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CLEAN FLUID SYSTEMS FOR PARTIAL MONOLAYER FRACTURING

BACKGROUND

[0001] The present invention relates to subterranean formation stimulation,
and, at least in some embodiments, to novel methods for partial monolayer fracturing
(“PMF”).

[0002] Subterranean wells (such as hydrocarbon producing Wells, water
producing wells, and injection wells) are often stimulated by traditional hydraulic fracturing
treatments. In some traditional hydraulic fracturing treatments, a low viscosity fluid is
pumped into a portion of a subterranean formation at sufficiently high rates to fracture the
formation. The pressure required to induce fractures in rock at a given depth is known as the
“fracture gradient.” In other traditional hydraulic fracturing treatments, a viscous fracturing
fluid, which also may function as a carrier fluid, 1s pumped into a portion of a subterranean
formation at a rate and pressure such that the subterranean formation breaks down and one or
more fractures are formed. Particulate solids, such as graded sand, may be suspended in a
portion of the fracturing or carrier fluid and then deposited in the fractures. These particulate
solids, or “proppant particulates,” serve to prevent the fractures from fully closing once the
hydraulic pressure is released. By preventing the fracture from fully closing, the proppant
particulates aid in forming channels through which fluids may flow.

[0003] Commonly used proppant particulétes in traditional hydraulic
fracturing treatments may comprise substantially spherical particles, such as graded sand,
bauxite, ceramics, or even nut hulls. Generally, the proppant particulates are plabed in the
fracture in a concentration such that they form a tight pack of particulates. Unfortunately, in
such traditional operations, when fractures close upon the proppant particulates, the
particulates can crush or become compacted, potentially forming non-permeable or low
permeability masses within the fracture, rather than desirable high permeability masses; such
low permeability masses may choke the flow channels of the fluids within the formation..
Furthermore, the proppant particulates may become embedded 1n particularly soft formations,
negatively impacting production.

[0004] The success of a fracturing operation depends, at least in part, upon
fracture porosity, permeability, and conductivity once the fracturing opération 1s stopped and

production is begun. As used herein, the term “porosity” may indicate the volumetric fraction
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of a formation, fracture, or proppant pack in which voids exist. Fluids or loose solids may, at

times, occupy the voids. As used herein, the term “permeability” may indicate the connective
porosity of a formation, and it measures the ability of a formation, fracture, or proppant pack
to transmit fluids. As used herein, the term “conductivity” may indicate the permeability of a
fracture multiplied by the width of the fracture. Traditional fracturing operations place a large
volume of proppant particulates into a fracture, and the permeability of the resultant proppant
pack is then related to the interconnected interstitial spaces between the abutting proppant
particulates. Thus, the resultant fracture permeability from a traditional fracturing operation
is closely related to the strength of the placed proppant particulates (if the placed particulates
crush, then the pieces of broken proppant may plug the interstitial spaces) and the size and
shape of the placed particulate (larger, more sphérical proppant particulates generally yield
increased interstitial spaces between the particulates). Such traditional fracturing operations
tend to result in packed fractures that have a porosity ranging from about 26% to about 46%.

[0005] One way to combat the problem of tight proppant particulate packs of
traditional fracturing operations involves placing a much reduced volume of proppant
particulates in a fracture to create what has been referred to as a “partial monolayer fracture.”
In such operations, the proppant particulates or aggregates within the fracture tend to be no
more than a monolayer thick. The proppant particulates may be widely spaced, thus forming
a partial monolayer, but they are still sufficient to hold the fracture open and allow for
production. Such operations allow for increased fracture permeability due, at least 1n part, to
the fact the produced fluids may flow around widely spaced proppant particulates rather than
just through the relatively small interstitial spaces in a tight proppant pack.

[0006] While PMF was investigated to some extent in the 1960’s, the concept
generally has not been successfully applied for a number of reasons. One problem is that
successful placement of a partial monolayer of proppant particulates presents unique
challenges in the relative densities of the particulates versus the fracturing or carrier fluid:
particulates strong enough to hold a fracture open tend to be formed from relatively denser
materials, and so may tend to sink to the bottom, which may make transporting those
particulates problematic. Alternatively, particulates that can be carried more easily in a fluid
may be unable to support the load from the formation once the fracturing pressure is released.

PMF techniques have been develbped to address this relative density problem. These
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techniques include methods of increasing the viscosity of the fracturing or carrier fluid and

- methods of adding weighting agents to the fracturing or carrier fluid.

[0007] However, many techniques which address the relative density problem
exacerbate another problem commonly found in PMF operations: residue left by fracturing or
carrier fluids. Partial monolayer fractures are usually very narrow. The width of such
fractures can generally be determined from the dimensions of a single layer of proppant
particulates. The permeability of these narrow fractures can be easily compromised by fluids
that leave thick, difficult to remove filter cake. Figure 1 shows a schematic example of a
partial monolayer fracture which is compromised by filter cake buildup. A fracture 15 is
located in formation 10. Several proppant particulates 20 have been deposited by a fracturing
or carrier fluid (not shown) into the fracture 15. The proppant particulates form a single, non-
contiguous layer, thus forming a partial monolayer. The fracturing or carrier fluid has left a
residue of filter cake 40 coating substantial portions of both the proppant particulates 20 and-
the exposed surfaces of the formation 10. The open spaces remaining in the fracture 15 form
flow channels 30. The permeability of the fracture relates to the fraction of the total cross-
sectional area occupied by tlow channels 30.

[0008] PMF methods that increase the viscosity of the fracturing or carrier
fluid or add weighting agents to the fracturing or carrier fluid tend to aggravate the filter cake
problem. For example, conventional water based servicing fluids may comprise
polysaccharide-based polymers, which may serve as a food source for bacteria. When
deposited in the subterranean formation, such polysaccharide-based polymers may produce a
bio-mass that may reduce formation permeability. As another example, polymeric gelling
agents commonly are added to treatment fluids to provide a desired viscosity. Examples of
commonly used polymeric gelling agents include, but are not limited to, biopolymers,
polysaccharides such as guar gums and derivatives thereof, cellulose derivatives, synthetic
polymers, and the like. When used to make an aqueous-based viscosified treatment fluid, the
gelling agent may be combined with an aqueous fluid, and the soluble portions of the gelling
agent dissolve in the aqueous fluid. However, the insoluble portions of the gelling agents,
such as proteins, cellulose, and fibers, may remain in the aqueous fluid as residue and may

enter the pores of both the subterranean formation and the proppant packs. The presence of
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this residue, among other things, may impair the producing capabilities and/or the

permeability of the subterranean formation.

SUMMARY

[0009] The present invention relates to subterranean formation stimulation,
and, at least in some embodiments, to novel methods for partial monolayer fracturing
(“PMF”). ‘

[0010] In one embodiment, the novel method of PMF comprises the following
steps. Providing at least one fracture in a subterranean formation. Placing a clean fluid into a
portion of the at least one fracture, wherein the clean fluid comprises a plurality of proppant
particulates. Depositing one or more of the plurality of proppant particulates into the portion

of the at least one fracture to form a partial monolayer.

[0011] In another embodiment, the novel method of PMF comprises the
following steps. Providing a pumping schedule for treating a subterranean formation,
wherein the pumping schedule is determined by providing conductivity test data for the
subterranean formation; providing a monolayer in situ proppant concentration; identifying at
least one point of maximum conductivity in the conductivity test data below the monolayer ir
situ proppant concentration; identifying a target in sifu proppant concentration which
correlates with the at least one point of maximum conductivity; and identifying a pumping
schedule to provide the target in situ proppant concentration to a desired location in the
subterranean formation. Placing a clean fluid into the subterranean formation, wherein the
clean fluid compﬁses' a plurélity of proppant paﬁiculates; and the volume of the clean fluid
placed into the subterranean formation and the volumetric concentration of the plurality of
proppant particulates in the clean fluid correlates to the pumping schedule.

[0012] In another embodiment, a method of the present invention comprises
the following steps. Providing at least one fracture in a subterranean formation. Placing a
fluid into a portion of the at least one fracture, wherein the fluid comprises a plurality of
proppant particulates; and a degradable fluid loss additive, wherein the degradable fluid loss

additive comprises collagen. Depositing one or more of the plurality of proppant particulates

into the portion of the at least one fracture.
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[0013] In an embodiment, a method of the present invention comprises
placing a fluid into a portion of a subterranean formation, wherein the fluid comprises a

degradable fluid loss additive comprising collagen.

[0014] The features and advantages of the present invention will be readily

apparent to those skilled in the art. While numerous changes may be made by those skilled in

the art, such changes are within the spirit of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] These drawings illustrate certain aspects related to some of the
embodiments of the present invention, and should not be used to limit or define the invention.

[0016] FIGURE 1 illustrates an illustration of a propped partial monolayer

fracture.

[0017] FIGURE 2 illustrates one aspect of the invention, wherein a partial

monolayer fracture occurs without filter cake buildup.

[0018] FIGURE 3 illustrates a test apparatus used in a regained permeability

test showing flow in a production direction.

[0019] FIGURE 4 illustrates a test apparatus used in a regained permeability

test showing flow in an injection direction.

[0020] FIGURE 5 presents test results for a regained-permeability test with a

fluid comprising crosslinked xanthan.

[0021] FIGURE 6 presents test results for a regained-permeability test with a

fluid comprising diutan.

DESCRIPTION OF PREFERRED EMBODIMENTS

[0022] The present invention relates to subterranean formation stimulation,
and, at least in some embodiments, to novel methods for partial monolayer fracturing
(“PMF”).

[0023] As used herein, the term “porosity” may indicate a volumetric fraction
of voids in a formation, fracture, or proppant pack. Fluids or loose solids may, at times,

occupy the voids.
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10024] As used herein, the term “permeability” may indicate the connective

porosity of a formation, and 1t may measure the ability of a formation, fracture, or proppant

pack to transmit fluids.

[0025] As used herein, the term “conductivity” may indicate the permeability

of a fracture multiplied by the width of the fracture.

[0026] As used herein, the term “partial monolayer fracture” refers to a

fracture in a subterranean formation, wherein spaced proppant particulates or aggregates

reside in the open space of the fracture, and wherein the separation between the fracture faces

may be less than, or about the same, as the largest exterior dimension of any one of the

proppant particulates or aggregates.

[0027] As used herein, the term “partial monolayer” may refer to a distribution

of proppant particulates or aggregates in a partial monolayer fracture.

[0028] As used herein, the term “full monolayer” may refer to a specific type
of partial monolayer, wherein the distribution of proppant particulates or aggregates is such

that the dimensions of the interstitial spaces of the distribution are smaller than the exterior

dimensions of any one of the proppant particulates or aggregates.

10029] As used herein, the term “treatment fluid” refers generally to any fluid
that may be used in a subterranean application in conjunction with a desired function and/or

for a desired purpose. The term “treatment fluid” does not imply any particular action by the

fluid or any component thereof.

10030]) As used herein, “clean fluids” are defined to include those fluids that

either do not leave a substantial amount of filter cake, or leave only a self-cleaning filter cake.
In some embodiments of the invention, a substantial amount of filter cake would include
coverage of at least about 25% of the width of the fracture on each face in propped
conditions. Moreover, the materials available as “clean fluids” may vary depending on the
particular subterranean formation in which the PMF operation occurs.

[0031] As used herein, “clean polymers” are those polymers that either do not
build filter cake, or build only self-cleaning filter cake. Moreover, as is generally true for
clean fluids, the materials available as “clean polymers” may vary depending on the particular

subterranean formation in which the PMF operation occurs.
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10032] As used herein, the term “clarified xanthan” refers to a xanthan that has
a flow rate of at least about 200 ml in 2 minutes at ambient temperature in a filtering

laboratory test on a Baroid Filter Press using 40 pst of differential pressure and a 9 cm

Whatman filter paper having a 2.7 um pore size.

[0033] As used herein, “nonacetylated” means having fewer acetyl groups
than typical xanthan, whether the difference is the result of genetic engineering or bacteria
selection or the result of chemical treatment of a typical xanthan. As used herein,
“nonpyruvylated” means having fewer pyruvyl groups, whether the difference is the result of
genetic engineering or bécteria selection or the result of chemical treatment of a xanthan.

Furthermore, as used herein, nonpruvylated and nonacetylated are intended to encompass

depruvylated and deacetylated, respectively.

[0034] The term “clarified diutan™ as used herein refers to a diutan that has
improved turbidity and/or filtration properties as compared to nonclarified diutan.

[0035] The term “gel,” as used herein and its derivatives refer to a viscoelastic
or semi-solid, jelly-like state assumed by some colloidal dispersions.

[0036] As used herein, the term “micro-crosslinked gel” refers to a gel that
comprises small, substantially noncontiguous, substantially permanently crosslinked volumes,
hereinafter referred to as “micro-domains.”

[0037] As used herein, “substantially permanently crosslinked gel” may reter
to a crosslinked gel which exhibits a crossover frequency of about 0.001 radians per second or
less during a small-amplitude oscillatory shear test at 200°F. It 1s believed that a
“substantially permanently crosslinked gel” will remain permanently (i.e., not dynamically)
crosshnked through the duration of a subterranean application in which it 1s being used. A
person of ordinary skill in the art with the benefit of this disclosure would be capable of
performing an appropriate small-amplitude oscillatory shear test.

10038] As used herein, “volatile hydrocarbon fluids” may refer to hydrocarbon
fluids which have high enough vapor pressures under normal conditions to significantly
vaporize and enter the atmosphere.

[0039] The term “irreversible” as used herein means that a degradable

material, once degraded downhole, should not recrystallize or reconsolidate, e.g., the



CA 02720783 2010-10-06
WO 2009/125174 PCT/GB2009/000906

degradable material should degrade in situ but should not recrystallize or reconsolidate in

Situ.

[0040] As used herein, the term “adhesive substance” refers to a material that
is capable of being coated onto a particulate and that exhibits a sticky or tacky character such

that the proppant particulates that have adhesive thereon have a tendency to create clusters or

aggregates.

[0041] As used herein, the term “tacky,” in all of its forms, generally refers to
a substance having a nature such that it is (or may be activated to become) somewhat sticky to

the touch.

(0042] The term “irreversible degradation” as used herein means that the
degradable material, once degraded downhole, should not recrystallize or reconsolidate, e.g.,

the degradable material should degrade in situ but should not recrystallize or reconsolidate ir

Situ.

[0043] As used herein, a polymer is considered to be “degradable” if the

degradation i1s due, inter alia, to a chemical and/or radical process such as hydrolysis,

oxidation, or UV radiation.

[0044] As used herein, the term “volumetric concentration” may refer to the
concentration of proppant in the fluid prior to introduction into the subterranean formation.

Volumetric concentration may typically be expressed in pounds of proppant material per

gallon of fluid (“Ibs/gal”). This may be distinguishable from the in situ concentration of
proppant particulates within the fracture, which may typically be expressed in pounds of

proppant material per square foot of fracture face (“Ibs/ft*”).
[0045] As used herein, the term “monolayer in situ proppant concentration”

may indicate the minimum irn situ proppant concentration which is sufficient to produce a full

monolayer.

10046] As used herein, the term “fracture gradient” may refer to the pressure
required to induce fractures in rock at a given depth. A person ot ordinary.skill in the art with

the benefit of this disclosure would be capable of determining the fracture gradient of a given

formation.
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[0047] If there 1s any conflict in the usages of a word or term in this
specification and one or more patent or other documents that may be incorporated herein by
reference, the definitions that are consistent with this specification should be adopted.

[0048] The methods of the present invention may be used, infer alia, to create
partial monolayer fractures, which may exhibit increased permeability as compared to
traditional propped fractures or previously attempted partial monolayer fractures. In some
embodiments of the invention, the porosity of the partial monolayer fracture may be between
about 50% and about 60%. In some embodiments of the invention, the porosity of the partial
monolayer fracture may exceed 60%. Without limiting the invention to a particular theory or
mechanism of action, it 1s nevertheless currently believed that the greater permeability may be
due, at least in part, to lower than traditional proppant loading while reducing or eliminating
the choking effect of filter cake and/or residue in the fracture.

[0049] Generally, the present invention provides methods for propping a
fracture in a subterranean formation by forming a partial monolayer of proppant particulates
in the fracture. Any means us-ed to fracture a subterranean formation may be utilized to
initially create or enhance the fracture, including, but not limited to, hydraulic pressure
application, acid fracturing, and hydro jetting. As will be discussed 1n greater detail below, in
some embodiments of the present invention, proppant particulates may be placed at relatively
low concentrations within the fracture in the subterranean formation. Preflushes and
afterflushes may be used, either alone or in combination, according to common practices
during fracturing operations.

[0050] As previoﬁsly discussed, traditional fracturing operations typically
place a large volume of proppant particulates into a fracture, and the permeability of the
resultant packed propped fracture is then related to the interconnected interstitial spaces
between the abutting proppant particulates. The present invention may allow for increased
permeability and increased proppant particulate performance, at least in part, because partial
monolayer fractures may allow for more and larger flow channels between proppant
particulates. With a partial monolayer fracture, there may be more and larger open spaces In
the propped fracture than found in traditional, high proppant loading applications, and these

spaces may remain open, even under severe closure stresses.
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00511} Figure 2 shows a schematic illustration, according to one embodiment
of the invention, of a partial monolayer fracture which may not exhibit a substantial amount
of filter cake buildup. A fracture 15 may be located in formation 10. Several proppant
particulates 20 may have been deposited by a fracturing or carrief fluid (not shown) into the
fracture 15. The proppant particulates may form a single, substantially non-contiguous layer,
thus forming a partial monolayer. The open spaces remaining in the fracture 15 may form

flow channels 30. The porosity of the fracture may relate to the fraction of the total cross-

sectional area occupied by flow channels 30.

[0052] Figure 2, when viewed in comparison to Figure 1, shows the potential
improvement in permeability of fracture 15 when filter cake 40 residue has been reduced,
eliminated, or removed, according to one aspect of this invention. The potential improifement
in permeability may derive from either an increase in size or an increase in number of tlow
channels 30. Although this schematic depicts a single, vertical fracture 15, it should be
understood that the methods of the present invention may be applicable to a wide variety of
fractures, including single, multiple, and branched fractures. Any of such fractures may
include portions which have generally vertical components, generally horizontal components,
or a combination of vertical and horizontal components. It should be understood that the
fracture(s) in the methods of the present invention (e.g., fracture 15) may have existed prior to
the introduction of the fracturing or carrier fluid (not shown), or the fracture(s) in the methods
of the present invention may have been created and/or extended by the action of introducing
the fracturing or carrier fluid.

[0053] Without limiting the invention to a particular theory or mechanism of
action, it is nevertheless currently believed that the methods of the present invention may act
not only to increase the available space for production flow, but also to eliminate non-Darcy
effects during production. Generally, non-Darcy effects are caused by inertial forces due to
expansion and contraction of the local flow inside flow channels found in typical proppant
packs. The partial monolayer propped fractures, decrease or eliminate the cycles of
expansion and contraction because the interstitial spaces found in traditional propped
fractures are not present.

[0054] Any clean fluid suitable for traditional hydraulic fracturing treatments

may be used as fracturing or carrier fluids in a PMF operation in accordance with the
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teachings of the present invention. It should be appreciated by one of ordinary skill in the art
that the materials available as “clean fluids” may vary depending on the particular
subterranean formation in which the PMF operation occurs. For example, some polymers
may leave filter cake in certain subterranean formations, but not in other subterranean
formations. Such polymers would qualify as clean fluids only in those instances where the
PMF operation occurs in a subterranean formation in which the polymer would either not
leave filter cake, or leave only a self-cleaning filter cake.

[0055] It should be appreciated by one of ordinary skill in the art that, in some
instances, testing for a clean fluid generally involves a relatively simple pressure test of a
fluid as it flows through a core sample for a particular subterranean formation (see infra
EXamples). Fluids which may qualify as clean fluids for that formation may be those that do
not exhibit a substantial, sustained increase in pressure over time as non-self-cleaning filter
cake builds in the core sample. Additionally, clean fluids may include fluids which do not
leave a residue following reduction of viscosity with a breaker.

[0056] Suitable clean fluids may include gases, such as carbon dioxide,
nitrogen, air, propane, natural gas, and mixtures thereof.

[0057] It should be appreciated by one of ordinary skill in the art that, 1n
certain embodiments, clean fluids may not include a significant amount of guar, non-clarified

biopolymers, guar derivatives, non-clarified polymers, and other natural or man-made

polymers that leave residue.

[0058] In some embodiments of the invention, clean fluids may include clean
polymers. It should be appreciated by one of ordinary skill in the art that, as 1s generally true
for clean fluids, the materials available as clean polymers may vary depending on the
particular subterranean formation in which the PMF operation occurs. A variety of clean
polymers may be used, including clarified biopolymers, such as clarified xanthan, clarified
diutan, clarified hydroxyethylcellulose (“HEC”), succinoglycan, clarified scleroglucan,
mixtures thereof, and the like. These fluids can be made into foams for improved fluid
properties. Foams can be created by the addition of a gas, such as carbon dioxide or nitrogen.
These clean polymers may be made into emulsion base fluids. One example of a clean
polymer emulsion may be an emulsion composed of an internal hydrocarbon phase (such as

diesel, kerosene, condensate, or crude oil) and an external gelled water phase containing a
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/

clean polymer gelling agent. In this example, the internal hydrocarbon phase may be between
about 50% and about 80% of the total volume, and the remaining volume may be composed
of the gelled water, emulsifier, and other additives. In some examples, the clean polymer
emulsion fluid may be stabilized with an emulsifier. The clean polymers also may be
crosslinked. Any polymer which breaks leaving no filter cake or that gives high regained
permeability would also be suitable. In some embodiments of the invention, this may include
synthetic polymers, such as polyacrylamides.

[0059] In some embodiments, suitable clarified xanthans may have been

treated with methods involving enzymes or any other suitable method, inter alia, to remove

any debris from the xanthan polymer.

[0060] In some embodiments, clarified xanthan may be especially suitable. In
some embodiments, suitable clarified xanthans are capable of hydrating in a brine to produce
an increase in viscosity. In some embodiments, suitable clarified xanthans may have been
treated with methods involving enzymes or any other suitable method, inter alia, to remove
any debris from the xanthan polymer, for example, residual cellular structures, such as cell
walls, from a standard xanthan. In some embodiments, suitable clarified xanthans may be
produced from genetically modified or bioengineered strains of bacteria or other strains of
bacteria that allow the clarified xanthan to have improved functional properties such as
filterability, turbidity, etc. In one embodiment, suitable clarified xanthans may be modified
by genetic engineering or bacteria selection or the result of chemical treatment or
derivatization of a xanthan. An example of such a modification would be where a portion of
the xanthan i1s oxidized or hydrolyzed. In one embodiment, the clarified xanthan may be
modified, such as nonacetylated and/or nonpyruvylated xanthan. Another example of
modified xanthan is partially oxidized xanthan. In some embodiments, suitable clarified
xanthan also may be present in a form that will only partially hydrate or will not hydrate at
ambient temperature. This form of clarified xanthan may be chemically modified, chemically
coated, genetically modified, or produced from a new strain of bacteria.

[0061] In some embodiments, suitable clarified diutans may have been treated
with enzymes or the like to remove residual cellular structures, such as cell walls. In some
embodiments, suitable clarified diutans may be produced from genetically modified or

bioengineered strains of bacteria or other strains of bacteria that allow the clarified diutan to
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have improved functional properties such as filterability, turbidity, etc. In one embodiment,
the clarified diutan may be modified by genetic engineering or bacteria selection or the result
of chemical treatment or derivatization of a diutan. An example of such a modification
would be where a portion of the diutan is oxidized or hydrolyzed. Suitable clarified diutan
also may be present in a form that will only parti.ally hydrate or will not hydrate at ambient
temperature. This form of clarified diutan may be chemically modified, chemically coated,
genetically modified, or produced from a new strain of bacteria. Additional information
regarding clarified diutan may be found in U.S. Patent Application Serial Nos. 11/704,121,
11/704,598, and 11/704,009, each entitled “Treatment Fluids Comprising Diutan and
Associated Methods,” the entire disclo;ure of which is incorporated herein by reference.

[0062] In some embodiments, a gelling agent of the present invention
comprising a suitable clarified diutan at a 0.1% concentration in deionized water, in a 1 cm
optical cell, has a transmittance at 600 nanometers (“nm”) wavelength of at least about 65%.
In some embodiments, the clarified diutan has a transmittance of at least about 75%. In some
embodiments, the clarified diutan has a transmittance of at least about 85%. One of ordinary
skill in the art with the benefit of this disclosure will recognize that the transmittance ot any
particular gelling agent of the present invention also may vary depending on the addition of
certain additives, the composition of the gelling agent, the degree of hydration of the clarified
diutan, the temperature, and the pH of the gelling agent. For example, ordinary, unclarified
diutan such as GEOVIS XT has a transmittance of about 58% or less.

[0063] In some embodiments, a gelling agent of the present invention
comprising a suitable clarified diutan at a 0.1% concentration in deionized water, in a 1 cm
optical cell, has a transmittance at 350 nanometers (“nm’) wavelength of at least about 20%.
In some embodiments, the clarified diutan has a transmittance of at least about 25%. In some
embodiments, the clarified diutan has a transmittance of at least about 30%. In some
embodiments, the clarified diutan has a transmittance of at least about 40%. In some
embodiments, the clarified diutan has a transmittance of at least about 50%. In some
embodiments, the clarified diutan has a transmittance of at least about 60%. In some
embodiments, the clarified diutan has a transmittance of at least about 70%. In some
embodiments, the clarified diutan has a transmittance of at least about 80%. In some

embodiments, the clarified diutan has a transmittance of at least about 90%. One of ordinary
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skill in the art with the benefit of this disclosure will recognize that the transmittance of any
particular gelling agent of the present invention also may vary depending on the addition of
certain additives, the composition of the gelling agent, the degree of hydration of the clarified
diutan, the temperature, and the pH of the treatment fluid. For example, ordinary, unclarified
diutan such as GEOVIS XT has a transmittance of about 18% or less.

[0064] In some embodiments of the invention, suitable clean fluids may
include a surfactant gel (e.g., viscoelastic surfactant gel (“VES)). Since these gels are
believed to not form a filter cake, they may be used as clean fluids according to one
embodiment of this invention. Suitable clean fluids also may iﬁclude polymer-free foams.

[0065] In some embodiments of the invention, suitable clean fluids may
include a micro-crosslinked gel. Additional information regarding micro-crosslinked gels
may be found in U.S. Patent Application Serial No. , Attorney Docket Nos. HES
2007-IP-006010, entitled “Treatment Methods Utilizing Micro-Crosslinked Gels,” filed on

the same day herewith, and the entire disclosure of which is incorporated herein by reference.

[0066] In certain embodiments of the invention, clean fluids that leave a filter
cake that is self-cleaning may be used. Examples of such fluids are those that include a
viscosifier or gelling agent with an optional fully degradable fluid loss agent, such as a
mixture of crystalline and amorphous polylactic acid (“PLA™). Examples of such viscosifiers
or gelling agents include, but are not limited to, HEC, diutan, and “WG-37,” which is
commercially available from Halliburton Energy Services, Inc. of Duncan, OK. Suitable
sources of diutan are “FDP-S848-07” and “FDP-S849-07,” each of which are commercially
available from Halliburton Energy Services, Duncan, OK. The viscosifier or gelling agent
may or may not be crosslinked. The viscosifier or gelling agent also may contain a breaker.
Magnesium peroxide also may be included to generate a relatively high concentration of
hydrogen peroxide at the fracture face once the PLA releases acid..

[0067] Other embodiments of the invention utilize clean fluids that may
evaporate quickly, such as volatile hydrocarbon fluids. As discussed in U.S. Pat. Nos.
6,511,944, 6,544,934, 7,168,490, 7,293,611, 7314850, and 7,328,744, each issued to Taylor,
et al. (the entire disclosures of which are herein incorporated by reference), liquid

hydrocarbon blends that comprise at least about 65% hydrocarbons having from six carbons
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(C¢) through -eleven carbons (Cj;) may exhibit increased volatility versus conventional

servicing fluids, thereby leaving minimal residue in the formation.

[0068] In certain embodiments of the invention, suitable clean fluids may

include an ester and/or orthoester. Although these fluids initially may leave filter cake,

formation water or a small amount of water included in the treatment would eventually break
down the system to acid and alcohol. The acid would dissolve any filter cake buildup,
thereby evincing this as self-cleaning filter cake. Fluid loss additives such as polyesters and
polyorthoesters optionally may be included.

[0069] Any of the above clean fluids optionally may be foamed, energized, or
emulsified. Foams can be created by the addition of a gas, such as carbon dioxide, nitrogen,

or mixtures thereof. The foam or emulsion may be stabilized with a surfactant.

[0070] Emulsions — both water internal and water external — may be suitable
clean fluids in some embodiments of the invention. Suitable clean fluids may nclude an
emulsion made with volatile hydrocarbons. Suitable clean fluids may include an emulsion
that uses esters or orthoesters as the internal phase. The esters or orthoesters may be chosen
such that they are insoluble in the water phase so that a stable emulsion 1s used. Suitable
clean fluids may include an emulsion made with a degradable emulsifier. Degradable
emulsifiers may degrade after exposure to temperature over time, or after contact with the
formation. Suitable degradable emulsifiers may include “AF-61"™ Emulsifier,” which is
commercially available from Halliburton Energy Services, Inc. of Duncan, OK.

[0071] The suitable clean fluid may require the use of a degradable fluid loss
additive to control loss of fluid from the fracture. The fluid loss material may consist of PLA,
oil-soluble resins, soaps, benzoic acid, collagen, etc. The structure of foams and emulsions
also may aid in fluid loss control. Magnesium peroxide may be added to the fracturing or
carrier fluid to act as both a fluid loss control additive and as a breaker.

[0072] In certain embodiments, collagen may be an especially good choice as
a degradable fluid loss additive because 1t will ultimately degrade in water. For the same
reason, collagen may be a good candidate for a diverting material. Fluid loss and diverting
applications of collagen may include drilling fluids, gravel packing, fracturing, matrix
treatments, and well bore operations. Drilling fluids applications of collagen may include

drill-in fluids. Fracturing uses of collagen may include hydraulic fracturing with proppant,
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frac packs, and acid fracturing. Matrix treatments with collagen may include water shut-oft
treatments, acid treatments, stimulation with chelates, scale removal, scale squeezes,
asphaltene removal, asphaltene inhibitor squeezes, paraffin removal, paraffin inhibitor
squeezes, resin treatments, surface modifying agent treatments, tackifier treatments, and the

like. Other uses of collagen may include use as a fluid loss pill either by itself or in

conjunction with a gelled fluid.

[0073] The subterranean treatment fluids of the present invention may
comprise one or more of any additional additives known 1n the art. Examples of such
additional additives include, but are not limited to, hydrate inhibitors, clay stabilizers, sulfide
scavengers, fibers, nanoparticles, consolidating agents (such as resins and/or tackifiers), salts,
salt substitutes (such as tetramethyl ammonium chloride) soaps, surfactants, co-surfactants,
cross-linkers, carboxylic acids, acids, fluid loss control additives, buffers, gas, foamers,
defoamers, emulsifiers, demulsifiers, iron control agents, solvents, mutual solvents,
particulate diverters, gas phase, carbon dioxide, nitrogen, other biopolymers, synthetic
polymers, corrosion inhibitors, corrosion inhibitor intensifiers, pH control additives, scale
inhibitors, asphaltene inhibitors, paraffin inhibitors, catalysts, stabilizers, chelants, clay
control agents, biocides, bactericides, friction reducers, antifoam agents, bridging agents,
dispersants, flocculants, H,S scavengers, CO, scavengers, oxygen scavengers, lubricants,
viscosifiers, breakers, breaker activators, weighting agents, relative permeability modifiers
(such as HPT-1™ chemical additive available from Halliburton Energy Services, Duncan,
Okla.), surface modifying agents, resins, particulate materials (e.g., proppant particulates),
wetting agents, coating enhancement agents, combinations thereof, and the like. A person
skilled in the art, with the benefit of this disclosure, will recognize the types of additives that
may be included in the treatment fluids for a particular application. To maintain the
suitability of the fluid, any additive is preferably degradable, soluble, or easily transportable
out of the formation.

[0074] The suitable clean fluid may include an aqueous or non aqueous base.
In those embodiments where the base is aqueous, the water used to form the base may be
fresh water, salt water, brine, formation brine, sea water, or any other aqueous liquid that does
not adversely react with the other components. The density of the water may be increased to

- provide additional particle transport and suspension in the present invention.
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[0075] Proppant particulates suitable for use in the methods of the present
invention may be of any size and shape combination known in the art as suitable for use in a
fracturing operation. One of ordinary skill in the art with the benefit of this disclosure will be
able to recognize an appropriate proppant material for a particular application based on, for
example, depth of the formation and fracture stress. Proppant particulates may be either rigid
or deformable. Without limiting the invention to a particular theory or mechanism of action,
it 1s nevertheless currently believed that deformable particulates may provide better
mechanical characteristics for PMF operations due to the fact that less point-loading may
occur. Generally, where the chosen proppant particulate 1s substantially spherical, suitable

proppant particulates have a size in the range of from about 2 to about 400 mesh, U.S. Sieve
Series. In some embodiments of the present invention, the proppant particulates have a size

in the range of from about 8 to about 120 mesh, U.S. Sieve Series.

[0076] In some embodiments of the present invention, i1t may be desirable to
use substantially non-spherical proppant particulates. Suitable substantially non-spherical
proppant particulates may be cubic, polygonal, fibrous, or any other non-spherical shape.
Such substantially non-spherical proppant particulates may be, for example, cubic-shaped,
rectangular shaped, rod shaped, ellipse shaped, cone shaped, pyramid shaped, or cylinder
shaped. That 1s, in embodiments wherein the proppant particulates are substantially non-
spherical, the aspect ratio of the material may range such that the matenal 1s fibrous to such
that it 1s cubic, octagonal, or any other configuration. Substantially non-spherical proppant
particulates are generally sized such that the longest axis is from about 0.02 inches to about
0.3 inches in length. In other embodiments, the longest axis is from about 0.05 inches to
about 0.2 inches in length. In one embodiment, the substantially non-spherical proppant
particulates are cylindrical having an aspect ratio of about 1.5 to 1 and about 0.08 inches in
diameter and about 0.12 inches in length. In another embodiment, the substantially non-
spherical proppant particulates are cubic having sides about 0.08 inches in length. The use of
substantially non-spherical proppant particulates may be desirable in some embodiments of
the present invention because, among other things, they may provide a lower rate of settling
when slurried into a fluid, as is often done to transport proppant particulates to desired

locations within subterranean formations. By so resisting settling, substantially non-spherical
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proppant particulates may provide improved proppant particulate distribution as compared to

more spherical proppant particulates.

[0077] In poorly consolidated formations (that is, formations that, when
assessed, fail to produce a core sample that can be satisfactorily drilled, cut, etc.) the use of
substantially non-spherical proppant particulates also may help to alleviate the embedment of
proppant particulates into the formation surfaces (such as a fracture face). As is known by
one skilled in the art, when substantially spherical proppant particulates are placed against a
formation surface under stress, such as when they are used to prop a fracture, they are subject
to point loading. By contrast, substantially non-spherical proppant particulates may be able to
provide a greater surface area against the formation surface and thus may be better able to
distribute the load of the closing fracture.

[0078] Proppant particulates used in the present invention may comprise any
material suitable for use in subterranean operations. Conventional materials utilized as
proppant and/or gravel particulates in include, but are not limited to: sand; bauxite; ceramic
materials; glass materials; polymer materials; Teflon® materials; nut shell pieces; seed shell
pieces; fruit pit pieces; wood; composite particulates; light weight proppant; cured resinous
particulates comprising nut shell pieces, seed shell pieces, inorganic fillers, and/or fruit pit
pieces; and combinations thereof. Additionally, composite particulates may be utilized as
proppant and/or gravel particulates. Such composites may include a binder and a filler
material, wherein suitable filler materials include silica, alumina, fumed carbon, carbon black,
graphite, mica, titanium dioxide, meta-silicate, calcium silicate, kaolin, talc, zirconia, boron,
fly ash, hollow glass microspheres, solid glass, and combinations thereof. Sand is also a
common particulate utilized with subterranean treatment fluids. In some embodiments of the
present invention, the proppant particulates may be composed of at least one high density
plastic. As used herein, the term "high density plastic" refers to a plastic having a specific
gravity of greater than about 1. The preferable density range is from about 1 to about 2.
More preferably, the range is from about 1 to about 1.3. The most preferable is from about
1.1 to 1.2. In addition to being a high density plastic, plastics suitable for use in the present
invention generally exhibit a crystallinity of greater than about 10%. In some embodiments,
the high density plastic used to form the proppant particulates of the present invention
exhibits a crystallinity of greater than about 20%. While the material is referred to as “high
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density,” it will be readily understood by one skilled in the art that the density 1s “high”
relative to other plastics, but may be low as compared to traditional proppant particulate
densities. For example, Ottawa sand may exhibit a specific gravity of about 2.65, whereas
man-made ceramic proppant materials generally have specific gravities ranging from about
2.7 to about 3.6. The relatively low density of the high density plastics used to create the
proppant particulates of the present invention may be beneficial to an even distribution when
the proppant particulates are slurried into a fluid such as a fracturing or carrier fluid. Such
even distribution may be particularly helpful in forming a partial monolayer proppant pack
that 1s capable of holding open the majority of a fracture. Uneven distribution could result in
a situation wherein a portion of a fracture is propped while another portion 1s substantially

void of proppant particulates and thus, does not remain open once the hydraulic pressure 1s

released.

[0079] Some well-suited high density plastic materials include polyamide 6
(Nylon 6), polyamide 66 (Nylon 6/6), acrylic, acrylonitrile butadiene styrene (ABS), ethylene
vinyl alcohol, polycarbonate/PET polyester blend, polyethylene terephthalate (PET),
unreinforced polycarbonate/polybutylene terephthalate (PC/PBT) blend, PETG copolyester,
polyetherimide, polyphenylene ether, molded polyphenylene sulfide (PPS), heat resistant
grade polystyrene, polyvinylbenzene, polyphenylene oxide, a blend of polyphenylene oxide
and nylon 6/6, acrylonitrile-butadiene-styrene, polyvinylchloride, fluoroplastics, polysulfide,
polypropylene, styrene acrylonitrile, polystyrene, phenylene oxide, polyoletins, polystyrene
divinylbenzene, polyfluorocarbons, polyethers etherketones, polyamide 1mides, and
combinations thereof. Some other well-suited high density plastic materials include oil-
resistant thermoset resins such as acrylic-based resins, epoxy-based resins, furan-based resins,
phenolic-based resins, phenol/phenol formaldehyde/furfuryl alcohol resins, polyester resins,
and combinations thereof.

. [0080] One benefit of using proppant particulates formed from high density
plastic is that they may be created on-the-fly during a fracturing or frac-packing operation.
U.S. Pat: Ap. PuE. No. 2005/0267001, filed May 26, 2004, the entire disclosure of which i1s
hereby incdrporated by reference, describes methods of creating proppant particulates from
thermoplastic materials on-the-fly. As described in that application, one example of a method

for preparing proppant on-the-fly generally comprises providing a mixture comprising a
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thermoplastic/thermosetting polymer and a filler; heating the resin mixture; extruding,
atomizing, or spraying the mixture to particulate form into a well bore containing a treatment
fluid; and allowing the extruded particulate to substantially cure and form proppant
particulates. This method relies, at least in part, on the ability of thermoplastic/thermosetting
materials to be extruded from a liquid form at an elevated temperature and then, as the
material cools, to then harden and form into a solid material. The thermoplastic or
thermosetting - proppant particulates can be prepared on-the-fly, according to the present
invention, to a suitable size and shape.

[0081] Density and strength of proppant particulates formed from
thermoplastic/thermosetting materials may be customized to meet the fracturing designs and
well conditions. To help eliminate the problems that may be caused by large particle size, in
one embodiment the on-the-fly thermoplastic proppant particulates may be introduced into
the fracturing or carrier fluid at the discharge side of the pump. As will be recognized by one
skilled in the art, during pumping of such on-the-fly proppant particulates (particularly where
the flow passes through one or more perforations), the proppant particulates may break into
smaller sizes as a result of high shear as they are being placed inside a portion of a
subterranean formation.

[0082] In some embodiments of the present invention, it may be desirable to
reinforce the proppant particulates to increase their resistance to a crushing or deforming
force. Suitable reinforcing materials include high strength particles such as bauxite, nut hulls,
ceramic, metal, glass, sand, asbestos, mica, silica, alumina, and any other available material
that 1s smaller in size than the desired, final high density plastic proppant particulate and that
1s capable of adding structural strength to the desired, final high density plastic proppant
particulate. In some embodiments of the present invention, the reinforcing material may be a
fibrous material such as glass fibers or cotton fibers. Preferably, the reinforcing material 1s
chosen so as to not unduly increase the specific gravity of the final proppant particulate.

[0083] In some embodiments, the proppant particulates are coated with an
adhesive substance, so that they will have the tendency to adhere to one another when they
come into contact. The adhesive should be strong enough that the proppant particulates
remain clustered together while under static condition or under low shear rates. As the shear

rate increases, the proppant clusters or aggregates may become dispersed into smaller clusters
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or even individual proppant particulates. - This phenomenon may repeat again and again from
the time the coated proppant is introduced into the fracturing or carrier fluid, pumped into the

well bore and fracture, and even after being placed inside the fracture.

[0084] Adhesive substances suitable for use in the present invention include
non-aqueous tackifying agents; aqueous tackifying agents; silyl-modified polyamides; and
curable resin compositions that are capable of curing to form hardened substances. In
addition to encouraging the proppant particulates to form aggregates, the use of an adhesive
substance may yield a propped fracture that experiences very little or no undesirable proppant
flow back. Adhesive substances may be applied on-the-fly, applying the adhesive substance
to the proppant particulate at the well site, directly prior to pumping the fluid-proppant

mixture 1nto the well bore.

[0085] In some embodiments of the present invention, a portion of the
proppant particulates may be formed from degradable material. One purpose of including
degradable particles in a propped fracture (be it a partial monolayer fracture or a traditional
propped fracture) may be to ensure the porosity of the propped fracture. Despite the
preference for forming a partial monolayer, proppant particulates may nonetheless form a full
monolayer or a packed portion in the fracture due, infer alia, to uneven distribution,
particulate accumulation, or particulate settling. However, as the degradable particles are
removed with time, the porosity of the propped fracture may increase. The degradable
particles may be substantially uniformly distributed amongst the proppant particulates in the
propped fracture. Over time, the degradable material may degrade in sifu, causing the
degradable particles to be substantially removed from the propped fracture, and leaving voids
between the proppant particulates. These voids may enhance the porosity of the propped
fracture, which may result, inter alia, in enhanced permeability. Degradable materials that
may be used in conjunction with the present invention include, but are not limited to,
degradable polymers, dehydrated compounds, and mixtures thereof. Such degradable
materials are capable of undergoing an irreversible degradation downhole.

[0086] In some embodiments of the present invention, from about 10% to
about 90% of the total proppant particulates used to form the partial monolayer fracture
comprise degradable material. In other embodiments, from about 20% to about 70% of the

total proppant particulates used to form the partial monolayer fracture comprise degradable
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material. In still other embodiments, from about 25% to about 50% of the total proppant
particulates used to form the partial monolayer fracture comprise degradable material. One of
ordinary skill in the art with the benefit of this disclosure will recognize an optimum
concentration of degradable material that provides desirable values in terms of enhanced
permeability without undermining the stability of the partial monolayer fracture itself.

[0087] The specific physical features of the degradable material may be
chosen or modified to provide the partial monolayer fracture with optimum permeability. The
degradable material may be selected to have a similar particle size, shape, and specific gravity
as those of the rest of the proppant particulates to enhance the substantially uniform
distribution of degradable particulate among the particulates and to minimize the segregation
between the particulate materials. The degradable materials may be selected to have a
particle shape which may provide desired characteristics in the resultant voids, including, but
not limited to, particles having the physical shape of platelets, shavings, flakes, ribbons, rods,
strips, spheroids, toroids, pellets, tablets, or any other physical shape. One of ordinary skill in
the art with the benefit of this disclosure will recognize the preferred particle size, shape, and
specific gravity for a given application.

[0088] A tackifying compound optionally may be coated onto any portion or
all of the proppant material, among other purposes, to promote uniform distribution of
degradable particles as the proppant particulates are blended, pumped down hole, and placed
inside the created fracture.

[0089] In some embodiments, the degradable particles may be made from oil-
degradable materials. Where such oil-degradable proppant particulates are used, in the event
the closure of the fracture undesirably compacts the proppant (thus undesirably reducing the
permeability of the proppant pack), the oil-degradable proppant may be degraded by the
produced fluids, thus restoring at least some of the lost permeability. The degradable
proppant also may be degraded by materials purposely placed in the formation, mixing the

degradable particles with delayed reaction degradation agents, or other suitable means to

induce degradation.
[0090] Suitable degradable materials may include oil-degradable polymers.
Oil-degradable polymers that may be used in accordance with the present invention may be

either natural or synthetic polymers. Some particular examples include, but are not limited to,
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polyacrylics, polyamides, and polyolefins such as polyethylene, polypropylene,
polyisobutylene, and polystyrene. Other suitable oil-degradable polymers include those that
have a melting point which is such that the polymer will dissolve at the temperature of the
subterranean formation in which it is placed, such as a wax material.

[0091] In addition to oil-degradable polymers, other degradable materials that
may be used in conjunction with the present invention include, bﬁt are not limited to,
degradable polymers, dehydrated salts, and/or mixtures of the two. The degradability of a
polymer depends at least in part on its backbone structure. For instance, the presence of
hydrolyzable and/or oxidizable linkages in the backbone often yields a material that will
degrade as described herein. The rates at which such polymers degrade may be dependent on
the type of repetitive unit, composition, sequence, length, molecular geometry, molecular
weight, morphology (e.g., crystallinity, size of spherulites, and orientation), hydrophilicity,
hydrophobicity, surface area, and additives. Also, the environment to which the polymer 1s
subjected may affect how it degrades, e.g., temperature, presence of moisture, oxygen,
microorganisms, enzymes, pH, and the like.

[0092] Suitable examples of degradable polymers that may be used In
accordance with the present invention include but are not limited to those described in the
publication of Advances in Polymer Science, Vol. 157 entitled “Degradable Aliphatic
Polyesters” edited by A.-C. Albertsson. Specific examples include homopolymers, random,
block, graft, and star- and hyper-branched aliphatic polyesters. Polycondensation reactions,
ring-opening polymerizations, free radical polymerizations, anionic polymerizations,
carbocationic polymerizations, coordinative ring-opening polymerization, and any other
suitable process may prepare such suitable pdlymers. Specific examples of suitable polymers
include polysaccharides such as dextran or cellulose; chitins; chitosans; proteins; aliphatic
polyesters; poly(lactides); poly(glycolides); poly(e-caprolactones); poly(hydroxybutyrates);
poly(anhydrides); aliphatic or aromatic polycarbonates; poly(orthoesters); poly(amino acids);
poly(ethylene oxides); and polyphosphazenes. Of these suitable polymers, aliphatic
polyesters and polyanhydrides are preterred.

[0093] Dehydrated salts may be used in accordance with the present invention
as a degradable material. A dehydrated salt is suitable for use in the present invention if it

will degrade over time as it hydrates. For example, a particulate solid anhydrous borate
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material that degrades over time may be suitable. Specific examples of particulate solid
anhydrous borate materials that may be used include but are not limited to anhydrous sodium
tetraborate (also known as anhydrous borax), and anydrous boric acid. These anhydrous
borate materials are only slightly soluble in water. However, with time and heat in a
subterranean environment, the anhydrous borate materials react with the surrounding aqueous
fluid and are hydrated. The resulting hydrated borate materials are highly soluble in water as
compared to anhydrous borate materials and as a result degrade in the aqueous fluid. In some
instances, the total time required for the anhydrous borate materials to degrade in an aqueous

fluid is in the range of from about 8 hours to about 72 hours depending upon the temperature

of the subterranean zone in which they are placed.

[0094] Other examples of dehydrated salts suitable for use in the present
invention may include calcium carbonate plus acid. Still other examples, such as calcium
citrate, may include combinations of insoluble salts with acid generating materials, wherein
the salt chosen may increase in solubility as the pH lowers.

[0095] Blends of certain degradable materials also may be suitable. One
example‘ of a suitable blend of materials is a mixture of poly(lactic acid) and sodium borate
where the mixing of an acid and base may result in a neutral solution where this is desirable.
Another example would include a blend of poly(lactic acid) and boric oxide. Other materials
that undergo an irreversible degradation also may be suitable, if the products of the
degradation do not undesirably interfere with either the permeability of the proppant matrix or
with the production of any of the fluids from the subterranean formation.

[0096] In choosing the appropriate degradable material, one may want to
consider the degradation products that will result. These degradation products should not
adversely affect other operations or components and may even be selected to improve the
long term performance/permeability of the propped fracture. The choice of degradabie
material also can depend, at least in part, on the conditions of the well, e.g., well bore
temperature.

[0097] In some embodiments, a preferable result may be achieved if the
degradable material degrades over a period of time (as opposed to instantaneously). Even
more preferablie results have been obtained when the degradable material does not begin to

degrade until after the proppant matrix is in place in the fracture or, as may be the case with
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coated proppant, until it has developed some compressive strength. The slow degradation of

the degradable material helps, inter alia, to maintain the stability of the proppant matrix.

[0098] As previously stated, in some embodiments of the present invention,
proppant particulates may be placed at relatively low in situ concentrations within the fracture
in‘ the subterranean formation. In order to obtain the partial monolayer placement of the
proppant particulates, the proppant may be introduced into the fracturing or carrier fluid at a
relatively low volumetric concentration. In some embodiments of this invention, the
proppant may be introduced into the fracturing or carrier fluid in volumetric concentrations
between about 0.005 Ib/gal and 1.0 Ib/gal. One of ordinary skill in the art with the benefit of
this disclosure should be able to determine the appropriate volumetric concentration for a
particular application based on, for example, the density of the proppant, the density of the

fracturing or carrier fluid, and the width of the fracture.

[0099] The optimum fraction of surface area of the fracture face which may be
covered by proppant may vary with the parameters of a particular application of the present
invention. One of ordinary skill in the art with the benefit of this disclosure should be able to
determine the desired coverage fraction for a particular application based on, for exampie,
closure stress at the fracture, depth within the formation, and material properties of the

proppant. In one embodiment, the proppant forming the partial monolayer may cover about

40% to about 60% of the surface area of the fracture face. In another embodiment of the
Invention, the proppant forming the partial monolayer may cover about 60% to about 70% of
the surface area of the fracture face. In some embodiments, the proppant may cover up to

90% of the surface area of the fracture face.

[00100] Although there are similarities with the design process for
traditional hydraulic fracturing, a method of designing a PMF treatment according to one
embodiment of the invention may include additional steps, and some steps may be
unexpectedly more sensitive to in situ proppant concentration. According to one embodiment
of the invention, design of a PMF treatment may not allow for the common practice of over-
design in in situ concentration to account for uncertainties. Without limiting the invention to
a particular theory or mechanism of action, it is nevertheless currently believed that
conductivity test data may show that, as in sifu concentration increases, conductivity may

initially increase, reach a maximum, and then decreases to a minimum when the in situ
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concentration reaches the “monolayer in situ proppant concentration.” (As would be
understood by a person of ordinary skill in the art, common reference texts such as RECENT
ADVANCES IN HYDRAULIC FRACTURING, SPE Monograph Series, Vol. 12 (1989), may be used
to determine the monolayer in situ proppant concentration.) Above the monolayer in situ
proppant concentration, conductivity may continuously increase with increasing in situ
‘concentration. When designing a treating method of the present invention, the point of
maximum conductivity that lies below the monolayer in situ proppant concentration may be
selected as the design target. Since conductivity may decrease from this point of maximum
conductivity for both a decrease and an increase in in situ concentration, the common practice
in traditional hydraulic fracturing of increasing the inm sifu concentration to account for
uncertainties may not be appropriate. It should be understood that for some types of
formations and some types of proppant, there will be no point of maximum conductivity that
lies below the monolayer in situ proppant concentration, which would indicate a Iess suitable
combination for the methods of this invention.

[00101] Any method or instrumentation known in the art may be used to
determine a pumping schedule in certain embodiments of the present invention. As used
herein, the term “pumping schedule” may refer to time-dependent fluid volumes and
volumetric proppant concentrations to be placed in a subterranean formation when treating
the formation. In one embodiment of the invention, a fracture simulator (such as
“FracproPTTM,” commercially available from Pinnacle Technologies, Inc., of Houston, TX;
“GOHFER®,” commercially available from Barree & Associates in association with Stim-
Lab, a division of Core Laboratories; or “StimPlan,” commercially available from NSI
Technologies of Tulsa, OK) may be used to help determine an appropriate pumping schedule
to be used when performing a particular method of the present invention. As would be
understood by a person of ordinary skill in the art, the pumping schedule may be adjusted in
the simulator to achieve a desired target in situ proppant concentration. Design of traditional
hydraulic fracturing treating methods may not be strongly constrained by the proppant
distribution in the fracture, typically requiring only at least a minimum in sifu concentration.
Since much less proppant may be used in PMF, achieving the desired target in situ proppant
concentration may become the primary design objective. In some embodiments of the

invention, the pumping schedule may be provided by the same person or entity that places
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proppant particulates within a fracture in a subterranean formation. In other embodiments of
the invention, the pumping schedule may be provided by a different person or entity than that
who places proppant particulates within a fracture in a subterranean formation.

[00102] To facilitate a better understanding of the present invention, the
following examples of certain aspects of some embodiments are given. In no way should the

following examples be read to limit, or define, the entire scope of the invention.

EXAMPLES

[00103] An Aloxite plug, approximately 2.5 cm 1n diameter by
approximately 4.0 - 5.0 cm 1n length, 1s used for this test. This manufactured material 1s used
to reduce the variability normally seen in either quarried or formation rock samples. The
porosity of the Aloxite plug is estimated to be about 22%, with the value used in calculating
the number of pore volumes flowed for each fluid. The plug is mounted in a Hassler sleeve
to promote linear fluid flow through the plug. An overburden pressure of about 1,300 psi 1s
maintained on the Hassler sleeve throughout the test. A backpressure regulator set at about
200 psi is placed on the discharge side of the plug. This maintains an actual overburden
pressure of approximately 1,100 psi on the plug throughout the test. The temperature of the
Aloxite plug 1s maintained at the test temperature throughout the test by use of a heating
jacket.

[00104] In the two production stages of the test, brine enters the test cell and
exits the end of the core that simulates the well bore. The fluid flows through the core plug
and exits through the back-pressure regulator set at 200 psi. One example of this arrangement
1s 1llustrated in Figure 3.

[00105] In the treatment fluid stage of the test — which may occur between
the two production stages of the test — the treatment fluid being pumped enters the test cell
and contacts the end of the core that simulates the well bore. The fluid flows through the core
plug and exits through the back-pressure regulator set at 200 psi. One example of this
arrangement 1s illustrated in Figure 4.

[00106] The 1nitial stage of fluid consists of API Standard Brine (see Table 1
below) flowed at 5 mL/min. This fluid is used to obtain an initial permeability to an aqueous
fluid, with that aqueous fluid being non-damaging to the plug. Flow of this fluid is continued

until a relatively constant pressure reading is obtained across the plug. The treatment fluid 1s
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then flowed through the plug in the opposite direction until (1) about 10 pore volumes ot the
fluid flow into the plug, (2) the fluid is pumped for a total of one hour, or (3) until the
differential pressure across the plug reaches about 1,000 psi. Flow through the plug 1s
stopped and the plug is “shut in” for a period determined by break time of the gravel pack

fluid, which may generally be about 96 — 144 hours. After the shut in period, a second

synthetic formation brine stage is flowed in the production direction at about 5 mL/min until a

constant pressure drop is seen across the plug.

Table 1: API Standard Brine Formulation
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Fresh Water

Sodium Chloride (NaCl) 90.00 grams
Calcium Chloride (CaCl,°2H,0) 11.12 grams

[00107] A moderate-to-large increase in the pressure drop across the plug

(decrease in permeability of greater than about 30%) compared to the first synthetic formation
brine stage may show that the gelled fluid had damaged the plug and may be considered
unacceptable. A small increase in the pressure drop across the plug or lack of pressure

change (decrease in permeability of no more than about 30%) may be considered acceptable.

Table 2: Test Parameters
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est Treatment Fluid crossiinked xanthan | diutan

Test Temperature 245° F 215°F

Fluid Preheat Temperature 215°F
Flow Rate 2 mL/min 5 mL/min

Core Material 30 micron Aloxite 30 micron Aloxite

Core Length _ 4.875 cm 7.396 cm

Core Diameter 2.521 cm 2.496 cm
Approximate Regained Permeability 101% 90%
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[00108] Two tests are performed according to the procedure described above
using two different treatment fluids. The test parameters are given in Table 2, and the test

results are illustrated in Figures 5 and 6. In the first test, WG-37 may be used as the

crosslinked xanthan test fluid. Figure 5 shows a plot of permeability, measured 1n

millidarcies, for increasing pore volumes over the course of the test. In the second test, 1%
“FDP-S848-07,” which is commercially available from Halliburton Energy Services, Inc. of
Duncan, OK, may be used as the diutan test fluid. Figure 6 shows a plot of permeability,
measured in millidarcies, for increasing pore volumes over the course of the test. In each of

Figures 5 and 6, the near-zero permeability readings may indicate the treatment fluid stage of

the test.

[00109] Therefore, the present invention is well adapted to attain the ends and
advantages mentioned as well as those that are inherent therein. The particular embodiments
disclosed above are illustrative only, as the present invention may be modified and-practiced
in different but equivalent manners apparent to those skilled in the art having the benefit of
the teachings herein. Furthermore, no limitations are intended to the details of construction or
design herein shown, other than as described in the claims below. It is therefore evident that
the particular illustrative embodiments disclosed above may be altered or modified and all
such variations are considered within the scope and spirit of the present invention. All
numbers and ranges disclosed above may vary slightly. Moreover, any numerical range
defined by two R numbers as defined in the above is also specifically disclosed. Moreover,
the indefinite articles “a” or “an,” as used in the claims, are defined herein to mean one or
more than one of the element that it introduces. Also, the terms in the claims have their plain,

ordinary meaning unless otherwise explicitly and clearly defined by the patentee.



CA 02720783 2010-10-06
WO 2009/125174 PCT/GB2009/000906

30

What is claimed 1s:

1. A method comprising:

providing at least one fracture in a subterranean formation;

placing a clean fluid into a portion of the at least one fracture, wherein the

clean fluid comprises a plurality of proppant particulates; and

depositing one or more of the plurality of proppant particulates into the portion

of the at least one fracture to form a partial monolayer within the fracture.

2. The method of claim 1, wherein the porosity of the at least one fracture with

the partial monolayer is greater than about 50%.

3.  The method of claim 1, wherein the clean fluid does not produce a substantial

amount of filter cake in the subterranean formation.

4, The method of claim 3, wherein the clean fluid further comprises a gas.

5. The method of claim 3, wherein the clean fluid further comprises a clean flmd

selected from a group consisting of: a clarified polymer, a synthetic polymer, a clarified

biopolymer, a clarified xanthan, a clarified diutan, a clarified hydroxyethylcellulose, a

succinoglycan, a clarified scleroglucan, and a derivative thereof

6. The method of claim 1, wherein the step of placing the clean fluid into a

portion of the at least one fracture is done at a pressure above the fracture gradient of the

subterranean formation

7. The method of claim 1, wherein the clean fluid comprises a micro-crosslinked

gel.

8. The method of claim 1, wherein the clean fluid produces a self-cleaning filter

cake in the subterranean formation.

9. The method of claim 8, wherein the clean fluid further comprises a viscositier

or gelling agent.
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10.  The method of claim 8, wherein the clean fluid further comprises a volatile

hydrocarbon fluid.

11.  The method of claim 8, wherein the clean fluid further comprises a compound

selected from a group consisting of: an ester, an orthoester., and a derivative thereof.

12.  The method of claim 1, wherein the clean fluid further comprises a fluid

selected from a group consisting of: a foam, an emulsion, a viscoelastic surfactant gel, and a

derivative thereof.

13.  The method of claim 1, wherein the clean fluid further comprises a degradable

fluid loss additive.

14.  The method of claim 1, wherein at least a portion of the plurality of proppant

particulates are deformable.

15. The method of claim 1, wherein at least a portion of the plufality of proppant

particulates are formed from a degradable material.

16.  The method of claim 1, wherein the volumetric concentration of the plurality

of proppant particulates in the clean fluid is between about 0.005 1b/gal and 1.0 lb/gal.

17. A method comprising:

providing a pumping schedule for treating a subterranean formation, wherein the

pumping schedule is determined by:

providing conductivity test data for the subterranean formation;
providing a monolayer i»n situ proppant concentration;
identifying at least one point of maximum conductivity in the conductivity test

data below the monolayer in situ proppant concentration;

identifying a target in situ proppant concentration which correlates with the at
least one point of maximum conductivity; and

1dentifying a pumping schedule to provide the target in situ proppant
concentration to a desired location in the subterranean formation; and

placing a clean fluid into the subterranean formation, wherein:
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the clean fluid comprises a plurality of proppant particulates; and

the volume of the clean fluid placed into the subterranean formation and the
volumetric concentration of the plurality of proppant particulates 1n the clean fluid correlates

to the pumping schedule.

18.  The method of claim 17, wherein the step of placing the clean fluid into the

subterranean formation is done at a pressure above the fracture gradient of the subterranean

formation

19. A method comprising:
providing at least one fracture in a subterranean formation;

placing a fluid into a portion of the at least one fracture, wherein the fluid comprises:
a plurality of proppant particulates; and
a degradable fluid loss additive, wherein the degradable fluid loss additive

comprises collagen; and

depositing one or more of the plurality of proppant particulates into the portion of the

at least one fracture.

20. A method comprising placing a fluid into a portion of a subterranean

formation, wherein the fluid comprises a degradable fluid loss additive comprising collagen.
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