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FRACTURING FLUIDS COMPRISING DEGRADABLE DIVERTING AGENTS
AND METHODS OF USE IN SUBTERRANEAN FORMATIONS

BACKGROUND OF THE INVENTION

The present invention relates to subterranean treatment operations. More particularly,
the present invention relates to treatment fluids comprising degradable diverting agents and
methods of using such treatment fluids in subterranean formations.

Hydrocarbon-producing wells often are stimulated by hydraulic fracturing operations,
wherein a fracturing fluid may be introduced into a portion of a subterranean formation
penetrated by a well bore at a hydraulic pressure sufficient to create or enhance at least one
fracture therein. Often, particulate solids, such as graded sand, will be suspended in a portion
of the fracturing fluid so that the proppant particles may be placed in the resultant fractures to
maintain the integrity of the fractures (after the hydraulic pressure is released), thereby
forming conductive channels within the formation through which hydrocarbons can flow.
Once at least one fracture has been created and at least a portion of the proppant is
substantially in place within the fracture, the viscosity of the fracturing fluid may be reduced
to facilitate removal of the fracturing fluid from the formation.

In certain hydrocarbon-producing formations, much of the production may be derived
from natural fractures. These natural fractures may exist in the reservoir prior to a fracturing
operation, and, when contacted by an induced fracture (e.g., a fracture formed or enhanced
during a fracturing treatment), may provide flow channels having a relatively high
conductivity that may improve hydrocarbon production from the reservoir. However,
fracturing treatments often may be problematic in naturally-fractured reservoirs, or in any
other reservoirs where an existing fracture could intersect a created or enhanced fracture. In
such situations, the intersection of the fractures could impart a highly tortuous shape to the
created or enhanced fracture, which could result in, e.g., premature screenout. Additionally,
the initiation of a fracturing treatment on a well bore intersected with multiple natural
fractures may cause multiple fractures to be initiated, each having a relatively short length,
which also could cause undesirable premature screenouts.

In an attempt to address these problems, fracturing fluids often are formulated to
include diverting agents that may, infer alia, form a temporary plug in the perforations or

natural fractures that tend to accept the greatest fluid flow, thereby diverting the remaining
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treatment fluid to generated fracture. However, conventional diverting agents may be
difficult to remove completely from the subterranean formation, which may cause a residue
to remain in the well bore area following the fracturing operation, which may permanently
reduce the permeability of the formation. In some cases, difficulty in removing conventional
diverting agents from the formation may permanently reduce the permeability of the
formation by between 5% to 40%, and may even cause a 100% permanent reduction in

permeability in some instances.

SUMMARY OF THE INVENTION

The present invention relates to subterranean treatment operations. More particularly,
the present invention relates to treatment fluids comprising degradable diverting agents and
methods of using such treatment fluids in subterranean formations.

An example of a method of the present invention is a method of fracturing a
subterranean formation, comprising: providing a fracturing fluid comprising a degradable
diverting agent; introducing the fracturing fluid into a subterranean formation at a pressure
sufficient to create or enhance at least one fracture therein; and permitting the degradable
diverting agent to degrade.

Another example of a method of the present invention is a method of fracturing a
subterranean formation comprising: positioning a hydrojetting tool having at least one fluid
jet forming nozzle in a portion of the subterranean formation to be fractured; jetting a
fracturing fluid comprising a degradable diverting agent through the at least one fluid jet
forming nozzle against the formation at a pressure sufficient to form a cavity in the
formation; further jetting the fracturing fluid through the nozzle to create or enhance at least
one fracture in the formation; and permitting the degradable diverting agent to degrade.

Another example of a method of the present invention is a method of enhancing
production from multiple regions of a subterranean formation penetrated by a well bore
during a single trip through the well bore, comprising: positioning a hydrojetting tool having
at least one fluid jet forming nozzle in a region of the subterranean formation to be fractured;
jetting a fluid through the at least one fluid jet forming nozzle against the formation at a
pressure sufficient to create at least one fracture in the formation; pumping a fluid comprising
a degradable diverting agent into an annulus between the hydrojetting tool and the formation
at a rate sufficient to raise the annular pressure to a level sufficient to extend the fracture into

the formation; repositioning the hydrojetting tool in a different region of the formation;
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repeating jetting a fluid through the at least one fluid jet forming nozzle against the formation
at a pressure sufficient to create at least one fracture in the formation and pumping a fluid
comprising a degradable diverting agent into the annulus between the hydrojetting tool and
the formation at a rate sufficient to raise the annular pressure to a level sufficient to extend
the fracture into the formation; and permitting the degradable diverting agent to degrade.

The features and advantages of the present invention will be readily apparent to those

skilled in the art upon a reading of the description of the preferred embodiments that follows.

DETAILED DESCRIPTION OF EMBODIMENTS

The present invention relates to subterranean treatment operations. More particularly,
the present invention relates to treatment fluids comprising degradable diverting agents and
methods of using such treatment fluids in subterranean formations. The treatment fluids
comprising degradable diverting agents are suitable for use in, inter alia, hydraulic fracturing
and frac-packing applications. According to certain embodiments of the methods of the
present invention, a treatment fluid may be flowed through a subterranean formation as part
of a subterranean treatment operation (e.g., hydraulic fracturing, and the like), and the
degradable diverting agents described herein desirably may bridge or obstruct pore throats in
smaller fractures that may be perpendicular to the one or more dominant fractures being
formed in the formation. Among other things, this may provide additional flow capacity that
may facilitate extending one or more dominant fractures in the formation. Moreover,
according to certain embodiments of the methods of the present invention, the degradable
nature of the degradable diverting agents described herein may facilitate increased
hydrocarbon production from the formation after the conclusion of the subterranean treatment
operation, inter alia, because the degradation of the degradable diverting agents may enhance
flow of hydrocarbons from the formation into the one or more dominant fractures, from
which point the hydrocarbons may flow to the well bore and then to the surface, where they
may be produced.

The treatment fluids used in the methods of the present invention generally comprise
a base fluid and a degradable diverting agent.

The treatment fluids used in the methods of the present invention comprise a
degradable diverting agent that is capable of undergoing an irreversible degradation
downhole. As referred to herein, the term “irreversible” will be understood to mean that the

degradable diverting agent, once degraded downhole, should not reconstitute while
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downhole, e.g., the degradable diverting agent should degrade in situ but should not
reconstitute in siru. The terms “degradation” or “degradable” refer to both the two relatively
extreme cases of hydrolytic degradation that the degradable diverting agent may undergo,
e.g., bulk erosion and surface erosion, and any stage of degradation in between these two.
This degradation can be a result of, inter alia, a chemical reaction, a thermal reaction, or a
reaction induced by radiation.

In certain embodiments of the present invention, the degradable diverting agent may
be in particulate form. In certain embodiments of the present invention, the degradable
diverting agent may have a particle size distribution in the range of from about 0.1 micron to
about 1.0 millimeter. In certain embodiments of the present invention, the degradable
diverting agent may have a particle size distribution in the range of from about 1 micron to
about 300 microns, or from about 1 micron to about 200 microns, or from about 1 micron to
about 30 microns. Certain embodiments of the treatment fluids used in the methods of the
present invention may comprise degradable diverting agents having a broader particle size
distribution, or a narrower particle size distribution. The selection of a suitable particle size
distribution for the degradable diverting agent may depend on factors such as, inter alia,
permeability of the formation, the type of formation, the extent of the angle between the
natural fractures and manmade fractures, the size of the orifices in the jetting tool to be used,
and the like. One of ordinary skill in the art, with the benefit of this disclosure, will be able
to identify a suitable particle size distribution for the degradable diverting agent for a
particular application.

The degradable diverting agent may be present in the treatment fluids used in the
methods of the present invention in an amount sufficient to provide a desired amount of fluid
loss control. In certain embodiments, the degradable diverting agent may be present in the
treatment fluids used in the methods of the present invention in an amount in the range of
from about 0.1% to about 10% by weight of the treatment fluid. In certain embodiments, the
degradable diverting agent may be present in the treatment fluids in an amount in the range of
from about 0.2% to about 0.5% by weight of the treatment fluid. In certain embodiments, the
degradable diverting agent may provide the treatment fluids with the desired amount of fluid
loss control by, inter alia, bridging or obstructing pore throats in the subterranean formation.

Generally, the degradable diverting agents in the treatment fluids may degrade over

time, to facilitate hydrocarbon production from the formation after the conclusion of the



WO 2006/090116 PCT/GB2006/000507

treatment operation. In certain embodiments, the degradable diverting agent may degrade
slowly over time, as opposed to instantaneously. The time required for degradation of the
degradable diverting agent may depend on factors including, but not limited to, the
temperature to which the degradable diverting agent is exposed, as well as the type of
degradable diverting agent used. In certain embodiments, the treatment fluids used in the
methods of the present invention may comprise a degradable diverting agent that does not
begin to degrade until at least about 12 to about 96 hours after its placement in the
subterranean formation. In certain embodiments, the treatment fluids may comprise a
degradable diverting agent that does not begin to degrade until at least about 12 to about 24
hours after its placement in the subterranean formation. Certain embodiments of the
treatment fluids may comprise degradable diverting agents that may begin degrading in less
than about 12 hours, or that may not begin degrading until greater than about 96 hours.

The degradable diverting agents used in the methods of the present invention may be
made from a variety of degradable materials. In certain embodiments of the present
invention, the degradable material comprises a degradable polymer. In certain embodiments
of the present invention, the degradable material comprises a combination of a degradable
polymers and a hydrated organic or inorganic compounds. Examples of suitable hydrated
organic or inorganic compounds include, but are not limited to, sodium acetate trihydrate, L-
tartaric acid disodium salt dihydrate, sodium citrate dihydrate, sodium carbonate decahydrate,
sodium borate decahydrate, sodium tetraborate decahydrate, sodium hydrogen phosphate
heptahydrate, sodium phosphate dodecahydrate, amylose, starch-based hydrophilic polymers,
or cellulose-based hydrophilic polymers. In choosing the appropriate degradable material,
one should consider the degradation products that will result. Also, these degradation
products should not adversely affect other operations or components. One of ordinary skill in
the art, with the benefit of this disclosure, will be able to recognize when potential
components of the treatment fluids of the present invention would be incompatible or would
produce degradation products that would adversely affect other operations or components.

As for degradable polymers, a polymer is considered to be “degradable” herein if the
degradation is due to, infer alia, chemical and/or radical process such as hydrolysis,
oxidation, enzymatic degradation, or UV radiation. 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
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herein. The rates at which such polymers degrade are dependent on, inter alia, 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 is
subjected may affect how the polymer degrades, e.g., temperature, presence of moisture,
oxygen, microorganisms, enzymes, pH, and the like.

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, pages 1-138.  Specific examples include, but are not limited to,
homopolymers, random, block, graft, and star- and hyper-branched aliphatic polyesters. Such
suitable polymers may be prepared by polycondensation reactions, ring-opening
polymerizations, free radical polymerizations, anionic polymerizations, carbocationic
polymerizations, and coordinative ring-opening polymerization for, e.g., lactones, and any
other suitable process. Specific examples of suitable polymers include, but are not limited to,
polysaccharides such as dextran or cellulose; chitin; chitosan; proteins; orthoesters; aliphatic
polyesters; poly(lactide); poly(glycolide), poly(e-caprolactone); poly(hydroxybutyrate);
poly(anhydrides), aliphatic ~polycarbonates; poly(orthoesters), poly(amino acids),
poly(ethylene oxide); and polyphosphazenes. Of these suitable polymers, aliphatic polyesters
and polyanhydrides may be preferred for some applications. ,

Aliphatic polyesters degrade chemically, inter alia, by hydrolytic cleavage.
Hydrolysis can be catalyzed by either acids or bases. Generally, during the hydrolysis,
carboxylic end groups are formed during chain scission, which may enhance the rate of
further hydrolysis. This mechanism is known in the art as “autocatalysis,” and is thought to
make polymer matrices more bulk-eroding.

Suitable aliphatic polyesters have the general formula of repeating units shown below:

oy

Formula I
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where n is an integer between 75 and 10,000 and R is selected from the group consisting of
hydrogen, alkyl, aryl, alkylaryl, acetyl, heteroatoms, and mixtures thereof. In certain
embodiments, the aliphatic polyester may be poly(lactide). Poly(lactide) may be synthesized
either from lactic acid by a condensation reaction or, more commonly, by ring-opening
polymerization of cyclic lactide monomer. Since both lactic acid and lactide can achieve the
same repeating unit, the general term poly(lactic acid) as used herein refers to writ of formula
I without any limitation as to how the polymer was made (such as from lactides, lactic acid,
or oligomers), and without reference to the degree of polymerization or level of
plasticization.

The lactide monomer exists generally in three different forms: two stereoisomers L-
and D-lactide and racemic D,L-lactide (meso-lactide). The oligomers of lactic acid, and

oligomers of lactide are defined by the formula:

0]
HO H
m
0

Formula IT
where m is an integer: 2<m<75. In certain embodiments, m may be an integer: 2<m<10.
These limits correspond to number average molecular weights below about 5,400 and below
about 720, respectively. The chirality of the lactide units provides a means to adjust, infer
alia, degradation rates, as well as physical and mechanical properties. Poly(L-lactide), for
instance, is a semicrystalline polymer with a relatively slow hydrolysis rate. This may be
desirable, inter alia, in applications of the present invention where a slower degradation of
the degradable material may be desired. Poly(D,L-lactide) may be a more amorphous
polymer with a resultant faster hydrolysis rate, which may be suitable, inter alia, for other
applications where a more rapid degradation may be appropriate. The stereoisomers of lactic
acid may be used individually, or may be combined in accordance with the present invention.
Additionally, they may be copolymerized with, for example, glycolide or other monomers
like e-caprolactone, 1,5-dioxepan-2-one, trimethylene carbonate, or other suitable monomers

to obtain polymers with different properties or degradation times. Additionally, the lactic
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acid stereoisomers can be modified by blending high and low molecular weight polylactide,
or by blending polylactide with other polyesters.

Aliphatic polyesters useful in the present invention may be prepared by substantially
any of the conventionally known manufacturing methods, including, but not limited to, those
described in U.S. Patent Nos. 6,323,307; 5,216,050; 4,387,769; 3,912,692; and 2,703,316, the
relevant disclosures of which are incorporated herein by reference. In addition to the other
qualities above, the plasticizers may enhance the degradation rate of the degradable
polymeric materials.

Polyanhydrides are another type of particularly suitable degradable polymer that may
be useful in the degradable diverting agents used in the methods of the present invention.
Polyanhydride hydrolysis proceeds, inter alia, via free carboxylic acid chain-ends to yield
carboxylic acids as final degradation products. The erosion time can be varied over a broad
range of changes in the polymer backbone. Examples of suitable polyanhydrides include, but
are not limited to, poly(adipic anhydride), poly(suberic anhydride), poly(sebacic anhydride),
and poly(dodecanedioic anhydride). Other suitable examples include, but are not limited to,
poly(maleic anhydride) and poly(benzoic anhydride).

The physical properties of degradable polymers may depend on several factors,
including, inter alja, the composition of the repeat units, flexibility of the chain, presence of
polar groups, molecular mass, degree of branching, crystallinity, and orientation. For
example, short-chain branches may reduce the degree of crystallinity of polymers while long-
chain branches may lower the melt viscosity and impart, inter alia, elongational viscosity
with tension-stiffening behavior. The properties of the degradable material utilized further
can be tailored by blending, and copolymerizing it with another polymer, or by changing the
macromolecular architecture (e.g., hyper-branched polymers, star-shaped, or dendrimers).
The properties of any such suitable degradable polymers (e.g., hydrophobicity,
hydrophilicity, rate of degradation) can be tailored, inter alia, by introducing select functional
groups along the polymer chains. For example, poly(phenyllactide) will degrade at about
1/5th of the rate of racemic poly(lactide) at a pH of 7.4 at 55°C. One of ordinary skill in the
art, with the benefit of this disclosure, will be able to determine the appropriate functional
groups to introduce to the polymer chains to achieve the desired physical properties of the
degradable polymers.
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The choice of degradable material for use in the degradable diverting agents used in
the methods of the present invention may depend, at least in part, on the conditions of the
well, e.g., well bore temperature. For instance, lactides have been found to be suitable for
lower temperature wells, including those within the range of about 60°F to about 150°F, and
polylactides have been found to be suitable for well bore temperatures above this range.

The specific features of the degradable diverting agents used in the methods of the
present invention may be modified so as to prevent loss of fluid to the formation. The
degradable diverting agents may have any shape, 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 specific degradable material that may be used in
the degradable diverting agents, and the preferred size and shape for a given application.

A variety of base fluids may be included in the treatment fluids used in the methods of
the present invention. For example, the base fluid may comprise water, acids, oils, or
mixtures thereof. In certain embodiments of the present invention wherein the base fluid
comprises water, the water used may be fresh water, salt water (e.g., water containing one or
more salts dissolved therein), brine (e.g., saturated salt water), or seawater. Generally, the
water may be from any source, provided that it does not contain an excess of compounds that
may adversely affect other components in the treatment fluid. Examples of suitable acids
include, but are not limited to, hydrochloric acid, acetic acid, formic acid, citric acid, or
mixtures thereof. In certain embodiments, the base fluid may further comprise a gas (e.g.,
nitrogen, or carbon dioxide). Generally, the base fluid is present in the treatment fluids used
in the methods of the present invention in an amount in the range of from about 25% to about
99% by weight of the treatment fluid.

Optionally, the treatment fluids used in the methods of the present invention may
comprise a viscosifier. Examples of suitable viscosifiers include, infer alia, biopolymers
such as xanthan and succinoglycan, cellulose derivatives (e.g., hydroxyethylcellulose), and
guar and its derivatives (e.g., hydroxypropyl guar). In certain embodiments of the treatment
fluids used in the methods of the present invention that comprise a viscosifier, the viscosifier
comprises guar. More particularly, the viscosifier may be present in the treatment fluids in an

amount in the range of from about 0.01% to about 1.0% by weight. In certain embodiments,
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the viscosifier may be present in the treatment fluids in an amount in the range of from about
0.2% to about 0.6% by weight.

Optionally, the treatment fluids used in the methods of the present invention may
comprise additional additives as deemed appropriate by one skilled in the art, with the benefit
of this disclosure. Examples of such additives include, but are not limited to, de-emulsifiers,
surfactants, salts, crosslinking agents, buffers, clay inhibitors, iron-control additives,
breakers, bactericides, caustic, relative permeability modifiers, or the like. An example of a
suitable de-emulsifier is commercially available from Halliburton Energy Services, Inc.,
under the trade name “LO-SURF 300.” An example of a suitable source of caustic is
commercially available from Halliburton Energy Services, Inc., under the trade name “MO-
67.” An example of a suitable buffer comprises ammonium acetate and is commercially
available from Halliburton Energy Services, Inc., under the trade name “BA-20.” An
example of a suitable crosslinking agent is commercially available from Halliburton Energy
Services, Inc., under the trade name “CL-28M.” An example of a suitable breaker is
commercially available from Halliburton Energy Services, Inc., under the trade name
“VICON NF.” Examples of suitable bactericides are commercially available from
Halliburton Energy Services, Inc., under the trade names “BE-3S” and “BE-6.” An example
of a suitable relative permeability modifier is commercially available from Halliburton
Energy Services, Inc., under the trade name “KW FRAC FLUID.”

Optionally, the treatment fluids used in the methods of the present invention may
comprise proppant particulates. In certain optional embodiments of the present invention
where proppant particulates are present, the proppant particulates generally are of a size such
that formation fines that may migrate with produced fluids are prevented from being
produced from the subterranean zone. Any suitable proppant particulates may be used,
including, inter alia, graded sand, bauxite, ceramic materials, glass materials, walnut hulls,
polymer beads, and the like. An example of a suitable proppant particulate is commercially
available from CarboCeramics, Inc., of Irving, Texas, under the trade name
“CARBOLITE®.” Generally, the proppant particulates will have a size in the range of from
about 4 to about 400 mesh, U.S. Sieve Series. In certain embodiments of the present
invention, the proppant particulates comprise graded sand having a particle size in the range
of from about 10 to about 70 mesh, U.S. Sieve Series. In certain embodiments of the present

invention, the proppant particulates may be at least partially coated with a curable resin,
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relative permeability modifiers, tackifying agents, or some other flowback control agent or
formation fine control agent. In certain embodiments of the present invention wherein
proppant particulates are present in the treatment fluids of the present invention, the proppant
particulates may be 20/40 CARBOLITE® proppant particulates. In certain embodiments of
the present invention wherein proppant particulates are present in the treatment fluids, the
proppant particulates may be present in an amount in the range of from about 0.01% to about
75% by weight of the treatment fluid. In certain embodiments of the present invention
wherein proppant particulates are present in the treatment fluids, the proppant particulates
may be present in an amount in the range of from about 12% to about 65% by weight of the
treatment fluid.

In accordance with the present invention, fracturing fluids comprising degradable
diverting agents may be used to successfully divert fluid from side fractures and effectively
extend the length of a desired fracture and/or provide sufficient fracture width for placement
of proppant particulates therein. After the fracturing treatment, the degradable diverting
agents of the present invention generally decompose into a material that may be removed
easily from the subterranean formation. In particular embodiments, the product of this
decomposition also may act as an effective cleaning medium in the formation, as well. Such
fracturing fluids may be particularly useful, infer alia, in naturally-fractured reservoirs or
reservoirs that tend to form naturally tortuous fractures under hydraulic stimulation, and may
be useful both in conventional hydraulic fracturing applications and in pinpoint fracturing
stimulations.

Once the hydraulic treatment is complete and the diverting agent has decomposed, the
products of the decomposition may be removed easily from the fracture system. In certain
embodiments of the present invention, the products of this decomposition also may be used to
further treat the subterranean formation. For example, in certain embodiments of the present
invention where the diverting agent decomposes into an acid, such as lactic acid, the acid
may act as an effective cleaning medium in the well. For example, the acid may be used to
break any residual polymers that may be present in the formation, and/or to remove acid-
soluble formation material. As another example, the decomposition of the diverting agent
into an acid may lower the pH, which may cause a resin present in the formation to set,

and/or may activate an oxidizer present in the formation.



WO 2006/090116 PCT/GB2006/000507

12

An example of a treatment fluid that may be used in the methods of the present
invention comprises 97.44% water by weight, 2% potassium chloride by weight, 0.2% LO-
SURF 300 by weight, and 0.36% polylactic acid particles by weight. Another example of a
treatment fluid that may be used in the methods of the present invention comprises 48.5%
water by weight, 50% by weight of 20/40 CARBOLITE® proppant particulates, 1%
potassium chloride by weight, 0.18% guar by weight, 0.1% LO-SURF 300 by weight,
0.045% CL-28M by weight, 0.01% BA-20 by weight, 0.02% MO-67 by weight, and 0.18%
polylactic acid particles by weight.

In one embodiment, the treatment fluids described above may be used in variety of
methods of the present invention to perform numerous functions in a subterranean formation.
Referring now to Figure 1, illustrated therein is a hydrojetting tool assembly 150, which in
certain embodiments may comprise a tubular hydrojetting tool 140 and a tubular, ball-
activated, flow control device 160. The tubular hydrojetting tool 140 generally includes an
axial fluid flow passageway 180 extending therethrough and communicating with at least one
angularly spaced lateral port 202 disposed through the sides of the tubular hydrojetting
tubular hydrojetting tool 140. In certain embodiments, the axial fluid flow passageway 180
communicates with as many angularly spaced lateral ports 202 as may be feasible. A fluid jet
forming nozzle 220 generally is connected within each of the lateral ports 202. In certain
embodiments, the fluid jet forming nozzles 220 may be disposed in a single plane that may be
positioned at a predetermined orientation with respect to the longitudinal axis of the tubular
hydrojetting tool 140. Such orientation of the plane of the fluid jet forming nozzles 220 may
coincide with the orientation of the plane of maximum principal stress in the formation to be
fractured relative to the longitudinal axis of the well bore penetrating the formation.

The tubular, ball-activated, flow control device 160 generally includes a longitudinal
flow passageway 260 extending therethrough, and may be threadedly connected to the end of
the tubular hydrojetting tool 140 opposite from the coiled or jointed tubing 225. The
longitudinal flow passageway 260 may comprise a relatively small diameter longitudinal bore
240 through an exterior end portion of the tubular, ball-activated, flow control device 160 and
a larger diameter counter bore 280 through the forward portion of the tubular, ball-activated,
flow control device 160, which may form an annular seating surface 290 in the tubular, ball-
activated, flow control device 160 for receiving a ball 300. As will be understood by those
skilled in the art with the benefit of this disclosure, before ball 300 is seated on the annular



WO 2006/090116 PCT/GB2006/000507

13

seating surface 290 in the tubular, ball-activated, flow control device 160, fluid may freely
flow through the tubular hydrojetting tool 140 and the tubular, ball-activated, flow control
device 160. After ball 300 is seated on the annular seating surface 290 in the tubular, ball-
activated, flow control device 160 as illustrated in Figure 1, flow through the tubular, ball-
activated, flow control device 160 may be terminated, which may cause fluid pumped into the
coiled or jointed tubing 225 and into the tubular hydrojetting tool 140 to exit the tubular
hydrojetting tool 140 by way of the fluid jet forming nozzles 220 thereof. When an operator
desires to reverse-circulate fluids through the tubular, ball-activated, flow control device 160,
the tubular hydrojetting tool 140 and the coiled or jointed tubing 225, the fluid pressure
exerted within the coiled or jointed tubing 225 may be reduced, whereby higher pressure
fluid surrounding the tubular hydrojetting tool 140 and tubular, ball-activated, flow control
device 160 may flow freely through the tubular, ball-activated, flow control device 160,
causing the ball 300 to disengage from annular seating surface 290, and through the fluid jet
forming nozzles 220 into and through the coiled or jointed tubing 225.

Optionally, an operator may elect to employ a pressure sensor (not shown) or flow
meter (not shown) as part of the hydrojetting tool assembly 150. A wide variety of pressure
sensors or flow meters may be used. In certain embodiments, the pressure sensor or flow
meter may be capable of storing data that may be generated during a subterranean operation
until a desired time, e.g., until the completion of the operation when the pressure sensor or
flow meter is removed from the subterranean function. In certain embodiments of the present
invention, the incorporation of a pressure sensor or flow meter into the hydrojetting tool
assembly 150 may permit an operator to evaluate conditions in the subterranean formation
(which conditions may include, but are not limited to, parameters related to the creation or
enhancement of the fracture) in real time or near-real-time, and, infer alia, to undertake a
remediative step in real time or near-real-time. Example of remediative steps include, inter
alia, swapping from a proppant-laden fluid to a linear fluid, reducing the concentration of a
proppant present in the fluid, and reducing the viscosity of the fluid. In certain embodiments
of the present invention, the operator may be able to determine, in real-time, that the fracture
in the subterranean formation has been created or enhanced to a desired extent. In certain
embodiments, the operator may move hydrojetting tool assembly 150 to a different zone in
the same, or different, formation after determining, in real time, that the fracture has been

created or enhanced to a desired extent. As referred to herein, the term “real time” will be
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understood to mean a time frame in which the occurrence of an event and the reporting or
analysis of it are almost simultaneous; e.g., within a maximum duration of not more than two
periods of a particular signal (e.g., a pressure signal, electrical signal, or the like) being
evaluated. For example, an operator may view, in real time, a plot of the pressure in the
formation that has been transmitted by the optional pressure sensor (not shown), and
determine, at a particular time during the fracturing operation, that an increase, or multiple
increases, in the slope of the pressure indicate the need to perform a remediative step such as
those described above. One of ordinary skill in the art, with the benefit of this disclosure,
will be able to evaluate a real time plot of the pressure in the formation, and evaluate
conditions in the formation, and determine the appropriate remediative step to perform in
response. For example, an operator may use the flow meter, in real time, to compare the flow
of fluid past the end of the hydrojetting tool assembly 150 to determine the quantity of fluid
that is flowing into the at least one fracture in the subterranean formation, and to determine
the quantity of fluid that is flowing past the hydrojetting tool assembly 150 and that may be
leaking off into other areas; the operator may evaluate such data from the flow meter, and
adjust the fluid flow rate and jetting pressure accordingly. One of ordinary skill in the art,
with the benefit of this disclosure, will be able to evaluate data from the flow meter, and
determine the appropriate adjustments to make to the fluid flow rate and jetting pressure.

Referring now to Figure 2, a hydrocarbon-producing subterranean formation 400 is
illustrated penetrated by a deviated open hole well bore 420. The deviated well bore 420
includes a substantially vertical portion 440 which extends to the surface, and a substantially
horizontal portion 460 which extends into the formation 400. Though Figure 2 illustrates an
open hole well bore, it will be understood that the methods of the present invention also may
be used in well bores having casing disposed therein; it further will be understood that the
methods of the present invention also may be used in a variety of well bore configurations,
including, but not limited to, those that are entirely vertical and those that are substantially
vertical.

The coiled or jointed tubing 225 having the hydrojetting tool assembly 150, and an
optional centralizer 480, attached thereto is shown disposed in the well bore 420. Prior to
placing the hydrojetting tool assembly 150, the optional centralizer 480 and the coiled or
jointed tubing 225 into the well bore 420, an operator may determine the orientation of the

plane of maximum principal stress in the formation 400 to be fractured with respect to the
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longitudinal direction of the well bore 420 utilizing known information or techniques and
tools available to those of ordinary skill in the art. Thereafter, the tubular hydrojetting tool
140 may be selected having the fluid jet forming nozzles 220 disposed in a plane oriented
with respect to the longitudinal axis of the tubular hydrojetting tool 140 in a manner that
aligns the plane containing the fluid jet forming nozzles 220 with the plane of the maximum
principal stress in the formation 400 when the tubular hydrojetting tool 140 is positioned in
the well bore 420. As is well understood in the art, when the fluid jet forming nozzles 220
are aligned in the plane of the maximum principal stress in the formation 400 to be fractured
and a fracture is formed therein, a single microfracture may be formed that may extend
outwardly from and around the well bore 420 in the plane of maximum principal stress. In
certain embodiments of the present invention, an operator may elect not to align the fluid jet
forming nozzles 220 of the tubular hydrojetting tool 140 with the plane of maximum
principal stress in the formation 400; in such embodiments, each fluid jet may form an
individual cavity and fracture in the formation 400.

Once the hydrojetting tool assembly 150 has been placed in the well bore 420, a
treatment fluid that may be used in the methods of the present invention, such as those that
have been described herein, may be circulated through the coiled or jointed tubing 225 and
through the hydrojetting tool assembly 150 so as to flow through the open tubular, ball-
activated, flow control device 160 and circulate through the well bore 420. In certain
embodiments, the circulation may be continued for a period of time sufficient to clean out
debris, pipe dope and other materials from inside the coiled or jointed tubing 225 and from
the well bore 420. Once a desired volume of the treatment fluid has been placed in well bore
420, and hydrojetting tool assembly 150 has been positioned adjacent the formation 400 that
is to be fractured, ball 300 (shown in Figure 1) may be caused to seat on the annular seating
surface 290 (shown in Figure 1) in the tubular, ball-activated, flow control device 160,
thereby directing the entirety of the treatment fluid through the fluid jet forming nozzles 220
of the tubular hydrojetting tool 140. In certain embodiments, ball 300 may be caused to seat
on annular seating surface 290 by dropping ball 300 through coiled or jointed 225, through
the tubular hydrojetting tool 140 and into the tubular, ball-activated, flow control device 160
while the treatment fluid continues to flow through the coiled or jointed tubing 225 and the
hydrojetting tool assembly 150; in certain other embodiments, ball 300 may be trapped in the
tubular hydrojetting tool 140, and will seat when fluid flows through coiled or jointed tubing
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225, forcing fluid out the fluid jet forming nozzles 220. After ball 300 has been caused to
seat on annular seating surface 290, the rate of circulation of the low-molecular weight fluid
into the coiled or jointed tubing 225 and through the tubular hydrojetting tool 140 may be
increased to a level whereby the pressure of the treatment fluid that is jetted through the fluid
jet forming nozzles 220 may reach a jetting pressure sufficient to perforate the walls of well
bore 420 and cause the creation of cavities 500 and microfractures 520 in the subterranean
formation 400 as illustrated in Figures 2 and 4.

Once a cavity 500 is formed, the operator may, infer alia, close in the annulus, which
may increase the pressure and thereby assist in creating a dominant fracture adjacent the
tubular hydrojetting tool 140. Fluid may be flowed through the annulus to increase the flow
rate of treatment fluid into the fracture, thereby assisting in propagating the fracture. Flowing
treatment fluid through the annulus also may assist in overcoming any leak-off of fluid into
other perforations that may occur. Generally, the jet differential pressure at which the
treatment fluid is jetted from the fluid jet forming nozzles 220 of the tubular hydrojetting tool
140 to result in the formation of cavities 500 and microfractures 520 in the formation 400 is a
pressure in the range of from about 500 to about 5,000 psi. In certain embodiments, the jet
differential pressure at which the treatment fluid is jetted from the fluid jet forming nozzles
220 of the tubular hydrojetting tool 140 is a pressure of approximately two times the pressure
required to initiate a fracture in the formation, less the ambient pressure in the well bore
adjacent to the formation. The pressure required to initiate a fracture in a particular formation
may depend upon, infer alia, the particular type of rock and/or other materials that form the
formation and other factors known to those skilled in the art. Once one or more dominant
fractures have been created, a valve on the annulus may be opened, and fluid flow into the
annulus may be initiated so as to further enhance or extend the one or more dominant
fractures. Among other things, flowing a treatment fluid through the annulus, as well as
through coiled or jointed tubing 225, may provide the largest possible flow path for the
treatment fluid, thereby increasing the rate at which the treatment fluid may be forced into
formation 400. Among other things, flowing the treatment fluid through both the annulus and
through coiled or jointed tubing 225 may reduce erosion of fluid jet forming nozzles 220
when the treatment fluid is proppant-laden.

As a treatment fluid flows through the subterrancan formation, the degradable

diverting agents described herein desirably may bridge or obstruct pore throats in smaller
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fractures that may be perpendicular to the one or more dominant fractures being formed in
the formation. Among other things, this may provide additional flow capacity that may
facilitate extending one or more dominant fractures in the formation.

Once one or more dominant fractures in formation 400 have been created and then
extended or enhanced to a desired extent, hydrojetting tool assembly 150 may be moved
within well bore 420 to other zones in the same, or different, formation and the process
described above may be repeated so as to create perforations in the walls of well bore 420
adjacent such other zones, and to create or enhance dominant fractures in such other zones, as
previously described herein. Among other things, the degradable nature of the degradable
diverting agents described herein may facilitate increased hydrocarbon production from the
formation after the conclusion of the treatment operation, inter alia, because the degradation
of the degradable diverting agents may enhance flow of hydrocarbons from the formation
into the one or more dominant fractures, from which point the hydrocarbons may flow to the
well bore and then to the surface, where they may be produced. Furthermore, in certain
embodiments of the present invention, the degradation of the degradable diverting agent also
may result in the generation of an acid that may assist in cleaning damaged portions of the
formation, which also may desirably enhance the flow of hydrocarbons to the well bore and
then to the surface.

When the well bore 420 is deviated (including horizontal well bores) as illustrated in
Figure 2, the optional centralizer 480 may be utilized with the hydrojetting tool assembly
150, inter alia, to insure that each of the fluid jet forming nozzles 220 has a proper stand-off
clearance from the walls of the well bore 420, (e.g., a stand-off clearance in the range of from
about 1/4 inch to about 2 inches). At a stand-off clearance of about 1.5 inches between the
face of the fluid jet forming nozzles 220 and the walls of the well bore and when the fluid jets
formed flare outwardly at their cores at an angle of about 20 degrees, the jet differential
pressure required to form the cavities 500 and the microfractures 520 generally is a pressure
of about 2 times the pressure required to initiate a fracture in the formation less the ambient
pressure in the well bore adjacent to the formation. When the stand-off clearance and degree
of flare of the fluid jets are different from those given above, an operator may use formulae
such as the following to calculate the jetting pressure:

Pi=P{-Ph FORMULA 1

AP/Pi=1.1{d+(s+0.5)tan(flare)} /d* FORMULA II
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wherein;

Pi=difference between formation fracture pressure and ambient pressure (psi);
Pf=formation fracture pressure (psi);

Ph=ambient pressure (psi);

AP=the jet differential pressure (psi);

d=diameter of the jet (inches);

s =stand off clearance (inches); and

flare=flaring angle of jet (degrees).

As mentioned above, proppant particulates may be combined with the treatment fluids
being circulated so that it is carried into the cavities 500, as well as at least partially into the
microfractures 520 connected to the cavities. The proppant particulates function, inter alia, to
prop open the microfractures 520 and thereby prevent them from completely re-closing upon
termination of the hydrojetting process. In order to insure that proppant particulates remain
in the fractures upon termination of the hydrojetting process, the jetting pressure preferably
may be slowly reduced to allow the fractures to close upon the proppant particulates that are
held within the fractures by the fluid jetting during the closure process. In addition to
propping the fractures open, the presence of the proppant particulates, (e.g., sand) in the fluid
being jetted facilitates the cutting and erosion of the formation by the fluid jets. As indicated,
additional abrasive material can be included in the treatment fluids, as can one or more acids
that may react with and dissolve formation materials to thereby enlarge the cavities and
fractures as they are formed. Once one or more microfractures are formed as a result of the
above procedure, the hydrojetting tool assembly 150 may be moved to a different position
(e.g., a different region within the formation), and the hydrojetting procedure may be
repeated to form one or more additional microfractures that may be spaced a distance from
the initial microfracture or microfractures.

As mentioned above, some or all of the microfractures produced in a subterranean
formation may be extended into the formation by pumping a fluid into the well bore to raise
the ambient pressure therein. In performing the methods of the present invention to create

and extend at least one fracture in the subterranean formation, the hydrojetting tool assembly
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150 may be positioned in the well bore 420 adjacent the formation 400 to be fractured, and
fluid may be jetted through the fluid jet forming nozzles 220 against the formation 400 at a
jetting pressure sufficient to form the cavities 500 and the microfractures 520.
Simultaneously with the hydrojetting of the formation, a fluid may be pumped into the well
bore 420 at a rate sufficient to raise the ambient pressure in the well bore adjacent the
formation to a level such that the cavities 500 and the microfractures 520 are enlarged and
extended, whereby enlarged and extended fractures 600 (shown in Figure 3) are formed. As
in an embodiment that is illustrated in Figure 3, the enlarged and extended fractures 600 may
be formed in a spaced relationship along well bore 420 with groups of the cavities 500 and
microfractures 520 formed therebetween.

Therefore, the present invention is well adapted to attain the ends and advantages
mentioned as well as those that are inherent therein. While the invention has been depicted
and described with reference to embodiments of the invention, such a reference does not
imply a limitation on the invention, and no such limitation is to be inferred. The invention is
capable of considerable modification, alternation, and equivalents in form and function, as
will occur to those ordinarily skilled in the pertinent arts and having the benefit of this
disclosure. The depicted and described embodiments of the invention are exemplary only,
and are not exhaustive of the scope of the invention. Consequently, the invention is intended
to be limited only by the spirit and scope of the appended claims, giving full cognizance to

equivalents in all respects.
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What is claimed is:
1. A method of fracturing a subterranean formation, comprising:
providing a fracturing fluid comprising a degradable diverting agent;
introducing the fracturing fluid into a subterranean formation at a
pressure sufficient to create or enhance at least one fracture therein; and
permitting the degradable diverting agent to degrade.

2. The method of Claim 1, wherein the degradable diverting agent is in
particulate form,

3. The method of Claim 1, wherein the degradable diverting agent
comprises at least one of the following: a polysaccharide, a chitin, a chitosan, a protein, an
orthoester, an aliphatic polyester, a poly(glycolide), a poly(lactide), a poly(e-caprolactone), a
poly(hydroxybutyrate), a polyanhyride, an aliphatic polycarbonate, a poly(orthoester), a
poly(amino acid), a poly(ethylene oxide), or a polyphosphazene, or a combination thereof.

4. The method of Claim 1, wherein the degradable diverting agent
comprises a stereoisomer of a poly(lactide).

5. The method of Claim 1, wherein the degradable diverting agent
comprises poly(lactic acid).

6. The method of Claim 1, wherein the fracturing fluid further comprises
a relative permeability modifier.

7. The method of Claim 1, wherein the fracturing fluid further comprises
a proppant particulate.

8. The method of Claim 7, wherein the proppant particulate is at least
partially coated with a curable resin, relative permeability modifier, tackifying agent,
flowback control agent, or formation fine control agent.

9. The method of Claim 7, further comprising depositing the proppant
particulate into the at least one created or enhanced fracture.

10. A method of fracturing a subterranean formation comprising;

positioning a hydrojetting tool having at least one fluid jet forming
nozzle in a portion of the subterranean formation to be fractured,;

jetting a fracturing fluid comprising a degradable diverting agent
through the at least one fluid jet forming nozzle against the formation at a pressure sufficient

to form a cavity in the formation;
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further jetting the fracturing fluid through the nozzle to create or
enhance at least one fracture in the formation; and
permitting the degradable diverting agent to degrade.

11.  The method of claim 10 wherein the degradable diverting agent
comprises at least one of the following: a polysaccharide, a chitin, a chitosan, a protein, an
orthoester, an aliphatic polyester, a poly(glycolide), a poly(lactide), a poly(e-caprolactone), a
poly(hydroxybutyrate), a polyanhyride, an aliphatic polycarbonate, a poly(orthoester), a
poly(amino acid), a poly(ethylene oxide), or a polyphosphazene, or a combination thereof.

12.  The method of claim 10 wherein the degradable diverting agent
comprises a stereoisomer of a poly(lactide).

13.  The method of claim 10 wherein the degradable diverting agent
comprises poly(lactic acid).

14.  The method of claim 10 wherein further jetting the low-molecular-
weight fluid through the nozzle to create or enhance at least one fracture in the formation
comprises permitting stagnation pressure in the cavity to create or enhance the at least one
fracture.

15.  The method of claim 10 further comprising aligning the at least one
fluid jet forming nozzle of the hydrojetting tool with the plane of maximum principal stress in
the formation.

16.  The method of claim 10 wherein the hydrojetting tool comprises a
plurality of fluid jet forming nozzles.

17.  The method of claim 10 further comprising circulating the fracturing
fluid through the hydrojetting tool after positioning the tool in a portion of the subterranean
formation to be fractured and before jetting the fracturing fluid through the at least on fluid
jet forming nozzle.

18. A method of enhancing production from multiple regions of a
subterranean formation penetrated by a well bore during a single trip through the well bore,
comprising;

positioning a hydrojetting tool having at least one fluid jet forming

nozzle in a region of the subterranean formation to be fractured,
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jetting a fluid through the at least one fluid jet forming nozzle against
the formation at a pressure sufficient to create at least one fracture in the
formation;

pumping a fluid comprising a degradable diverting agent into an
annulus between the hydrojetting tool and the formation at a rate sufficient to
raise the annular pressure to a level sufficient to extend the fracture into the
formation;

repositioning the hydrojetting tool in a different region of the
formation;

repeating jetting a fluid through the at least one fluid jet forming
nozzle against the formation at a pressure sufficient to create at least one
fracture in the formation and pumping a fluid comprising a degradable
diverting agent into the annulus between the hydrojetting tool and the
formation at a rate sufficient to raise the annular pressure to a level sufficient
to extend the fracture into the formation; and

permitting the degradable diverting agent to degrade.

19.  The method of claim 18 wherein the degradable diverting agent
comprises at least one of the following: a polysaccharide, a chitin, a chitosan, a protein, an
orthoester, an aliphatic polyester, a poly(glycolide), a poly(lactide), a poly(e-caprolactone), a
poly(hydroxybutyrate), a polyanhyride, an aliphatic polycarbonate, a poly(orthoester), a
poly(amino acid), a poly(ethylene oxide), or a polyphosphazene, or a combination thereof.

20.  The method of claim 18 wherein the degradable diverting agent

comprises poly(lactic acid).
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