
US 20060201674A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2006/0201674 A1 

Soliman et al. (43) Pub. Date: Sep. 14, 2006 

(54) METHODS OF TREATING SUBTERRANEAN Publication Classi?cation 
FORMATIONS USING LOW-TEMPERATURE 
FLUIDS (51) Int. Cl. 

E21B 43/26 (2006.01) 
(75) Inventors: Mohamed Y. Soliman, Cypress, TX (52) US. Cl. .................... .. 166/298; 166/302; l66/308.l; 

(US); David Adams, Katy, TX (US) 166/308.2 

Correspondence Address: 
Robert A. Kent (57) ABSTRACT 
2600 S. 2nd Street 
Duncan OK 73536-0440 US 

a ( ) Methods for treating subterranean formations using loW 
(73) Assignee; Halliburton Energy services, Inc_ temperature ?uids are provided. An example of a method is 

a method of treating a subterranean formation. Another 
(21) Appl, No.1 11/076,809 example of a method is a method of fracturing a subterra 

nean formation. Another example of a method is a method 
(22) Filed: Mar. 10, 2005 of producing hydrocarbons from a subterranean formation. 

480'“ 

500 
520 



Patent Application Publication Sep. 14, 2006 Sheet 1 0f 4 US 2006/0201674 A1 

150 

' 22o / 
202 

140 

290 

240 

220 202 

‘FIGURE 1 



Patent Application Publication Sep. 14, 2006 Sheet 2 0f 4 US 2006/0201674 A1 

FIGURE 2 



Patent Application Publication Sep. 14, 2006 Sheet 3 0f 4 US 2006/0201674 A1 

600 

FIGURE 3 



Patent Application Publication Sep. 14, 2006 Sheet 4 0f 4 US 2006/0201674 A1 

520 

500 

FIGURE 4 



US 2006/0201674 A1 

METHODS OF TREATING SUBTERRANEAN 
FORMATIONS USING LOW-TEMPERATURE 

FLUIDS 

BACKGROUND 

[0001] The present invention relates to methods useful in 
subterranean treatment operations. More particularly, the 
present invention relates to methods for treating subterra 
nean formations using loW-temperature ?uids. 

[0002] Hydrocarbon-bearing subterranean formations 
penetrated by Well bores often may be treated to increase 
their permeability or conductivity, and thereby facilitate 
greater hydrocarbon production therefrom. One such pro 
duction stimulation treatment, knoWn as “fracturing,” 
involves injecting a treatment ?uid (e.g., a “fracturing 
?uid”) into a subterranean formation or Zone at a rate and 
pressure su?icient to create or enhance at least one fracture 
therein. Conventional fracturing ?uids commonly comprise 
a proppant material (e.g., sand, or other particulate material) 
suspended Within the fracturing ?uid, Which proppant mate 
rial may be deposited into the created fractures. The prop 
pant material functions, inter alia, to prevent the formed 
fractures from re-closing upon termination of the fracturing 
operation. Upon placement of the proppant material in the 
formed fractures, conductive channels may remain Within 
the Zone or formation, through Which channels produced 
?uids readily may ?oW to the Well bore upon completion of 
the fracturing operation. 

[0003] Because many fracturing ?uids suspend proppant 
material, the viscosity of fracturing ?uids often has been 
increased through inclusion of a viscosi?er. After a viscosi 
?ed fracturing ?uid has been pumped into the formation to 
create or enhance at least one fracture therein, the fracturing 
?uid generally may be “broken” (e.g., caused to revert into 
a loW viscosity ?uid), to facilitate its removal from the 
formation. The breaking of viscosi?ed fracturing ?uids 
commonly has been accomplished by including a breaker 
Within the fracturing ?uid. 

[0004] The fracturing ?uids utiliZed heretofore predomi 
nantly have been Water-based liquids containing a viscosi?er 
that comprises a polysaccharide (e.g., guar gum). Guar, and 
derivatiZed guar polymers such as hydroxypropylguar, are 
Water-soluble polymers that may be used to create high 
viscosity in an aqueous fracturing ?uid, and that readily may 
be crosslinked to further increase the viscosity of the frac 
turing ?uid. While the use of gelled and crosslinked polysac 
charide-containing fracturing ?uids has been successful, 
such fracturing ?uids often have not been thermally stable at 
temperatures above about 200° F. That is, the viscosity of the 
highly viscous gelled and crosslinked ?uids may decrease 
over time at high temperatures. To offset the decreased 
viscosity, the concentration of the viscosi?er often may be 
increased, Which may result in, inter alia, increased costs and 
increased ?ction pressure in the tubing through Which the 
fracturing ?uid is injected into a subterranean formation. 
This may increase the di?iculty of pumping the fracturing 
?uids. Thermal stabiliZers, such as sodium thiosulfate, often 
have been included in fracturing ?uids, inter alia, to scav 
enge oxygen and thereby increase the stabilities of fracturing 
?uids at high temperatures. HoWever, the use of thermal 
stabiliZers also may increase the cost of the fracturing ?uids. 

[0005] Certain types of subterranean formations, such as 
certain types of shales and coals, may respond unfavorably 
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to fracturing With conventional fracturing ?uids. For 
example, in addition to opening a main, dominant fracture, 
the fracturing ?uid may further invade numerous natural 
fractures (or “butts” and “cleats,” Where the formation 
comprises coal) that may intersect the main fracture, Which 
may cause conventional viscosi?ers Within the fracturing 
?uid to invade intersecting natural fractures. When the 
natural fractures re-close at the conclusion of the fracturing 
operation, the conventional viscosi?ers may become trapped 
therein, and may obstruct the ?oW of hydrocarbons from the 
natural fractures to the main fracture. Further, even in 
circumstances Where the viscosi?er does not become 
trapped Within the natural fractures, a thin coating of gel 
nevertheless may remain on the surface of the natural 
fractures after the conclusion of the fracturing operation. 
This may be problematic, inter alia, Where the production of 
hydrocarbons from the subterranean formation involves 
processes such as desorption of the hydrocarbon from the 
surface of the formation. Previous attempts to solve these 
problems have involved the use of less viscous fracturing 
?uids, such as non-gelled Water. HoWever, this may be 
problematic, inter alia, because such ?uids may prematurely 
dilate natural fractures perpendicular to the main fractureia 
problem often referred to as “near Well bore fracture com 
plexity,” or “near Well bore tortuosity.” This may be prob 
lematic because the creation of multiple fractures, as 
opposed to one or a feW dominant fractures, may result in 
reduced penetration into the formation, e.g., for a given 
injection rate, many short fractures may be created rather 
than one, or a feW, lengthy fracture(s). This may be prob 
lematic because in loW permeability formations, the driving 
factor to increase hydrocarbon production often is the frac 
ture length. Furthermore, the use of less viscous fracturing 
?uids also may require excessive ?uid volumes, and/or 
excessive injection pressure. Excessive injection pressure 
may frustrate attempts to place proppant material into the 
fracture, thereby reducing the likelihood that the fracturing 
operation Will increase hydrocarbon production. 

SUMMARY OF THE INVENTION 

[0006] The present invention relates to methods useful in 
subterranean treatment operations. More particularly, the 
present invention relates to methods for treating subterra 
nean formations using a loW-temperature ?uid. 

[0007] An example of a method of the present invention is 
a method of treating a subterranean formation comprising 
placing a loW-temperature ?uid in a subterranean formation 
so as to create or enhance at least one fracture therein, the 
loW-temperature ?uid having a temperature beloW the ambi 
ent temperature at the surface. 

[0008] Another example of a method of the present inven 
tion is a method of fracturing a subterranean formation 
comprising: positioning a hydrojetting tool having at least 
one ?uid jet forming noZZle in a portion of the subterranean 
formation to be fractured; and jetting a loW-temperature 
?uid through the noZZle so as to create at least one fracture 
in the formation, the loW-temperature ?uid having a tem 
perature beloW the ambient temperature at the surface. 

[0009] Another example of a method of the present inven 
tion is a method of producing hydrocarbons from a subter 
ranean formation comprising: placing a loW-temperature 
?uid in a subterranean formation so as to create or enhance 
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at least one fracture therein, the loW-temperature ?uid hav 
ing a temperature below the ambient temperature at the 
surface; and permitting hydrocarbons in the formation to 
?oW through the at least one created or enhanced fracture to 
the surface. 

[0010] The features and advantages of the present inven 
tion Will be readily apparent to those skilled in the art upon 
a reading of the description of the preferred embodiments 
that folloWs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] A more complete understanding of the present 
disclosure and advantages thereof may be acquired by 
referring to the folloWing description taken in conjunction 
With the accompanying draWings, Wherein: 

[0012] FIG. 1 depicts an embodiment of a tool assembly 
that may be used With the methods of the present invention. 

[0013] FIG. 2 is a side cross sectional partial vieW of a 
deviated Well bore having an embodiment of a tool assembly 
that may be used With the methods of the present invention 
therein. 

[0014] FIG. 3 is a side cross sectional vieW of the deviated 
Well bore of FIG. 2, after a plurality of microfractures and 
extended fractures have been created therein in accordance 
With certain embodiments of the present invention. 

[0015] FIG. 4 is a cross sectional vieW taken along line 
4-4 of FIG. 2. 

[0016] While the present invention is susceptible to vari 
ous modi?cations and alternative forms, speci?c embodi 
ments thereof have been shoWn in the draWings and are 
herein described. It should be understood, hoWever, that the 
description herein of speci?c embodiments is not intended to 
limit the invention to the particular forms disclosed, but on 
the contrary, the intention is to cover all modi?cations, 
equivalents, and alternatives falling Within the spirit and 
scope of the invention as de?ned by the appended claims. 

DETAILED DESCRIPTION OF EMBODIMENTS 

[0017] The present invention relates to methods useful in 
subterranean treatment operations. More particularly, the 
present invention relates to methods for treating subterra 
nean formations using a loW-temperature ?uid. In certain 
embodiments of the present invention, the use of a loW 
temperature ?uid in the methods and systems of the present 
invention may result in, among other things, improved 
“regain permeability” upon the conclusion of the treatment 
operation. As referred to herein, the term “regain perme 
ability” Will be understood to mean the degree to Which the 
permeability of a formation that has been exposed to a 
treatment ?uid approaches the original permeability of the 
formation. For example, a determination that a subterranean 
formation evidences “100% regain permeability” at the 
conclusion of a treatment operation indicates that the per 
meability of the formation, post-operation, is equal to its 
permeability before the treatment operation. In certain 
embodiments of the present invention, the methods and 
systems of the present invention may permit, inter alia, 
highly accurate, “pinpoint” placement of a fracture that has 
been initiated or enhanced through a decrease in temperature 
at a desired location in a reservoir caused by a loW 
temperature ?uid. 
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[0018] In general, the loW-temperature ?uids used in the 
methods and systems of the present invention are ?uids that 
have a temperature beloW the ambient temperature, the 
ambient temperature being that Which is measured at the 
surface. Suitable loW-temperature ?uids should be capable 
of loWering the temperature of a subterranean formation by 
a su?icient amount to decrease the amount of hydraulic 
pressure needed to initiate or enhance a fracture therein. 
Certain embodiments of suitable loW-temperature ?uids 
may be capable of loWering the temperature of the formation 
su?icient to induce thermal fracturing of the formation. As 
referred to herein, the terms “thermal fracturing” and “ther 
mally-induced fracture” Will be understood to refer to a 
phenomenon Wherein a portion of a subterranean formation 
fractures upon contact With a loW-temperature ?uid, the 
loW-temperature ?uid being at a pressure beloW the pressure 
conventionally required to hydraulically fracture the forma 
tion. By Way of example and not limitation, it is believed 
that the loW-temperature ?uids used in the methods and 
systems of the present invention may cause instability in the 
formation With respect to tensile failure, and increased stress 
intensity at the fracture tip leading to fracture groWth. In 
certain embodiments of the present invention, loW-tempera 
ture ?uids are used that have a temperature in the range of 
from about (—60)° F. to about 400 F. 

[0019] In general, the loW-temperature ?uids used in the 
methods of the present invention should not damage the 
formation or be overly invasive. The loW-temperature ?uids 
used in the methods of the present invention should not 
reduce the permeability of the formation, nor should they 
damage the formation’s ability to produce ?uid upon the 
completion of treatment operations involving the loW-tem 
perature ?uids. Examples of suitable loW-temperature ?uids 
that may be used in accordance With the present invention 
include, but are not limited to, a lique?ed gas (e.g., carbon 
dioxide), and a chilled aqueous solution of potassium chlo 
ride. In certain embodiments of the present invention, the 
chilled aqueous solution of potassium chloride may have a 
temperature of less than about 400 F. One of ordinary skill 
in the art, With the bene?t of this disclosure, Will be able to 
determine a suitable temperature for the loW-temperature 
?uids With reference to commercially-available Well bore 
simulators. Such simulators may calculate the extent to 
Which the temperature of a ?uid may rise as it travels Within 
a Well bore; the increase in temperature may be a function 
of a variety of parameters, including, but not limited to, 
geothermal gradient, Well completion, injection rate, and 
type of injected ?uid. In certain embodiments of the present 
invention Wherein a chilled aqueous solution of potassium 
chloride is used, a compatibility test may be performed 
before placement of the chilled aqueous solution of potas 
sium chloride into the subterranean formation; such tests are 
Well Within the knowledge of one of ordinary skill in the art, 
With the bene?t of this disclosure. 

[0020] Certain embodiments of the methods of the present 
invention involve the use of a loW-temperature ?uid at a 
leading edge of a fracturing treatment (e.g., as a “pad” or 
“pre-pad” ?uid). Among other things, this may initiate a 
thermal fracture in the formation When the formation is 
exposed to a pressure that may be loWer than the pressure at 
Which the formation otherWise Would have fractured; this 
may reduce leak-olf of fracturing ?uid into the subterranean 
formation, among other things. Furthermore, in certain 
embodiments of the present invention, the injection of the 
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loW-temperature ?uid may be oriented spatially following 
hydrojetting in the formation. For example, in certain 
embodiments of the present invention Wherein the methods 
of the present invention are used in treating a horiZontal Well 
bore, the injection of the loW-temperature ?uid may be 
oriented transverse or longitudinal to the Well bore depend 
ing on, inter alia, the orientation of the stress ?eld With 
respect to the Well bore. In certain embodiments of the 
present invention Wherein the methods of the present inven 
tion are used in treating a deviated Well bore, loW-tempera 
ture ?uids may be oriented spatially following hydrojetting 
in the formation, and the preferred orientation Would depend 
on, inter alia, the stress ?eld, the inclination, and the 
deviation of the Well bore. Among other things, spatially 
orienting an injected loW-temperature ?uid folloWing hydro 
jetting may provide greater control of the orientation in 
Which the resulting fracture is initiated. In certain embodi 
ments of the present invention Wherein stress contrast does 
not exist betWeen tWo horiZontal stresses, the spatial orien 
tation of the injected loW-temperature ?uid folloWing hydro 
jetting in the formation also may provide greater control of 
the resulting fracture’s propagation, provided that stress 
contrast does not exist betWeen tWo horiZontal stresses. 

[0021] In one embodiment, the present invention provides 
a system that advantageously may be used With a loW 
temperature ?uid to perform a variety of functions in a 
subterranean formation. Referring noW to FIG. 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, ?oW control device 160. The 
tubular hydrojetting tool 140 generally includes an axial 
?uid ?oW passageWay 180 extending therethrough and com 
municating 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 ?uid ?oW passageWay 180 communicates With as 
many angularly spaced lateral ports 202 as may be feasible. 
A ?uid jet forming noZZle 220 generally is connected Within 
each of the lateral ports 202. In certain embodiments, the 
?uid 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 hydro 
jetting tool 140. Such orientation of the plane of the ?uid 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. 

[0022] The tubular, ball-activated, ?oW control device 160 
generally includes a longitudinal ?oW 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 ?oW 
passageWay 260 may comprise a relatively small diameter 
longitudinal bore 240 through an exterior end portion of the 
tubular, ball-activated, ?oW control device 160 and a larger 
diameter counter bore 280 through the forWard portion of 
the tubular, ball-activated, ?oW control device 160, Which 
may form an annular seating surface 290 in the tubular, 
ball-activated, ?oW control device 160 for receiving a ball 
300. As Will be understood by those skilled in the art With 
the bene?t of this disclosure, before ball 300 is seated on the 
annular seating surface 290 in the tubular, ball-activated, 
?oW control device 160, ?uid may freely ?oW through the 
tubular hydroj etting tool 140 and the tubular, ball-activated, 
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?oW control device 160. After ball 300 is seated on the 
annular seating surface 290 in the tubular, ball-activated, 
?oW control device 160 as illustrated in FIG. 1, ?oW through 
the tubular, ball-activated, ?oW control device 160 may be 
terminated, Which may cause ?uid 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 ?uid 
jet forming noZZles 220 thereof. When an operator desires to 
reverse-circulate ?uids through the tubular, ball-activated, 
?oW control device 160, the tubular hydrojetting tool 140 
and the coiled or jointed tubing 225, the ?uid pressure 
exerted Within the coiled or jointed tubing 225 may be 
reduced, Whereby higher pressure ?uid surrounding the 
tubular hydrojetting tool 140 and tubular, ball-activated, 
?oW control device 160 may freely ?oW through the tubular, 
ball-activated, ?oW control device 160, causing the ball 300 
to disengage from annular seating surface 290, and through 
the ?uid jet forming noZZles 220 into and through the coiled 
or jointed tubing 225. 

[0023] Optionally, an operator may elect to employ a 
pressure sensor (not shoWn), a temperature sensor (not 
shoWn), or a ?oW meter (not shoWn) as part of the hydro 
jetting tool assembly 150. A Wide variety of pressure and 
temperature sensors or ?oW meters may be used. In certain 
embodiments, the pressure sensor, temperature sensor, or 
?oW 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, temperature sensor, or ?oW meter is 
removed from the subterranean function. In certain embodi 
ments of the present invention, the incorporation of a 
pressure sensor, temperature sensor, or ?oW 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, inter alia, to undertake a reme 
diative step in real time or near-real-time. Example of 
remediative steps include, inter alia, sWitching from a loW 
temperature ?uid to a conventional fracturing ?uid, increas 
ing the rate of ?uid injection, adding proppant to the ?uid 
being injected, and the like. 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 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 bene?t 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 
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determine the appropriate remediative step to perform in 
response. For example, an operator may use the ?oW meter, 
in real time, to compare the ?oW of ?uid past the end of the 
hydrojetting tool assembly 150 to determine the quantity of 
?uid that is ?owing into the at least one fracture in the 
subterranean formation, and to determine the quantity of 
?uid that is ?owing past the hydrojetting tool assembly 150 
and that may be leaking off into other areas; the operator 
may evaluate such data from the ?oW meter, and adjust the 
?uid ?oW rate and jetting pressure accordingly. One of 
ordinary skill in the art, With the bene?t of this disclosure, 
Will be able to evaluate data from the ?oW meter, and 
determine the appropriate adjustments to make to the ?uid 
?oW rate and jetting pressure. 

[0024] Referring noW to FIG. 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 FIG. 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 con?gurations, 
including, but not limited to, those that are entirely vertical 
and those that are substantially vertical. 

[0025] The coiled or jointed tubing 225 having the hydro 
jetting 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 longitudi 
nal direction of the Well bore 420 utiliZing knoWn informa 
tion or techniques and tools available to those of ordinary 
skill in the art. Thereafter, the tubular hydrojetting tool 140 
may be selected having the ?uid 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 ?uid 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 ?uid 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 ?uid 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 ?uid jet may form an 
individual cavity and fracture in the formation 400. 

[0026] Once the hydrojetting tool assembly 150 has been 
placed in the Well bore 420, a loW-temperature ?uid, 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 ?oW through the 
open tubular, ball-activated, ?oW control device 160 and 
circulate through the Well bore 420. In certain embodiments, 
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the circulation may be continued for a period of time 
su?icient 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 loW-temperature 
?uid has been placed in Well bore 420, and hydroj etting tool 
assembly 150 has been positioned adjacent the formation 
400 that is to be fractured, ball 300 (shoWn in FIG. 1) may 
be caused to seat on the annular seating surface 290 (shoWn 
in FIG. 1) in the tubular, ball-activated, ?oW control device 
160, thereby directing the entirety of the loW-temperature 
?uid through the ?uid jet forming noZZles 220 of the tubular 
hydroj etting 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, 
?oW control device 160 While the loW-temperature ?uid 
continues to ?oW 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 hydro 
jetting tool 140, and Will seat When ?uid ?oWs through 
coiled or jointed tubing 225, forcing ?uid out the ?uid jet 
forming noZZles 220. 

[0027] After ball 300 has been caused to seat on annular 
seating surface 290, the rate of circulation of the loW 
temperature ?uid 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 loW-temperature ?uid 
that is jetted through the ?uid jet forming noZZles 220 may 
reach a jetting pressure su?icient 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 FIGS. 2 and 4. 

[0028] Once a cavity 500 is formed, the operator may, 
inter 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 (Which may 
be a loW-temperature ?uid) may be ?oWed through the 
annulus to increase the ?oW rate of ?uid into the fracture, 
thereby assisting in propagating the fracture. FloWing ?uid 
through the annulus also may assist in overcoming any 
leak-off of ?uid into other perforations that may occur. 

[0029] Generally, the jet differential pressure at Which the 
loW-temperature ?uid is jetted from the ?uid 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 differ 
ential pressure at Which the loW-temperature ?uid is jetted 
from the ?uid jet forming noZZles 220 of the tubular hydro 
jetting 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 for 
mation. In certain embodiments of the present invention, a 
lesser jetting pressure may be required, as contact betWeen 
the loW-temperature ?uid and the rock in the formation may 
thermally induce a fracture in the formation at a loWer 
pressure than Would be required When using a conventional 
ambient-temperature fracturing ?uid. In certain embodi 
ments of the present invention, the loW-temperature ?uid 
may be injected into the formation at a pressure less than the 
conventional fracture propagation and/ or initiation pressure, 
and the orientation of the fracture then may be controlled by 
local heterogeneity (e.g., permeability and thermal proper 
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ties). As referred to herein, the term “conventional fracture 
propagation and/ or initiation pressure” Will be understood to 
mean the pressure at Which a fracture Within the formation 
Would be initiated and/or propagate by conventional frac 
turing operations that do not involve the injection of a 
loW-temperature ?uid into the formation. In certain embodi 
ments of the present invention, the loW-temperature ?uid 
may be injected into the formation at a pressure above the 
conventional fracture propagation and/or initiation pressure, 
in Which case a hydraulic fracture Would propagate; the 
hydraulic fracture may propagate at a signi?cantly loWer 
pressure than Would be required With a conventional ambi 
ent-temperature ?uid. The pressure required to initiate a 
fracture in a particular formation may depend upon, inter 
alia, the particular type of rock and/or other materials that 
form the formation (including, but not limited to, the physi 
cal, mechanical, and thermal properties of the rock), the 
temperature of the loW-temperature ?uid, and other factors 
knoWn to those skilled in the art. 

[0030] Once one or more dominant fractures have been 
created, a valve on the annulus may be opened, and ?uid 
?oW into the annulus may be initiated so as to further 
enhance or extend the one or more dominant fractures. 

Among other things, ?oWing a loW-temperature ?uid 
through the annulus, as Well as through coiled or jointed 
tubing 225, may provide the largest possible ?oW path for 
the loW-temperature ?uid, thereby increasing the rate at 
Which the loW-temperature ?uid may be forced into forma 
tion 400. Among other things, ?oWing the low-temperature 
?uid through both the annulus and through coiled or jointed 
tubing 225 may reduce erosion of ?uid jet forming noZZles 
220 When the loW-temperature ?uid is proppant-laden. 

[0031] In certain embodiments of the present invention, 
the ?uid that is hydrojetted to create perforation tunnels in 
the formation may be a ?uid other than a loW-temperature 
?uid, and a loW-temperature ?uid may be utiliZed once the 
perforation tunnels have been created. For example, in 
certain embodiments of the present invention, the ?uid that 
is hydrojetted may be an abrasive ?uid of about ambient 
temperature, and, at a desired time after the creation of the 
perforation tunnels (or contemporaneously With the creation 
of the perforation tunnels) a loW-temperature ?uid may be 
placed Within the formation to create or enhance at least one 
fracture therein. 

[0032] In certain embodiments of the present invention, a 
loW-temperature ?uid may be ?oWed into the subterranean 
formation through an insulated coiled tubing, inter alia, to 
prevent or reduce heat transfer While the loW-temperature 
?uid is ?oWing toWards the formation to be fractured. 

[0033] 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. 

[0034] When the Well bore 420 is deviated (including 
horizontal Well bores) as illustrated in FIG. 2, the optional 
centraliZer 480 may be utiliZed With the hydrojetting tool 
assembly 150, inter alia, to insure that each of the ?uid jet 
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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 % inch to about 2 inches). At a 
stand-off clearance of about 1.5 inches betWeen the face of 
the ?uid jet forming noZZles 220 and the Walls of the Well 
bore and When the ?uid jets formed ?are outWardly at their 
cores at an angle of about 20 degrees, the jet differential 
pressure required to form the cavities 500 and the microf 
ractures 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 for 
mation. When the stand-off clearance and degree of ?are of 
the ?uid jets are different from those given above, an 
operator may use formulae such as the folloWing to deter 
mine a desirable jetting pressure: 

FORMULA I 

FORMULA II 

Wherein; 
Pi=di?“erence 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 oif clearance (inches); and 

?are=?aring angle of jet (degrees). 

[0035] In certain embodiments of the present invention, an 
optional proppant particulate may be combined With the 
loW-temperature ?uid being circulated so that it is carried 
into cavities 500, as Well as at least partially into microf 
ractures 520 connected to cavities 500. HoWever, the use of 
a proppant particulate is not required With the present 
invention, because, inter alia, fractures formed using a 
loW-temperature ?uid may be self propped, inter alia, due to 
formation material failure at the fracture face. At least 
initially, fracture face failure may occur along lines of 
heterogeneity and/or lithological Weakness, Which may 
expose neW areas of the formation (at about the original 
formation temperature prior to commencement of the frac 
turing operation) to the loW-temperature ?uid. The failed 
formation material may prop the fracture open in a manner 
akin to that of a proppant particulate. 

[0036] In certain optional embodiments of the present 
invention Wherein a proppant particulate may be included 
With the loW-temperature ?uids being circulated, the prop 
pant particulate functions, inter alia, to prop open microf 
ractures 520 and thereby prevent them from completely 
re-closing upon termination of the hydrojetting process. In 
order to insure that proppant particulate remains 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 particulate that is 
held Within the fractures by the ?uid jetting during the 
closure process. In addition to propping the fractures open, 
the presence of the proppant particulate, (e.g., sand) in the 
?uid being jetted facilitates the cutting and erosion of the 
formation by the ?uid jets. Once one or more microfractures 
are formed as a result of the above procedure, the hydro 
jetting tool assembly 150 may be moved to a different 
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position, and the hydroj etting procedure may be repeated to 
form one or more additional microfractures that may be 
spaced a distance from the initial microfracture or microf 
ractures. 

[0037] As mentioned above, some or all of the microfrac 
tures produced in a subterranean formation may be extended 
into the formation by pumping a loW-temperature ?uid into 
the Well bore to raise the ambient pressure therein. In 
performing the methods of the present invention to initiate 
and extend at least one fracture in the subterranean forma 
tion, the hydrojetting tool assembly 150 may be positioned 
in the Well bore 420 adjacent the formation 400 to be 
fractured, and ?uid may be jetted through the ?uid jet 
forming noZZles 220 against the formation 400 at a jetting 
pressure su?icient to form the cavities 500 and the microf 
ractures 520. Simultaneously With the hydrojetting of the 
formation, a ?uid (e.g., a loW-temperature ?uid, or an 
ambient-temperature ?uid, such as an ambient-temperature 
aqueous potassium chloride solution) may be pumped into 
the Well bore 420 at a rate su?icient 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 FIG. 3) are formed. As in an 
embodiment that is illustrated in FIG. 3, the enlarged and 
extended fractures 600 may be formed in a spaced relation 
ship along Well bore 420 With groups of the cavities 500 and 
microfractures 520 formed therebetWeen. 

[0038] To facilitate a better understanding of the present 
invention, the folloWing examples of certain embodiments 
are given. In no Way should such examples be read to limit, 
or to de?ne, the scope of the invention. 

EXAMPLES 

[0039] A hypothetical example may further illustrate cer 
tain aspects of the present invention. This example assumes 
perfect heat transfer from the loW-temperature ?uid to the 
formation. The folloWing de?nitions are pertinent to this 
example: 

[0040] Cp Compressibility of the formation to be frac 
tured 

[0041] Ct Coe?icient of thermal expansion of the for 
mation to be fractured 

[0042] V Volume of formation over Which the tempera 
ture Was reduced 

[0043] Tf Original formation temperature before the 
treatment operation 

[0044] AV Change in formation volume V during the 
treatment operation 

[0045] AP Change in pressure due to change in volume 
of the formation during the treatment operation 

[0046] ATf Change in formation temperature due to 
contact betWeen the formation volume V and the loW 
temperature ?uid during the treatment operation 

[0047] TCi Thermal capacitance of loW-temperature 
?uid 

[0048] Tof Thermal capacitance of formation 

[0049] (I) Porosity of formation 
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[0050] Ti Temperature of injected ?uid 

[0051] TS Temperature at Which the formation and the 
?uid equilibrate 

[0052] The folloWing equations generally may be used, 
inter alia, to calculate the appropriate temperature Ti of the 
loW-temperature-?uid to cause AP to exceed Cp. 

CP=[1/v]*[AV/AP] EQUATION 1 
C,=[1/v]*[AV/ATf] EQUATION 2 

[0053] When EQUATION l is set equal to EQUATION 2, 
the result is EQUATION 3, set forth beloW: 

AP=[C,/CP]*ATf EQUATION 3 

[0054] EQUATIONS 4 and 5 may be introduced . . . 

EQUATION 4 

EQUATION 5 

[0055] For example, if the equations above are used in a 
hypothetical example Wherein typical reservoir thermal 
properties and physical properties are assumed, and Wherein 
a conservative reduction in formation temperature of 200° F. 
is assumed, EQUATION 3 may reduce to the folloWing: 
AP=[7.2e_6/3.0e_6]*200=480 psi. This hypothetical 
example suggests that the pressure required to fracture the 
formation under such circumstances Would be reduced by 
480 psi. 

[0056] Alternatively, the equations above could be used to 
determine, for a particular chosen Ti, the corresponding 
reduction in the pressure necessary to initiate a fracture in 
the formation from the pressure conventionally required 
When conventional fracturing ?uids are used. 

[0057] 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 by reference to particular embodi 
ments 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 modi? 
cation, alternation, and equivalents in form and function, as 
Will occur to those ordinarily skilled in the pertinent arts and 
having the bene?t 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. 

What is claimed is: 
1. A method of treating a subterranean formation com 

prising placing a loW-temperature ?uid in a subterranean 
formation so as to create or enhance at least one fracture 

therein, the loW-temperature ?uid having a temperature 
beloW the ambient temperature at the surface. 

2. The method of claim 1 Wherein the loW-temperature 
?uid has a temperature of less than about 400 F. 

3. The method of claim 1 Wherein the loW-temperature 
?uid comprises a lique?ed gas. 

4. The method of claim 1 Wherein the loW-temperature 
?uid comprises an aqueous solution of potassium chloride 
having a temperature of about, or below, 400 F. 

5. The method of claim 3 Wherein the lique?ed gas 
comprises carbon dioxide. 
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6. The method of claim 1 wherein the at least one created 
or enhanced fracture is a thermally-induced fracture. 

7. A method of fracturing a subterranean formation com 
prising: 

positioning a hydrojetting tool having at least one ?uid jet 
forming nozzle in a portion of the subterranean forma 
tion to be fractured; and 

jetting a loW-temperature ?uid through the nozzle so as to 
create at least one fracture in the formation, the loW 
temperature ?uid having a temperature beloW the ambi 
ent temperature at the surface. 

8. The method of claim 7 Wherein the loW-temperature 
?uid comprises a lique?ed gas. 

9. The method of claim 7 Wherein the loW-temperature 
?uid comprises an aqueous solution of potassium chloride 
having a temperature of about, or below, 400 F. 

10. The method of claim 8 Wherein the lique?ed gas 
comprises carbon dioxide. 

11. The method of claim 7 Wherein jetting a loW-tem 
perature ?uid through the nozzle so as to create at least one 
fracture therein further comprises inducing the formation to 
thermally fracture. 

12. The method of claim 7 further comprising ?oWing the 
loW-temperature ?uid from ground surface to the hydroj et 
ting tool, Wherein the loW-temperature ?uid ?oWs through at 
least one insulated conduit section. 

13. The method of claim 7 further comprising ?oWing the 
loW-temperature ?uid from ground surface to the hydroj et 
ting tool, Wherein the loW-temperature ?uid ?oWs through 
insulated coiled tubing. 
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14. The method of claim 7 Wherein the loW-temperature 
?uid has a temperature of less than about 400 F. 

15. The method of claim 7 further comprising pumping a 
loW-temperature ?uid into an annulus betWeen the hydro 
jetting tool and the formation so as to extend the at least one 

fracture into the formation. 

16. A method of producing hydrocarbons from a subter 
ranean formation comprising: 

placing a loW-temperature ?uid in a subterranean forma 
tion so as to create or enhance at least one fracture 

therein, the loW-temperature ?uid having a temperature 
beloW the ambient temperature at the surface; and 

permitting hydrocarbons in the formation to ?oW through 
the at least one created or enhanced fracture to the 

surface. 

17. The method of claim 16 Wherein the loW-temperature 
?uid has a temperature of less than about 400 F. 

18. The method of claim 16 Wherein the loW-temperature 
?uid comprises a lique?ed gas. 

19. The method of claim 16 Wherein the loW-temperature 
?uid comprises an aqueous solution of potassium chloride 
having a temperature of about, or below, 400 F. 

20. The method of claim 16 Wherein the at least one 
created or enhanced fracture is a thermally-induced fracture. 


