused to flow therethrough only with
considerable difficulty and would tend to channel through
the. more open passages. Therefore, relatively large
amounts of liquid solvent carried in solution in the retro-
grade-enriched-gas are brought into the formation with
the ease of gas flow as contrasted with liquid flow and
reach the most restricted regions to maintain the precipi-
tatable materials in liquid condition, In short, the extent
of permeation of the formation by a gas is materially
greater than by a liquid, other conditions being the same,

Moreqver,. the presence of some liquid phase solvent
with the retrograde vapor is not necessarily disadvanta-
geous since the liquid tends to enter the larger pores and
thus channel the gasiform phase into the more minute
interstices.

An additional advantage follows from the fact that as
the treating phase approaches the producing well bore, the
pressure drops and tends fo result in isothermal retro-
grade condensation of residual solvent in the retrograde-
enriched-gas facilitating the maintenance of a continuous
phase and effecting an additional washing, cleansing
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action about the well bore where high permeability is
important. In other words, any excess solvent tends to
condense and desirably flush the formation at this point.
As above intimated, the normally gaseous constituent of
the retrograde enriched gas is preferably a hydrocarbon
having a critical temperature lower than reservoir tem-
perature, that is, a gas which under the subsurface condi-
tions encountered will not liquefy, per se. For subsurface
temperatures above 100° F., therefore, methane, ethane,
and ethylene are typical examples. Of the related hydro-
carbons, propane may be used when the subsurface
temperatures are above 206° F.

Broadly, however, the normally gaseous constituent
may include any normal gas having a critical point below
formation temperature and capable of forming a retro-
grade solvent enriched phase while retaining the essen-
tial characteristics of a gas.

The solvent component of the retrograde-enriched

mixture, ‘as described above, comprises any normally
liquid solvent for the heavy constituents of the oil which
otherwise tend to precipitate in the formation, and which
will vaporize in the normally gaseous constituent or car-
rier gas at the formation temperature and pressure in
accordance with the phenomenon of retrograde vapor-
ization.
_ The relative proportions of the normally gaseous and
solvent-liquid constituents are those which form a retro-
grade-enriched-gas phase of substantial liquid solvent
concentration at the pressure and temperature of the for-
mation, preferably a solvent content approaching the
maximum obtainable under such conditions.

For.example, at a formation pressure of 3,730 p. s. ia.
and a formation temperature of 200° F., methane and
carbon tetrachloride form a retrograde-enriched gas
phase containing 27 mol per cent of carbon tetrachloride.
This contrasts with a concentration of only about 1 mol
per cent which would be anticipated in the absence of
retrograde behavior. At a pressure of 3,610 p. s. i. a. and
at a temperature of 180° F., a retrograde gas phase will

form having a concentration of 13 mol per cent CCls. °

These represent the approximate optimum ratios of injec-
tion of the respective formations. It is apparent, how-
ever, that in each case the preferred ratio of gas-solvent
injection depends upon the characteristic phase diagram
of the gas and solvent employed. This relationship is
always fired, and known or readily determinable, and
does not, per se, form any part of the present invention.
It, moreover, varies with the gas and solvent sclected.
However, the phase diagram indicates directly the
approximate relative quantity of gas and solvent corre-
sponding to the retrograde-enriched gas desired under the
conditions of temperature and pressure prevailing in the
formation to be treated. :

It is ordinarily contemplated selecting a gas-solvent
mixture which under such conditions forms a retrograde
gas phase containing at least 10 and preferably above 25
mol per cent of the solvent. However, in the case of a
formation oil containing only small fractions of precipi-
tatable compounds, smaller concentrations of solvent are
adequate to keep the formation open,

The normally gaseous hydrocarbon may comprise a
mixture of such gases. In fact, as a general rule, a retro-
grade-enriched gas phase containing mixtures of normally
gaseous hydrocarbons may hold substantially richer
quantities of solvent than a retrograde-enriched gas phase
based on pure methane alone. It is presumably for the
same reason, that the presence of some Ca—C4 gases in
the mixture result in the yield of considerably more of
the formation oil at the producing well. This follows
from the fact that the heavier fractions of the oil more
feadily vaporize in the injected gas phase than where
methane alone forms the injected carrier gas, and it
accounts for the essentially exhaustive oil recovery ex-
perienced when proceeding by this method.

" Likewise, mixtures of solvents may be employed and

are preferred for the reason that thereby a higher solvent
concentration in the retrograde enriched gas likewise
follows. 2

In general the presence of any additional hydrocarbon,
intermediate, as regards molecular weight, between the
lightest normally gaseous hydrocarbon and the heaviest
solvent of the retrograde enriched gas phase, tends to
lower the retrograde enriched phase dew point pressure
and therefore increase the quantity of solvent which may
be carried in the retrograde gas phase. For example, the
presence of butane in a methane-decane mixture drasti-
cally reduces retrograde dew point pressure. The treat-

. ment phase may therefore comprise a mixture of meth-
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ane, propane, pentane and benzene, or a mixture of
methane, butane, hexane and CCls, for instance.

In accordance with one specific example ilfustrating the
practice of the present invention, an injection well bore
extends into a subsurface formation at a point spaced
from a production well bore which enters the same for-
mation. The subsurface formation in the present ex-
ample comprises a formation depleted as to primary
recovery and thereafter exhaustively produced by sec-
After secondary
recovery, however, the formation still contains approxi-
mately 50% of original oil.

The oil containing formation in question is located
about 8,000 feet below the surface of the ground, is
about 10 feet thick and has a temperature of about 230°
F. The porosity of the formation, as determined by core
samples is about 20%. o _

Production is effected in the bore hole by injecting
into the injection well at a pressure of about 4,000
p. s. i. a. a natural gas composed largely of methane and
containing appreciable proportions of Cz2-Cs hydrocar-
bons. In a typical instance, an injected gas composition
is approximately as follows: '

Component; Mol percent
Cl .____..-...___;_-_.' ________________________ 72.5
e e 163
C8 e 8.0

Ch e e e 2.2
G5 o e e 0.6
CB e e e e 0.1
e e e e 0.3

Flow of hydrocarbon fluid comprising formation oil
thereafter commences at the production well bore, but,
after a substantial period of production, the permeability
of the formation begins to materially decrease as a result
of precipitation of asphalt-like material from the oil and
resulting restriction of the interstices of the formation.

In order to overcome this difficulty in accordance with
the present invention, carbon tetrachloride is continu-
ously forced into the injection well with the natural gas.
More specifically, the rate of solvent injection is equal to
about 400 barrels of carbon tetrachloride per million
cubic feet of natural gas. As injection proceeds, the
well head pressure rises to about 3,000 p. s. i. a. at a gas
temperatare of 90° F. Thereafter injection proceeds
continuously under these conditions to cycle the mixed
fluid through the formation and institute substantial pro-
duction at the production well bore. After long periods
of time, there is no decrease in permeability and no ap-
parent precipitation of immobile deposits in the forma-
tion interstices. - - . :

Manifestly, this follows from the fact that under the
formation pressure and temperature, .the injection mix-
ture necessarily exists as a retrograde enriched gas ca-
pable of cycling freely through the formation under the
characteristic low viscosity of the gas but containing
somewhat over 25% CCl in solution in the gas. There-
fore, at the-high subsurface pressures involved there is
obviously a relatively large concentration of solvent in
contact with the oil which tends to condense thereon and
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majntain the precipitatable constituents continuously in
fluent condition.

In place of the CCls in the above example, approxi-
mately the same proportion of benzene or toluene may
be employed.

It is particularly important to note that the solvent
bearing gas cycled through the formation is readily re-
coverable upon completion of the oil recovery opera-
tion. Thus by the means disclosed above, as much as
90% of the total original oil is recoverable from the
formation. When, however, no farther oil is produced
by this operation the gas remaining in the reservoir and
containing the solvent and lighter hydrocarbons is read-
ily displaceable by cycling the formation with dry nat-
ural gas and extracting the effluent by conventional nat-
ural gas absorption methods. Since the major part of
the formation hydrocarbons have been previously pro-
duced, no important clogging of the formation can occur
at this time and, in any event, cannot seriously impair
the migration of the dry gas.

As indicated above, the present invention is particu-
larly applicable to the secondary recovery of oil after
primary methods have been exhausted or to the recovery
of the final oil after secondary recovery methods as for
example water flooding and gas pressure have been ap-
plied. It may also be employed to extend and facilitate
primary recovery. The significant importance of the
process resides in the fact that tremendous quantities
amounting frequently to as much as 50% of the original
oil in place may remain in the formation after the com-
pletion of ordinary recovery. This can be effectively
recovered in its substantial entirety by the present
methods.

The invention also contemplates raising the formation
pressure in cases where the pressure has previously been
released to a point below the retrograde region. Thus,
where formation pressure is insufficient to support the
retrograde enriched phase the necessary pressure may be
obtained by injecting sufficient gas to build up the forma-
tion pressure to the desired value where the contemplated
enriched gas phase can exist.

Obviously many modifications and variations of the
invention as above set forth may be made without de-
parting from the spirit and scope thereof, and therefore
only such limitations should be imposed as are indicated
in the appended claims.

I claim:

1. In the recovery of oil from subsurfaces oil bearing
formations by forcing gas through the formation from
an injection well toward a producing well under a high
pressure effective to cause enhanced yields at the produc-
ing well of fluid containing said oil, the improvement
wherein said high pressure gas injected into said forma-
tion from the injection well bore is a retrograde-enriched
gas comprising a normally gaseous hydrocarbon con-
taining in single phase admixture therewith a substan-
tial proportion of a normally liquid solvent having a
high solvent capacity for heavy asphaltene-bitumen con-
stituents of the formation oil which tend to be precipi-
tated by normally gaseous hydrocarbons dissolved by the
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formation oil and subject to retrograde condensation upon
isothermal pressure decrease, thereby inhibiting the pre-
cipitation of heavy hydrocarbons in said subsurface
formation, and withdrawing the resulting flow of hy-
drocarbons from said production well.

2. In the recovery of oil from subsurface oil bearing
formations by forcing a gas through the formation from
an injection well toward a producing well at a high pres-
sure in the retrograde region effective to form with the
oil a continuous phase of more readily displaceable fluid
containing said oil which flows to the well bore, the im-
provement wherein said gas injected into said formation
from the injection well is a retrograde-enriched gas com-
prising a normally gaseous hydrocarbon containing in
single phase admixture therein a substantial proportion
of a normally liquid solvent having a high solvent ca-
pacity for heavy asphaltene-bitumen constituents of the
formation oil which tend to be precipitated by normally
gaseous hydrocarbons and subject to retrograde con-
densation upon isothermal pressure decrease to substan-
tially inhibit the precipitation of said heavy constituents in
said subsurface formation, and withdrawing the result-
ing flow of hydrocarbons from said production well,

3. The method according to claim 2 in which the
retrograde-enriched gas phase contains at least about 10
mol per cent of solvent.

4. The method according to claim 2 in which the
retrograde-enriched gas phase contains at least about 25
mol per cent of solvent.

5. The method according to claim 2 wherein the
retrograde-enriched gas phase contains a mixture of nor-
mally gaseous hydrocarbons.

6. The method according to claim 2 in which the
retrograde-enriched gas phase contains a substantial pro-
portion of a hydrocarbon intermediate, as regards molec-
ular weight, between the normally gaseous hydrocarbon
and said solvent.

7. The method according to claim 2 wherein the
retrograde-enriched gas contains a plurality of solvents.

8. The method according to claim 2 wherein the
retrograde-enriched gas passes into the formation at a
pressure greater than about 3,000 p. s. i. a.

9. The method according to claim 2 as applied to the
recovery of subsurface oil after substantial exhaustion of
primary recovery means.

10. The method according to claim 2 wherein said
normally liquid solvent comprises a solvent of the class
consisting of carbon tetrachloride, benzene, toluene,
cumene, pyridine and carbon disulfide.

11. The method according to claim 2 wherein ‘said
normally liquid solvent is carbon tetrachloride.
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