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evolution of at least a portion of the gas from the oil. Gas bubbles are thereby formed in the oil within the subterranean formation.
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WO 2007/078379 PCT/US2006/040661

METHOD OF OIL RECOVERY USING A FOAMY OIL-EXTERNAL
EMULSION

[0001]  This application claims the benefit of U. S. Provisional Application No.
60/753,160 filed on December 22, 2005.

[0002] Reference is hereby made to technically related co-pending United States
Patent Application No. 10/319,752, entitled “Solids-stabilized Oil-in-Water Emulsion
and a Method for Preparing Same;” United States Patent Application No. 09/819,332,
entitled “Stability Enhanced Water-in-Oil Emulsion and Method for Using Same;”
and United States Patent Application No. 10/422,388, entitled “Oil-In-Water-In-Oil

Emulsion.”

TECHNICAL FIELD

[0003] Embodiments of the invention relate generally to a process for producing
hyd1‘ocarb6ns from a subterranean formation by flooding with a foamy solids-
stabilized emulsion formed in situ. In one or more specific embodiments, gas is
dissolved in the emulsion and injected into the formation where reduced pressure

permits the evolution of dissolved gas and in situ foam formation.

BACKGROUND

[0004] 0il is frequently recovered from subterranean reservoirs by use of flooding
processes wherein a displacing fluid, such as water or gas, is injected into injection
wells to drive the oil toward production wells where it is withdrawn. The mobility of
fluid flowing through porous media in the subterranean formations found in such
reservoirs may be defined as the ratio of relative permeability to fluid viscosity for
that fluid (relative permeability/fluid viscosity). For some flooding processes, the
mobility of the in-situ oil being displaced is significantly lower than that of the
displacing fluid, and adverse mobility ratio causes the injected displacing fluid to
finger through the oil, resulting in much of the oil being stranded and unrecovered.
Hence, it is desirable that for an efficient flooding process, the injected fluid should

have a composition and viscosity that maintains a lower mobility for the displacing
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fluid than the mobility of the oil being displaced. The mobility ratio for the flooding
process is the ratio of the mobility of the displacing fluid to the mobility of the oil
being displaced (mobility of displacing fluid/mobility of oil). A favorable mobility
ratio, generally considered to be a mobility ratio of 1.0 or lower, provides improved

displacement efficiency.

[0005] Some flooding processes utilize foams as a displacing fluid. For example,
U.S. Pat. No. 6,105,672 (to Deruyter et al.) discloses an enhanced (WAG type) oil
recovery process in an underground reservoir that uses forced injection, through one
or more wells, alternately of fluid slugs and gas slugs, and recovery, through one or
more production wells, of petroleum fluids displaced by the wetting fluid and the gas
injected. The process is said to include dissolving a pressurized gas in the liquid of
certain slugs and, after injection, relieving the pressure prevailing in the reservoir so
as to generate gas bubbles by nucleation in the smallest pores, which is said to have
the effect of driving the oil away from the less permeable zones into the more
permeable zones (with large pores or with fractures) where the oil is swept by the gas
slugs injected later on. Implementation of the process is said to considerably increase
the oil recovery ratio that is usually reached with WAG type processes. According to
oné embodiment, at least one of the wetting liquid slugs injected during the injection
stage comprises water to which foaming agents or surfactants have been added so that

the pressure decrease in the reservoir generates the in-situ formation of foams.

[0006] Various other flooding processes have utilized emulsions as the displacing
fluid to provide favorable mobility control and effective displacement of crude oil
within the reservoir. For example, U.S. Pat. Nos. 5,855,243, 5,910,467, 5,927,404,
and 6,068,054 (all to Bragg) disclose the use of solids-stabilized emulsions that
provide stable and favorable mobility control for displacing crude oil. In one possible
application, the emulsion comprises oil and water plus dissolved gas to reduce
viscosity and is stabilized using undissolved solid particles which are at least partially
oleophilic. Foams are also disclosed as special cases of emulsions, containing very
high gas contents, with internal gas bubbles stabilized by interfacial films containing
- water, hydrocarbons, or other liquids, and stabilized by surfactants or other

emulsifying agents. Noting that surfactants are often used to create stable films for
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creating foams, it is disclosed that stable films are to be created by mixtures of oil,
water, and fine solid particles, where the solid particles interacting with the oil and
water stabilize the foam film. Additions of gas to the emulsion mixture at the time
that the oil, water, and solids are blended, mixed, and sheared are disclosed to permit
generation of either an emulsion comprising primarily liquids with a lesser fraction of
gas, or a foam comprising primarily gas, with only sufficient liquids to form a stable
foam, depending on the desired properties of the final mixture. A disclosed example
is when the density of a water-in-oil emulsion without included gas might be
significantly greater than the density of oil to be displaced within the formation. If
said emulsion without gas is injected to displace oil, it is noted that gravity underride
of the oil may occur because the emulsion would tend to sink below the oil to lower
portions of the formation. However, it is disclosed that sufficient gas can be included
in the emulsion to cause the emulsion density under formation conditions to equal the
density of the oil being displaced, thus avoiding gravity underride. Other applications
of such gas-containing emulsions or foams stabilized by fine solids described in the
aforementioned patents are inclusion of gas to reduce the viscosity of the injected
emulsion, or inclusion of compressible gas to store energy for release as the emulsion

encounters lower-pressure zones within the formation.

[0007] United States Patent Application Publication US 2003/0220204 (to Baran,
Jr)) discloses the use of surface-modified nanoparticles in fluids used to recover
hydrocarbon from underground formations. The use of surface-modified nanoparticles
in such fluids is said to provide foams that are stable under pressure yet have a shorter
foam lifetime than typical surfactant-stabilized foams after the pressure is released or

fowered.

[0008] As previously noted, methods for making and using solids-stabilized oil-
external emulsions for producing hydrocarbons from subterranean oil reservoirs have
previously been disclosed. (See, e.g.,, U.S. Pat. Nos. 5,855,243, 5,910,467, and
6,068,054.) Such solids-stabilized emulsions can be used for displacing oil and
maintaining mobility control during the flooding process. The overall net oil recovery
resulting from the flooding process can be increased if the injected emulsions

contained less oil, as would be the case if additions of gas to the emulsions were made
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to generate foam. In such cases, it is desirable to control the bubble size and bubble
size distribution in the foam. In particular, it is desirable to maintain the average
bubble size in the foam below a certain level, and also to maintain a bubble size
distribution that is as uniform as possible. Accordingly, there is a need for improved
methods of generating such foams while controlling bubble size and distribution.
There is also a need for improved methods of producing hydrocarbons from a

subterranean formation utilizing such foams.
SUMMARY

[0009] In one or more embodiments, the invention relates to a method for
producing hydrocarbons from a subterranean formation in which a solids-stabilized
emulsion (SSE) is formed, the SSE comprising oil as a first liquid, droplets of a
second liquid suspended in the oil, and solid particles that are insoluble in both the oil
and the second liquid at the conditions of the subterranean formation. The SSE is
exposed to gas at a selected partial pressure of the gas so as to dissolve at least some
of such gas in the oil in the SSE. An SSE having at least a portion of the gas
dissolved therein is thus formed. The SSE with dissolved gas is injected into the
subterranean formation as a drive fluid, and at least a portion of the SSE is placed into
one or more areas of the subterranean formation having a pressure sufficiently low to
permit evolution of at least a portion of the gas from the oil. Gas bubbles are thereby
formed in the oil within the subterranean formation. In one or more embodiments, the
gas bubbles produce a foamy solids-stabilized emulsion (foamy SSE) in situ in the
formation. The foamy SSE can be used as a drive fluid to produce hydrocarbons from
said subterranean formation. In one or more alternative embodiments, the invention
relates to a method for making the foamy SSE. The term “foamy” in the present
context refers to a liquid containing any volume of gas bubbles and not necessarily a

liquid containing a majority volume fraction of undissolved gas.

[0010]  In one or more additional embodiments, the invention relates to a method
for producing hydrocarbons from a subterranean formation comprising forming an
oil-external emulsion within the subterranean formation, the oil-external emulsion

having water droplets and gas bubbles stabilized therein as internal phases, wherein
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the water droplets and the gas bubbles are stabilized as internal phases by sub-micron
size solid particles. The oil-external emulsion thus formed in the subterranean
formation is used as a drive fluid to drive the hydrocarbons toward one or more
production wells, and the hydrocarbons are recovered from the subterranean

formation.

[0011] In still other embodiments, the invention relates to the hydrocarbons

produced by the above methods.

DETAILED DESCRIPTION

[0012] According to one or more embodiments of the present invention, a method
is provided for producing hydrocarbons from a subterranean formation in which an
SSE having gas bubbles therein is utilized. As used throughout this specification,
including the appended claims, a solids-stabilized emulsion (SSE) means an emulsion
that is at least partially stabilized by solid particles as described herein. Such SSE’s
will be interchangeably referred to herein as the “SSE” or as the “emulsion.” Thus,
the SSE’s useful in embodiments of the invention may comprise other stabilizing
agents, such as surfactants, in addition to the stabilizing solids. In one or more
embodiments, an SSE comprising oil as a first liquid and droplets of a second liquid,
for example water, suspended in the oil, is first formed. The emulsion is stabilized
using undissolved ultra-fine solid particles. Methods for making and using such
solids-stabilized oil-external emulsions have been previously disclosed in, for
example, U.S. Pat. Nos. 5,855,243, 5,910,467, and 6,068,054, all of which are fully
incorporated herein by reference. The solid particles used in such emulsions are
selected so as to be insoluble in both the oil and the second liquid at the conditions of
the subterranean formation. In addition, the solid paiticles used may be either
formation solid particles (i.e. indigenous to the subterranean formation) or non-
formation solids particles (i.e., obtained outside of the subterranean formation). Non-
formation solid particles may either be naturally occurring or synthetic. The average
particle size of the solids is typically less than ten microns. In one or more
embodiments, the particle size is about one micron or less, and in still other

embodiments, the particle size is 100 nanometers or less. Particle size as used herein
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is defined as the maximum dimension of the particle along its x, y, and z axes as
measured by an appropriate technique. Appropriate measuring techniques include

scanning probe microscopy, one example of which is an atomic force microscope.

[0013] The solids useful in embodiments of the present invention also include
clays, quartz, feldspar, gypsum, coal dust, asphaltenes, or polymers. Specifically,
fumed silica with particle diameters of approximately 10-20 nanometers in size, or
fundamental particles of exfoliating bentonite clay having thickness of approximately

1 nanometer, and widths of 100-1000 nanometers can be used.

[0014] In addition to the above, the solids used to form the SSE’s of the present
invention can be naturally occurring solids found in the crude oil or other
hydrocarbons indigenous to the formation, such as, for example, precipitated
asphaltenes. Alternatively, the solids can be naturally occurring inorganic solids such

as those previously mentioned.

[0015] In one or more embodiments of the present invention, a mixture of
different solids types is used to optimize stability of water droplets and gas bubbles
simultaneously, with one solids type for maximizing stability of water droplets, and
another type solid for maximizing stability of gas bubbles. An example of such use is

a mixture of fumed silica and exfoliated bentonite.

[0016] Examples of liquids useful in the formation of the SSE’s of the present
invention are set forth in U.S. Pat. Nos. 5,855,243, 5,910,467, and 6,068,054. The oil
that can be used can be crude oil, and as set forth in, for example U.S. Patent No.
5855,243. The oil should contain a sufficient amount of asphaltenes, polar
hydrocarbons, or polar resins to help stabilize the solid particle-oil interaction.
Preferably the SSE’s oil comprises oil or other hydrocarbons previously produced
from the formation where the SSE is to be used. Where the SSE oil does not contain
a sufficient amount of asphaltenes or polar hydrocarbons, these substances can be

added with the solids to a concentration required for stabilizing the SSE.

[0017] Water may be used as the second liquid of the SSE as described above.

The water used for making the SSE also should have sufficient ion concentration to
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keep the emulsion stable under formation conditions. Preferably, formation water is
used to make the SSE. However, fresh water could be used and the ion concentration
adjusted as needed for stabilizing the emulsion under formation conditions. It will be
understood that the use of the term “water” in this patent specification, including the
appended claims, contemplates that the water may contain other species, such as
dissolved minerals or miscible liquids, or the water may contain other suspended
materials, all of which may be either naturally present or artificially added. For
example, the use of the term water is intended to encompass brine. Thus, the use of
such aqueous solutions and/or suspensions is within the scope of the present
invention. In one or more embodiments, the present invention is any of the other
embodiments described here wherein the second liquid comprises water, usually as
the majority component, and the water may contain dissolved ions or other soluble or

suspended species.

[0018] In one or more embodiments, the SSE, once formed, is exposed to gas at a
selected partial pressure of a gas so as to dissolve at least a portion of such gas in the
oil in the SSE, thereby forming an SSE having at least a portion of the gas dissolved
therein. It is understood that the water within the SSE may also contain dissolved gas,
but because of the limited solubility of most gases in water, the amount of gas
dissolved in the water is considerably less compared to the amount dissolved in the
oil. Further, it will be understood that the gas employed may be a pure gas, a natural
mixture of gases, or a specifically composed gas containing fixed amounts of more
than one type of gas. In such cases, as is well known to those of ordinary skill, the
individual partial pressures of each gas depend on the total gas pressure and the mole
fraction of each individual gas. As is also well known to those of ordinary skill, the
partial pressure of the gas and the contact time between the gas and the SSE can be
selected so as to control the amount of gas that is initially dissolved in the oil. The
particular partial pressure selected will depend on the solubility of the gas in the oil,
the characteristics of the formation, and the particular objectives discussed below. As
is well known, the amount of gas dissolved in the SSE will depend also on the contact
time between the gas and the SSE; that is, it will depend on the extent to which the oil

component is permitted to become saturated with the gas at the particular partial
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pressure. However, it is not necessary for the practice of embodiments of the
invention that the oil in the SSE be saturated with the gas at the particular partial
pressure selected, although it may be. For example, it may be expedient to expose the
SSE to a high partial pressure for a short period of time in order to achieve a desired
dissolved gas concentration quickly. Under such conditions, saturation may not be
achieved. On the other hand, in any of the embodiments disclosed herein, the SSE (or
oil phase) may be exposed to a partial pressure of gas and saturated with such gas at

the selected partial pressure.

[0019] The SSE containing dissolved gas is then injected into the subterranean
formation as a drive ﬂuid,‘ and at least a portion of such SSE is placed into one or
more areas of the subterranean formation having a pressure sufficiently low to permit
evolution of at least a portion of the gas from the oil. Gas bubbles are thereby formed
in the oil within the subterranean formation. If the level of formed gas bubbles is
sufficiently high, a foamy solids-stabilized emulsion (foamy SSE) will be formed in
situ in the formation. Selection of a particular gas partial pressure and exposure time,
coupled with knowledge of the subterranean formation pressures, allows control over
the volume of dissolved gas that will be released (evolved) from the oil phase to form
gas bubbles in the oil within the subterranean formation. As discussed in further
detail below, since this volume of gas evolves within the hydrocarbon-filled volume
of individual pore spaces within the reservoir rock, the process naturally tends to limit
the maximum diameter of the bubbles thus formed in the oil phase within the
formation pores, thereby providing a more uniform size distribution of gas bubbles
than could be achieved by mechanically mixing gas bubbles in the SSE on the surface
prior to injection in the subterranean formation. The foamy SSE formed in situ in the
subterranean formation is then used as a drive fluid to drive the hydrocarbons toward

one or more production wells where hydrocarbons are produced from the formation.

[0020]  In the embodiments described thus far, the SSE has been formed first and
the gas then added to the SSE prior to injecting the gas-containing SSE into the
formation. However, as will be clear to those of ordinary skill, the dissolved gas in
the SSE can also be added to one or more of the components of the SSE prior to

mixing the components. For example, the desired amount of gas could be dissolved
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in the oil component of the SSE prior to mixing the SSE. This approach would
usually require that the mixing of the oil component and the other components of the
SSE be conducted under a pressure sufficient to keep the gas in solution during the
mixing process. Under either approach, however, an SSE containing the desired

amount of gas (discussed further below) is obtained.

[0021] Thus, in one or more embodiments the present invention is a method for
producing hydrocarbons from a subterranean formation comprising forming an oil-
external emulsion, said oil-external emulsion having water droplets and gas bubbles
stabilized therein as internal phases by sub-micron size solid particles, wherein said
gas bubbles are grown in situ within said subterranean formation; using said oil-
external emulsion in said subterranean formation as a drive fluid to drive said
hydrocarbons toward one or more production wells; and recovering said hydrocarbons
from said subterranean formation. Accordingly, the oil external émulsion may be
formed by dissolving gas in a pre-formed SSE (the dissolved gas being predominantly
in the oil phase of the SSE), or the oil-external emulsion may be formed by pre-
dissolving the desired amount of gas in, for example, the oil phase and then mixing
the oil phase with the other components of the SSE. In either approach, any of the

other aspects of the invention described herein may be applied.

[0022] X The gas bubbles formed and grown in the SSE upon pressure reduction in
the formation are stabilized within the emulsion by thin films of water associated with
sub-micron solids surrounding the gas bubble at the bubble-oil interface. The stability
of the gas bubbles depends on: the size, shape, and composition of the fine solids; the
wettability of the surfaces of the solids (either partly or strongly hydrophobic); the
presence of sufficient polar hydrocarbons in the oil phase; the concentration of solids;
the viscosity of the oil phase; and the size of the bubbles as measured by their mean
diameter. In general, stability of the gas bubbles is increased as the solids
concentration is increased, as the hydrophobicity of the solids is adjusted to allow the
solid surface to be wetted by both oil and water but still maintain an oil-external
bubble, as the concentration of polar hydrocarbons in the oil is increased, as oil
viscosity is increased, and as the mean gas bubble diameter is reduced. Thus, in one

or more embodiments, the present invention comprises any of the embodiments
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described above or elsewhere in this specification wherein the gas bubbles have a
mean diameter below about 50 microns, or below about 40 microns, or below about
30 microns, or below about 20 microns, or below about 15 microns, or below about

10 microns, or below about 5 microns, or below about 2 microns.

[0023] While not wishing to be bound by theory, it is believed that forming the
gas bubbles and/or foam in situ in the subterranean formation results in a smaller,
more uniform gas bubble size due to mass transport limitations that arise in the small
pores of the formation. This is believed to occur as follows: when SSE containing
dissolved gas fills a particular pore in the formation and expands under reduced
pressure, the amount of gas that is available for bubble growth is limited to the
dissolved gas present in the SSE contained within that particular pore. Because the
SSE injected into the subterranean formation is designed to have lower mobility than
other fluids within the reservoir, the injected SSE entering a pore space displaces
reservoir fluids to their irreducible saturation. Thus, when SSE displaces reservoir oil
and water, the pore space is filled with SSE plus an irreducible reservoir water
saturation, which contains negligible dissolved gas content compared to that of the
injected SSE. Therefore, because the pore is then isolated from other sources of gas
within the formation, the only source of dissolved gas for generation of gas bubbles
upon reduction in gas pressure is the gas dissolved in the injected SSE. Thus, the gas
bubbles in a particular pore can grow no larger than permitted by the quantity of gas
present in the single pore. In this way, the formation of gas bubbles and/or foam is in
effect carried out in many, many tiny vessels (the formation pores), each of which
produces only small bubbles of about the same size. Further, the diameter of pore
throats between connected pores limits the diameter of gas bubbles that will be
allowed to pass, breaking larger bubbles into smaller bubbles that will flow through
the pore throats. Because the pressure reduction along the path from injection well to
production well occurs over numerous individual pores, the reduction in pressure, and
hence the extent of bubble growth within an individual pore, is only a small fraction
of the total ultimate pressure drop along the path. Thus, this gradual reduction in
pressure, combined with the preselected amount of dissolved gas available to form

bubbles within the pore space, permits formation of the desired volume fraction of gas
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bubbles within the SSE that is also naturally conditioned by the pore space and pore

throat diameters in a manner to limit the maximum bubble diameter.

[0024] The in situ formation of the gas bubbles described above contrasts with the
case where the foam and/or gas bubbles are formed in a single, large mixing vessel on
the surface. In this situation, all of the gas in the mixing vessel is available to grow
any particular bubbles. That is, unlike the bubbles growing within the small confines
of the formation pores, any given bubble growing within the mixing vessel has a
relatively unlimited supply of gas available to it because the gas from one part of the
mixing vessel can readily move through the vessel to reach any of the growing
bubbles. Thus, some bubbles grow relatively large, and other bubbles grow smaller,
with the result that the mean bubble diameter is larger and the bubble size distribution

is broader.

[0025] A number of different gases can be added to a solids-stabilized oil-external
emulsion to form gas bubbles as a third phase within the oil phase of the emulsion
without reducing the volume of water droplets incorporated. Hence, addition of non-
condensable gas in an amount that exceeds the solubility limit of the gas in either the
oil or water can be used to reduce the volume fraction of oil needed to maintain the
emulsion as an oil-external emulsion. The requirement for the added gas is that it not
be totally dissolved or condensed within the emulsion at the pressure and temperature
of the reservoir. Depending on the PVT thermodynamic properties of the gas-water-
oil mixture, some of the added gas may dissolve in the oil and therefore, depending on
the composition of the gas, also serve to reduce the viscosity of the oil and the

viscosity of the emulsion as disclosed in U.S. Pat. Nos. 5,855,243 and 5,910,467.

[0026] Without limiting the scope of possible gases, examples of gases that can be
used according to any of the embodiments disclosed herein to form gas bubbles
include: light ﬁydrocarbon gases, such as methane, nitrogen, or flue gas (combustion
exhaust gas byproduct from steam boilers or gas turbines). Other gases that may be
used include carbon dioxide, ethane, or higher carbon number hydrocarbons, noble
gases (although expensive) such as helium (He) and argon (Ar), and air and blends of

air with nitrogen. Flue gas can be especially beneficial because it usually contains
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approximately 7-9 volume % carbon dioxide, with the balance being nitrogen plus
traces of oxides. Carbon dioxide is much more soluble in the crude oil used to form
the external phase of the emulsion than is nitrogen. Therefore, addition of flue gas
can be used to provide two benefits simultaneously: (1) formation of the non-soluble
(non-condensable) gas phase bubbles by primarily nitrogen, and (2) dissolution of
carbon dioxide into the oil phase to reduce its viscosity. To form the gas bubbles, any
gas can be used that is not totally soluble in either the hydrocarbon or water phases of
the emulsion at the pressure and temperature of the target reservoir application.
Obviously, if air is used as the gas, care should be taken to manage any fire or
explosion hazards that can arise by having oxygen and oil or other hydrocarbons in
contact with one another. That is, inclusion of air in injected emulsions containing
hydrocarbons can lead to explosive conditions in surface facilities and wellbores.
This hazard is not an issue for inert gases such as nitrogen. On the other hand,
addition of oxygen from the air results in oxidation of some of the hydrocarbon
molecules to form polar hydrocarbons in the oil. This can be beneficial in increasing

the stability of the emulsion if the oil is originally deficient in polar hydrocarbons.

[0027] As a general matter, the formation of gas bubbles in the oil phase of SSE’s
allows reduction in the volume fraction of oil in the emulsion without adversely
affecting either the stability of the water droplets within the emulsion or the ability of
the emulsion to maintain effective mobility control relative to the formation fluids
(oil, water, or gas) being displaced by the injected emulsion. Because the gas
incorporated in the emulsion as free bubbles can be inexpensive relative to the oil
being replaced in the emulsion, the use of foamy solids-stabilized emulsions allows
greater net oil recovery at lower cost. Thus, the overall net oil recovery resulting
from flooding processes using SSE containing free gas bubbles can be increased since
less oil can be injected in the SSE without adversely affecting the oil displacement
efficiency. As used herein, “net oil recovery™ is defined as the volume of oil produced
from a particular reservoir less the volume of oil injected in the SSE used to recover
the produced oil. Further, addition of non-dissolved (i.e. non-condensed) gas as free

gas bubbles does not interfere with addition to the oil of dissolvable gas or liquid
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components (including light hydrocarbons, carbon dioxide, etc.) to the oil to adjust

the emulsion viscosity.

[0028] However, it is believed that a particular advantage of the present invention
lies in the small, uniform gas bubble size obtainable with the in situ formation of gas
bubbles and/or foams. For a given volume of gas dissolved in the oil phase, the
foamy SSE’s of the present invention are expected to have smaller bubbles and more
bubbles compared to a foamy SSE that is not generated as described herein. That is,
in embodiments of the present invention, the gas is used to make many small bubbles
rather than fewer larger bubbles. The smaller, more numerous bubbles of the present
invention are expected, from a theoretical standpoint, to result in better stabilization of
the water droplets in the foamy SSE. While not wishing to be bound by theory, the
protective effect of the gas bubbles is believed to be explainable as follows: the
relatively compressible gas bubbles that exist within the oil phase and surround the
water droplets provide a cushioning buffer between individual water droplets as the
SSE flows through the restrictive pore throats. Shear stress resulting from colliding
water droplets at pore throats is believed to be the major contributor to water droplet
rupture, and the cushioning effect of the gas bubbles appears to reduce water droplet
rupture, and provides an unexpected synergistic benefit to overall SSE efficiency. In
the present invention, compared to a foamy SSE not made in situ, because there are
numerous, smaller gas bubbles as opposed to fewer larger gas bubbles, each water
droplet is expected to be surrounded by and protected by more gas bubbles. Thus, in
the present invention, the cushioning buffer described above is expected to be greater

and the stability of the foamy SSE is expected to be greater.

[0029] These effects are expected, in turn, to result in foamy SSE’s that are more
stable at higher water contents (i.e., lower oil contents). For example, foamy SSE’s
having 60 to 70 volume percent water or higher made according to the present
invention are expected to be much more stable than foamy SSE’s having the same
water content but larger, less uniform gas bubble sizes. Alternatively, for a given
stability, it may be possible to produce foamy SSE’s having even higher water

contents (lower oil contents).
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[0030]  Accordingly, as described above, embodiments of the present invention
relate to a method for producing hydrocarbons from a subterranean formation
comprising forming a solids-stabilized emulsion, said solids-stabilized emulsion
comprising oil as a first liquid, droplets of a second liquid suspended in said oil, and
natural or added solid particles that are insoluble in both of said oil and said second
liquid at the conditions of said subterranean formation; exposing said solids-stabilized
emulsion to gas at a selected partial pressure of said gas; dissolving at least a portion
of said gas in said oil to form a solids-stabilized emulsion having said gas dissolved
therein; injecting said solids-stabilized emulsion having said gas dissolved therein into
said subterranean formation as a drive fluid; placing at least a portion of said solids-
stabilized emulsion having said gas dissolved therein into one or more areas of said
subterranean formation having a pressure sufficiently lower than said first pressure to
permit evolution of at least a portion of said gas from said oil, thereby forming gas
bubbles in said oil within said subterranean formation; and recovering said
hydrocarbons from said subterranean formation. In any of the embodiments described
herein, the solids-stabilized emulsion may contain sufficient dissolved gas to decrease
the oil content of said solids-stabilized emulsion to within a range of approximately
5% to 40% by volume, or 5% to 35% by volume, or 5% to 30% by volume, 5% to
25% by volume, or 5% to 20% by volume at reservoir flooding pressure. Further, in
any of the embodiments described herein, the solids-stabilized emulsion may contain
sufficient dissolved gas to decrease the oil content of said solids-stabilized emulsion
to a volume percentage falling within a range having a low end point of
approximately 5%, 10%, 15%, 20%, 25%, 30%, or 35% and a high end point of
approximately 10%, 15%, 20%, 25%, 30%, 35%, or 40%, the high end point always
being greater than the low end point, of course. It will be understood, of course, that
the volume percentage of oil as described herein represents a percentage of the total

emulsion volume,

[0031] The maximum volume fraction or volume percentage of gas in the foamy
solids-stabilized emulsion is limited by the bubble diameters that will pass through the
rock pore throats without rupturing and therefore remain stable during flow, and the

maximum working pressure in surface facilities and injection pipelines used to expose
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the liquid SSE to gas. The second liquid of the SSE may comprise water as the
majority component. In any of the above-described embodiments, the gas may be
selected from the group consisting of nitrogen, methane, ethane, carbon dioxide, and
flue gas, and combinations thereof. The gas selected from such group may be pure or

impure, or it can be present in a mixture of gases.

[0032] In any of the above-described embodiments, water may be present in any
of the amounts taught for the SSE’s disclosed in U.S. Pat. Nos. 5,855,243, 5,910,467,
5,927,404, and 6,068,054, Addition of gas bubbles to the SSE’s as set forth in
embodiments of the present invention will reduce the oil content (volume percentage)
of such SSE’s (i.e., a portion of the oil phase is replaced by gas bubbles). In any of
the above-described embodiments, the hydrocarbons may comprise crude oil and/or
the hydrocarbons may comprise natural gas. In one or more embodiments, the
invention comprises the hydrocarbons produced by any of the methods disclosed

above or elsewhere herein.

[0033] In one or more other embodiments, the inventive method is a method for
producing hydrocarbons from a subterranean formation using a foamy solids-
stabilized emulsion comprising: forming a solids-stabilized -emulsion, said solids-
stabilized emulsion comprising an oil phase as an external phase, water as an internal
phase, and solid particles that are insoluble in said oil phase and said water at the
conditions of said subterranean formation; dissolving a gas in said solids-stabilized
emulsion to form a gas-containing solids-stabilized emulsion; injecting said gas-
containing solids-stabilized emulsion into said subterranean formation as a drive fluid;
placing at least a portion of said gas-containing solids-stabilized emulsion into one or
more areas of said subterranean formation having a pressure sufficiently low to permit
evolution of at least a portion of said gas from said oil, thereby forming said foamy
solids-stabilized emulsion in situ in said subterranean formation; and recovering said

hydrocarbons from said subterranean formation.

[0034] In one or more embodiments, the invention is any of the above-described
embodiments wherein said gas is selected from the group consisting of nitrogen,

methane, ethane, carbon dioxide, and flue gas, and combinations thereof. In one or
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more embodiments, the invention is any of the above-described embodiments wherein
said gas is selected from the group consisting of nitrogen, methane, and flue gas, and
combinations thereof. In still other embodiments, the invention is any of the above-
described embodiments wherein said gas is selected from the group consisting of
nitrogen and flue gas, and combinations thereof. In other embodiments, the invention
is any of the above-described embodiments wherein said gas is flue gas. In one or
more other embodiments, the invention is any of the above-described embodiments
wherein water comprises at least sixty volume percent of said solids-stabilized
emulsion. In one or more embodiments, the invention is any of the above-described
embodiments wherein water comprises at least seventy volume percent of said solids-
stabilized emulsion. In one or more embodiments, the invention is any of the above-

described embodiments wherein said hydrocarbons comprise crude oil or natural gas.

[0035] In still other embodiments, the inventive methods is a method for making a
foamy solids-stabilized emulsion, comprising: forming a solids-stabilized emulsion,
said solids-stabilized emulsion comprising oil as a first liquid, droplets of a second
liquid suspended in said oil, and solid particles that are insoluble in both of said oil
and said second liquid; dissolving a gas in said oil to form a solids-stabilized emulsion
having an oil phase comprising dissolved gas; and exposing said solids-stabilized
emulsion having an oil phase comprising dissolved gas to a pressure that is
sufficiently low to permit evolution of at least a portion of said gas from said oil phase
to form gas bubbles in said oil. In one or more embodiments, the invention is any of
the above-described embodiments wherein said second liquid comprises water. In
one or more embodiments, the invention is any of the above-described embodiments
wherein said second liquid comprises water as the majority component. In one or
more embodiménts, the invention is any of the above-described embodiments wherein
said pressurized gas is selected from the group consisting of nitrogen, methane, and
flue gas, and combinations thereof. In one or more embodiments, the invention is any
of the above-described embodiments wherein water comprises at least about sixty
volume percent of said solids-stabilized emulsion or at least about seventy volume

percent of said solids-stabilized emulsion.
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[0036]  In yet other embodiments, the inventive method is a method for producing
hydrocarbons from a subterranean formation comprising: forming an oil-external
emulsion, said oil-external emulsion having water droplets and gas bubbles stabilized
therein as internal phases by sub-micron size solid particles, wherein said gas bubbles
are formed in situ within said subterranean formation; using said oil-external
emulsion in said subterranean formation as a drive fluid to drive said hydrocarbons
toward one or more production wells; and recovering said hydrocarbons from said
subterranean formation. In one or more further embodiments, the invention is any of
the above-described embodiments or other embodiments disclosed herein, wherein
said gas bubbles have a maximum diameter that is less than the mean pore throat
diameter of said subterranean formation. In one or more embodiments, the invention
is any of the above-described embodiments or other embodiments disclosed herein,
wherein said gas bubbles have a maximum diameter of about 50 microns or less, or
about 40 microns or less, or about 30 microns or less, or about 20 microns or less, or
about 15 microns or less, or about 10 microns or less. In still further embodiments,
the invention is any of the above-described embodiments or any other embodiments
disclosed herein, wherein said oil-external emulsion comprises a sufficient amount of
a dissolved gas to reduce the viscosity of said oil-external emulsion to less than about
ten times, or less than about five times, or less than about two times the viscosity of
said hydrocarbons. In yet further embodiments, the present invention is a method for
producing hydrocarbons from a subterranean formation comprising: forming an oil-
external emulsion, said oil-external emulsion having water droplets and gas bubbles
stabilized therein as internal phases by sub-micron size solid particles, wherein said
gas bubbles are formed in situ within said subterranean formation; using said oil-
external emulsion in said subterranean formation as a drive fluid to drive said
hydrocarbons toward one or more production wells; and recovering said hydrocarbons
from said subterranean formation, wherein the volume of oil in said oil-external
emulsion is within the range of approximately 5% to 40% by volume, or 5% to 35%
by volume, or 5% to 30% by volume, 5% to 25% by volume, or 5% to 20% by
volume at reservoir flooding pressure. Further, in any of the embodiments described
herein, the volume of oil in said oil-external emulsion may be a volume percentage

falling within a range having a low end point of approximately 5%, 10%, 15%, 20%,
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25%, 30%, or 35% and a high end point of approximately 10%, 15%, 20%, 25%,
30%, 35%, or 40%, said high end point always being greater than said low end point,

of course.

Methods for Making the Inventive Foamy Solids-Stabilized Emulsions

[0037] It should be recognized that the emulsion composition should be designed
so that the desired volume fraction of free gas bubbles will be present in the emulsion
under the anticipated pressure expected within the reservoir during the oil
displacement process. Therefore, as the injected emulsion comprising dissolved gas
enters the wellbore and flows outward into the reservoir, with subsequent reduction of
pressure, the volume fraction of free gas bubbles in the emulsion will increase. Since
the pressure within the reservoir varies from injection well sandface to producer well
sandface, the volume fraction of free gas bubbles will increase with flowing distance
from the injection well. The desired volume fraction of bubbles should therefore be
determined for a representative pressure within the reservoir, and that volume and
pressure used to determine the mass of non-dissolving gés to be included in the

emulsion when the emulsion is exposed to gas at the surface.

[0038] The method of making the foamy SSE according to embodiments of the

present invention has several other advantages:

(1)~ Emulsion viscosity near the injection wellbore is lower with a
lower volume fraction of free gas bubbles than may be achieved further from the
injection wellbore as gas bubbles are generated. This enhances injectivity as a result

of lower effective viscosity.

2) Gas bubbles are generated at a relatively slow rate in the reservoir
rock pores within the near-wellbore region around injection wells. This slow growth
of bubbles allows time for mass transport of stabilizing species (e.g. mineral solids
and associated polar hydrocarbon species) from the oil phase to the gas bubble-oil-

water film interface to achieve gas bubble stability.
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(3)  Because the gas bubbles are grown in the emulsion while within
rock pores from gas that is initially dissolved within the oil phase at higher pressure,
the maximum size of gas bubbles is better constrained. The amount of gas available
for bubble growth is constrained to the amount of gas dissolved within the
hydrocarbon phase within that pore, and this is expected to assist in keeping bubble

size small and is also expected to enhance bubble stability.

[0039] In practicing this method for generating the gas bubbles within the
reservoir, a flow restriction choke, or a pressure control valve, can be installed
downhole in the injection well to maintain the desired back-pressure on the injected
emulsion until it enters the formation. This may prevent loss of pressure and
generation of gas bubbles within the injection string and surface flow lines when the
well is shut in or when the bottomhole pressure of the injector is lower than the gas

bubble point.

[0040] In any of the embodiments described above or elsewhere herein, the
method for mixing utilizes a multistage mixer wherein a portion of the component can
be added in one stage, and additional portions of the same component can be added
downstream in one or more stages. Thus, in some embodiments only one portion of
the total water to be mixed is added and sheared in the first stage, with the remaining
amount of water added later after the first water droplets are sheared and at least
partly blended. The same options apply to adding the gas. However, the most
economical and practical method for dissolving gas in the emulsion is to first blend
the SSE, and then add the desired amount of gas and saturate the SSE by pumping the
gas-emulsion mixture to a pressure greater than the saturation pressure. In this
manner, the mixer used to blend the water-in-oil emulsion can operate at lower
pressure, which reduces cost of mixer seals and thickness of metal housings.
However, as noted above, it is not necessary to permit the gas to reach its equilibrium

solubility (i.e., to reach saturation) in the SSE.

[0041] While the foregoing is directed to embodiments of the present invention,

other and further embodiments of the invention may be devised without departing
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from the basic scope thereof, and the scope thereof is determined by the claims that

follow.
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We claim:

1. A method for producing hydrocarbons from a subterranean formation
comprising:

forming a solids-stabilized emulsion, said solids-stabilized emulsion
comprising oil as a first liquid, droplets of a second liquid suspended in said oil, and
solid particles that are insoluble in both of said oil and said second liquid at the

conditions of said subterranean formation;
exposing said solids-stabilized emulsion to gas;

dissolving at least a portion of said gas in said oil to form a solids-stabilized

emulsion having said gas dissolved therein;

injecting said solids-stabilized emulsion having said gas dissolved therein into

said subterranean formation as a drive fluid,

placing at least a portion of said solids-stabilized emulsion having said gas
dissolved therein into one or more areas of said subterranean formation having an in
situ_pressure sufficiently low to permit evolution of at least a portion of said gas from
said oil, thereby forming gas bubbles in said oil within said subterranean formation;

and

displacing said hydrocarbons to a production well and recovering said

hydrocarbons from said subterranean formation.

2. The method of claim 1 wherein said solids-stabilized emulsion contains
sufficient gas to decrease the oil content of said solids-stabilized emulsion to within a
range of approximately 5 volume percent to 40 volume percent at reservoir in situ
pressure without increasing the mobility of said solids-stabilized emulsion to a point

approximately greater than the mobility of said hydrocarbons.

3. The method of claim 1 wherein said solids-stabilized emulsion contains

sufficient gas to decrease the oil content of said solids-stabilized emulsion to within a
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range of approximately 5 volume percent to 30 volume percent at reservoir in situ
pressure without increasing the mobility of said solids-stabilized emulsion to a point

approximately greater than the mobility of said hydrocarbons.

4., The method of claim 1 wherein said solids-stabilized emulsion contains
sufficient gas to decrease the oil content of said solids-stabilized emulsion to within a
range of approximately 5 volume percent to 20 volume percent at reservoir in situ
pressure without increasing the mobility of said solids-stabilized emulsion to a point

approximately greater than the mobility of said hydrocarbons.
5. The method of claim 1 wherein said second liquid comprises water.

6. The method of claim 1 wherein said second liquid comprises water as the

majority component.

7. The method of claim 1 wherein said gas is selected from the group consisting
of nitrogen, methane, ethane, propane, butane, carbon dioxide, natural gas, flue gas,

and combinations thereof.

8. The method of claim 1 wherein said hydrocarbons comprise crude oil.

9. The method of claim 1 wherein said hydrocarbons comprise natural gas.

10.  The method of claim 1 wherein said oil comprises at least a portion of said
hydrocarbons. |

11.  The method of claim 1 wherein said solid particles are naturally occurring in
said oil.

12.  The method of claim 1 wherein said gas bubbles at in situ pressure constitute

less than 30 volume percent of said solids-stabilized emulsion.

13.  The method of claim 1 wherein said gas bubbles at in situ pressure constitute

less than 20 volume percent of said solids-stabilized emulsion.

14.  The hydrocarbons produced by the method of claim 1.
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15.  The method of claim 1 wherein said dissolving step comprises saturating said
oil with said gas at a selected partial pressure to form a solids-stabilized emulsion

having said gas dissolved therein.
16. A method for making a foamy solids-stabilized emulsion, comprising:

forming a solids-stabilized emulsion, said solids-stabilized emulsion
comprising oil as a first liquid, droplets of a second liquid suspended in said oil, and

solid particles that are insoluble in both of said oil and said second liquid;

dissolving gas in said oil to form a solids-stabilized emulsion comprising

dissolved gas; and

exposing said solids-stabilized emulsion comprising dissolved gas to a pressure that is
sufficiently low to permit evolution of at least a portion of said gas from said oil to

form gas bubbles in said oil.

17.  The method of claim 16 wherein said dissolving step comprises saturating said
oil with a pressurized gas at a selected partial pressure of said gas to form a solids-

stabilized emulsion having a saturated oil phase.
18.  The method of claim 16 wherein said second liquid comprises water.

19.  The method of claim 18 wherein said second liquid comprises water as the

majority component.

20.  The method of claim 16 wherein said dissolved gas is selected from the group
consisting of nitrogen, methane, ethane, propane, butane, carbon dioxide, natural gas,

flue gas, and combinations thereof.

21.  The method of claim 16 wherein said solid particles are naturally occurring in
said oil.
22. A method for producing hydrocarbons from a subterranean formation

comprising:
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forming an oil-external emulsion, said oil-external emulsion having water
droplets and gas bubbles stabilized therein as internal phases by sub-micron size solid

particles;

placing said oil-external emulsion in a subterranean formation wherein said
gas bubbles are formed in situ within said subterranean formation thereby using said
oil-external emulsion in said subterranean formation as a drive fluid to drive said

hydrocarbons toward one or more production wells; and
recovering said hydrocarbons from said subterranean formation.

23.  The method of claim 22 wherein said oil-external emulsion is formed by first

exposing oil to a gas to form an oil having said gas dissolved therein.

24.  The method of claim 22 wherein said gas bubbles have a maximum diameter

that is less than the mean pore throat diameter of said subterranean formation.

25.  The method of claim 22 wherein said gas bubbles have a maximum diameter

of about 20 microns or less.

26.  The method of claim 22 wherein said gas bubbles have a maximum diameter

of about 50 microns or less.

27.  The method of claim 22 wherein said gas bubbles have a maximum diameter

of about 40 microns or less.

28.  The method of claim 22 wherein said gas bubbles have a maximum diameter

of about 30 microns or less.

29.  The method of claim 22 wherein said oil-external emulsion comprises a
sufficient amount of a dissolved gas to reduce the viscosity of said oil-external

emulsion to less than about ten times the viscosity of said hydrocarbons.

30.  The method of claim 22 wherein said oil-external emulsion comprises a
sufficient amount of a dissolved gas to reduce the viscosity of said oil-external

emulsion to less than about five times the viscosity of said hydrocarbons.
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31.  The method of claim 22 wherein said oil-external emulsion comprises a
sufficient amount of a dissolved gas to reduce the viscosity of said oil-external

emulsion to less than about two times the viscosity of said hydrocarbons.

32.  The method of claim 22 wherein said oil external emulsion comprises at least

a portion of said hydrocarbons.

33.  The method of claim 22 wherein said sub-micron size solid particles are

naturally occurring in the oil of said oil-external emulsion.

34, The method of claim 22 wherein the volume of oil in said oil-external

emulsion is within the range of approximately 5 volume percent to 40 volume percent.

35. The method of claim 22 wherein the volume of oil in said oil-external

emulsion is within the range of approximately 5 volume percent to 30 volume percent.

36. The method of claim 22 wherein the volume of oil in said oil-external

emulsion is within the range of approximately 5 volume percent to 20 volume percent.

37. The method of claim 22 wherein the volume of oil in said oil-external

emulsion is within the range of approximately 5 volume percent to 10 volume percent.
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