wo 2012/097426 A1 [N NP0 R0 O O O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/097426 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
(73)

74

26 July 2012 (26.07.2012) WIPOIPCT
International Patent Classification: (81)
E21B 43/26 (2006.01)

International Application Number:
PCT/CA2011/001114

International Filing Date:
3 October 2011 (03.10.2011)

Filing Language: English
Publication Language: English
Priority Data:

61/433,441 17 January 2011 (17.01.2011) US

Applicant (for all designated States except US): ENFRAC
INC. [CA/CA]; Box 722, Bragg Creek, Alberta TOL 0KO
(CA).

Inventor; and
Inventor/Applicant (for US only): NEVISON, Grant W.
[CA/CA]; Box 722, Bragg Creek, Alberta TOL 0KO (CA).

Agents: LEE, Brian et al.; Gowling Lafleur Henderson
LLP, 550 Burrard Street, Suite 2300, Bentall 5, Van-
couvet, British Columbia V6C 2B5 (CA).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW,ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: FRACTURING SYSTEM AND METHOD FOR AN UNDERGROUND FORMATION USING NATURAL GAS AND

AN INERT PURGING FLUID
FIG. 1
13 12
Fracturing
Liquid / Psl:ﬁpp?m /
Tank PPy
N2 16
26 14 @*/
vi \ 50
Fracturing 8/ \ High Pressure
22 V10 Blender 4 Slurry Pump
Chemical 23
Source Nact;ural High Pressure
1 as Natural Gas Pump
Source
V4

V21

V9
21

60

\C 20a

42

A4

35 9 19

V6

24

17

(57) Abstract: A method for fracturing a downhole formation, includes: preparing an energized fracturing fluid including mixing
gaseous natural gas and a fracturing base fluid in a mixer; injecting the energized fracturing tluid through a wellhead and into a well;
and continuing to inject the energized fracturing fluid until the formation is fractured. An apparatus for generating an energized frac-
turing fluid for use to fracture a downhole formation, the apparatus includes: a fracturing base fluid source; a natural gas source; and
a mixer for accepting natural gas from the natural gas source and fracturing base fluid from the fracturing base fluid source and mix-
ing the natural gas and the fracturing base fluid to generate the energized fracturing fluid.
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FRACTURING SYSTEM AND METHOD FOR AN UNDERGROQOUND
FORMATION USING NATURAL GAS AND AN INERT PURGING FLUID

RELATED APPLICATION

[0001] This application claims the benefit of US provisional application no.
61/433,441 filed on January 17, 2011 and incorporates the entirety of that
application by reference.

FIELD

[0002] The invention relates to a fracturing system and method for underground

formations and, in particular, to fracturing using natural gas and purging using an
inert fluid.

BACKGROUND

[0003] Hydraulic fracturing is a common technique used to improve production
from existing wells, low rate wells, new wells and wells that are no longer
producing. Fracturing fluids and fracture propping materials are mixed in
specialized equipment then pumped through the wellbore and into the
subterranean formation containing the hydrocarbon materials to be produced.
Injection of fracturing fluids that carry the propping materials is completed at high
pressures sufficient to fracture the subterranean formation. The fracturing fluid
carries the propping materials into the fractures. Upon completion of the fluid
and proppant injection, the pressure is reduced and the proppant holds the
fractures open. The well is then flowed to remove the fracturing fluid from the
fractures and formation. Upon removal of sufficient fracturing fluid, production
from the well is initiated or resumed utilizing the improved flow through the
created fracture system. In some cases, such as recovering natural gas from
coal bed methane deposits, proppants are not applied and the simple act of
fracturing the formation suffices to provide the desired improvement in
production. Failure to remove sufficient fracturing fluid from the formation can

block the flow of hydrocarbon and significantly reduce the effectiveness of the

RECTIFIED SHEET (RULE 91)
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placed fracture and production from the well. In order to improve fracture fluid
recovery, gases, predominantly nitrogen and carbon dioxide are used in
hydraulic fracturing operations.

[0004] The use of gases in the fracturing process, particularly carbon dioxide
and nitrogen, is common within the industry. By using these gases the liquid
component of the fracturing fluid can be reduced or eliminated. With less liquid
used in the fracture treatment and the high mobility and expansion of the gas
component, the fracturing fluids are much easier to remove. Further,
replacement of liquids with gases can provide economic and environmental
benefit by reducing the liquid volume needed to complete the fracturing
treatment. Generally fracturing compositions using gases can be distinguished
as pure gas fracturing (a fluid comprised of nearly 100% gas including carbon
dioxide or nitrogen), a mist (a mixture composed of approximately 95% gas
(carbon dioxide or nitrogen) carrying a liquid phase), a foam or emulsion (a
mixture composed of approximately 50% to 95% gas formed within a continuous
liquid phase), or an energized fluid (a mixture composed of approximately 5% to
50% gas in a liquid phase).

[0005] The use of nitrogen or carbon dioxide with oil or water based fracturing
fluids has been described in the prior art, and can provide a range of benefits.
However, in spite of all these benefits, the use of nitrogen or carbon dioxide in
fracturing treatments can still have some detrimental effects on the hydraulic
fracturing process, create issues during fracture fluid recovery which increase
costs and negatively impact the environment.

[0006] Other gases have been proposed to gain the benefits attained with
adding gases to fracturing fluids while avoiding at least some of the inherent
difficulties found with nitrogen and carbon dioxide. Specifically, natural gas has

been proposed for use in hydraulic fracturing. Natural gas may be non-damaging
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to the reservoir rock, inert to the reservoir fluids, recoverable without

contamination of the reservoir gas and is often readily available.

[0007] However, while the use of natural gas for hydraulic fracturing treatments
has been suggested, it is potentially hazardous, and a suitable and safe

apparatus and method for hydraulic fracturing using natural gas has not been
provided.

Summary

[0008] According to one aspect of the invention, According to one aspect of the
invention, there is provided a method of operating a formation fracturing system
that uses a fracturing fluid comprising natural gas. This method comprises the
steps of: (a) providing a formation fracturing system including a natural gas
supply apparatus comprising a natural gas source, a pump assembly for
pressurizing natural gas from the natural gas source, and fluid supply conduits
for transporting the natural gas from the natural gas source to the pump
assembly and to a wellhead of a well that is in communication with an
underground formation to be fractured; (b) forming a fracturing fluid by providing
natural gas from the natural gas source and pressurizing the natural gas to a
fracturing pressure of the formation using the pump assembly; (c) injecting the
fracturing fluid through the wellhead and into the formation until the formation is
fractured; and (d) injecting an inert fluid through at least part of the formation
fracturing system before and/or after injecting the fracturing fluid through the
wellhead and until the at least part of the formation fracturing system is purged to
a non-flammable state. The inert fluid can be selected from the group consisting

of nitrogen, helium, neon, argon, kyrpton and carbon dioxide or mixtures thereof.

[0009] After injecting the inert fluid through the at least part of the formation
fracturing system, the injected inert fluid can be injected into the well. This
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injected inert fluid can be injected into the well until the inert fluid contributes to
fracturing the formation. After directing the injected inert fluid into the well,
natural gas can be injected through the system such that inert fluid in the system
is displaced into the well. Instead of injecting into the well, the injected inert fluid
can be vented after it has been injected through the at least part of the formation
fracturing system.

[00010] The natural gas source can be liquefied natural gas, in which case the
natural gas supply apparatus includes a heater for heating the liquefied natural
gas to an application temperature, and the method further comprises injecting a
cryogenic inert fluid such as liquefied nitrogen before the fracturing fluid is
injected into at least part of the formation fracturing system to pre-cool the at

least part of the formation fracturing system prior to natural gas injection.

[00011] The formation fracturing system can further comprise valves coupled to
the fluid supply conduits, in which case the method further comprises closing at
least some of the valves to fluidly isolate at least part of the formation fracturing
system, then injecting the inert fluid into the isolated part of the system and
pressure testing the isolated part of the system.

[00012] The formation fracturing system can further comprise valves coupled to
the fluid supply conduits and a venting conduit fluidly coupled to at least part of
the natural gas supply apparatus, in which case the method further comprises
after natural gas has been injected into the wellhead: closing at least some of the
valves to isolate at least part of the natural gas supply apparatus from the rest of
the formation fracturing system, opening at least some of the valves to vent
natural gas from the isolated part of the natural gas supply apparatus and out of
the system via the venting conduit, then injecting the inert fluid into the isolated
part of the natural gas supply apparatus for purging thereof.
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[00013] The system can further comprise: a base fluid supply apparatus and a
mixer fluid coupled to the base fluid supply apparatus and natural gas supply
apparatus and to the wellhead. In such case, the method further comprises
forming a fracturing fluid mixture comprising a base fluid from the base fluid
supply apparatus and the natural gas in the mixer, then injecting the fracturing
fluid mixture into the wellhead until the formation is fractured. Before injecting
natural gas into the wellhead, the inert fluid is injected through the natural gas
supply apparatus and mixer until they are purged to a non-flammable state. The
venting conduit can be further coupled to at least part of the base fluid supply
apparatus and the mixer, in which case the method further comprises after
natural gas has been injected into the wellhead: isolating at least part of the base
fluid supply apparatus or mixer or both, then injecting the inert fluid therethrough
and out of the system via the venting conduit.

[00014] According to another aspect of the invention, there is provided a system
for fracturing a downhole formation, comprising: a natural gas supply apparatus
comprising a natural gas source, a pump assembly for pressurizing natural gas
from the natural gas source to a fracturing pressure of a downhole formation, and
natural gas fluid supply conduits fluidly coupling the natural gas source to the
pump assembly and to a wellhead of a well that is in communication with the
downhole formation; an inert fluid supply apparatus comprising an inert fluid
source and inert fluid supply conduits fluidly coupling the inert fluid source to at
least part of the natural gas supply apparatus: a venting conduit fluidly coupled to
at least part of the natural gas supply apparatus such that natural gas and inert
fluid can be vented from the system; and valves coupled to at least the natural
gas and inert fluid supply conduits that can be selectively opened and closed to
inject the natural gas through the wellhead until a formation is fractured, and to
inject the inert fluid through at least part of the natural gas supply apparatus for
purging thereof either before or after the natural gas is injected into the wellhead.
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[00015] The inert fluid supply apparatus can further comprise a pump for moving
the inert fluid through and out of the at least part of the natural gas supply
apparatus. The inert fluid supply apparatus can further comprise a nitrogen

source or a carbon dioxide source.

[00016] The system can further comprise a base fluid supply apparatus and a
mixer fluidly coupled to the base fluid supply apparatus, natural gas supply
apparatus and to the wellhead. The base fluid supply apparatus can comprise a
base fluid source, a base fluid pump and base fluid supply conduits for fluidly
coupling the base fluid source to the base fluid pump and to the mixer. The base
fluid supply apparatus can further comprises a proppant supply and a blender
fluidly coupled to the proppant supply and the base fluid source and the base
fluid pump, or a chemical source and a blender fluidly coupled to the chemical
source and the base fluid source and the base fluid pump, or a chemical source,
a proppant supply, and a blender fluidly coupled to the proppant supply, chemical
source, base fluid source, and the base fluid pump. The chemical source in any

of these cases can be a viscosifier source.

BRIEF DESCRIPTION OF THE DRAWINGS

[00017] Embodiments of the invention will now be described with reference to

the accompanying drawings in which:

[00018] Figure 1 is a generically depicted schematic of a fracturing system for
injecting a fracturing fluid mixture of natural gas and a base fluid into an

underground formation according to at least some of the embodiments.
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[00019] Figure 2 is a schematic illustrating the main components of a fracturing
system as shown in FIG 1, which includes compressed natural gas storage and

supply equipment according to a first embodiment.

[00020] Figure 3 is a schematic illustrating the main components of a fracturing
system as shown in Figure 1 which includes liquefied natural gas (LNG) storage

and supply equipment according to a second embodiment.

[00021] Figure 4 is a schematic illustrating the main components of an LNG
fracturing pump assembly used in the second embodiment.

[00022] Figure 5 is a schematic illustrating a natural gas and fracturing slurry
stream mixer for at least some of the embodiments.

[00023] Figure 6 is a schematic illustrating a fracturing system for injecting a
fracturing fluid comprising a pure stream of natural gas into an underground
formation according to a third embodiment.

[00024] Figure 7 is a schematic illustrating a fracturing system for injecting a
fracturing fluid mixture comprising natural gas and proppant into an underground
formation according to a fourth embodiment.

[00025] Figure 8 is a schematic illustrating a fracturing system for injecting a
fracturing fluid mixture comprising natural gas and a base fluid without proppant
into an underground formation, according to a fifth embodiment.

[000286] Figure 9 is a schematic showing a fracturing system for injecting a
fracturing fluid mixture into an underground formation wherein the system

includes venting, purging and isolation equipment, according to a sixth
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embodiment.

[00027] Figure 10 is a schematic illustrating LNG storage and vapor
management equipment used in the second embodiment.

[00028] Figure 11 is a schematic illustrating a controller for controlling the

fracturing system of some of the embodiments.

[00029] Figure 12 is a schematic showing an exemplary surface equipment
layout of at least some embodiments of the fracturing system.

[00030] Figure 13 is a schematic showing a section generally along line |-l of
Figure 10.

[00031] Figure 14 is a schematic showing catalytic vaporizer of another

embodiment of a liquefied natural gas fracturing pump assembly.

[00032] Figure 15 is a process flow diagram illustrating a method for fracturing
an underground formation with a fracturing fluid mixture using a fracturing system

according to at least some of the embodiments.
[00033] Figure 16 is a schematic showing a fracturing system for injecting a

fracturing fluid mixture into an underground formation wherein the system

includes venting and purging and isolation equipment, according to another
embodiment.

DETAILED DESCRIPTION

Introduction
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[00034] The description that foliows, and the embodiments described therein, is
provided by way of illustration of an example, or examples, of particular
embodiments of the principles of various aspects of the present invention. These
examples are provided for the purposes of explanation, and not of limitation, of
those principles and of the invention in its various aspects. In the description,
similar parts are marked throughout the specification and the drawings with the
same respective reference numerals. The drawings are not necessarily to scale
and in some instances proportions may have been exaggerated in order more

clearly to depict certain features.

[00035] The embodiments described herein provide apparatuses, systems and
methods for fracturing a formation in a subterranean reservoir with a fracturing
fluid mixture comprising natural gas and a base fluid, or with a natural gas-only
fracturing fluid. In a first embodiment, a fracturing system is provided which
injects a fracturing fluid mixture comprising natural gas and a base fluid, wherein
the natural gas is stored as compressed natural gas (CNG) and wherein the base
fluid can include a fracturing liquid, a proppant and a viscosifier. In a second
embodiment, a fracturing system is provided which injects a fracturing fluid
mixture comprising natural gas and a base fluid, wherein the natural gas is stored
as LNG and wherein the base fluid can include a fracturing liquid, a proppant and
a viscosifier. In a third embodiment, a fracturing system is provided which injects
a fracturing fluid consisting only of a natural gas stream. In a fourth embodiment,
a fracturing system is provided which injects a fracturing fluid mixture consisting
only of a natural gas stream and a proppant. In a fifth embodiment, a fracturing
system is provided which injects a fracturing fluid mixture comprising natural gas
and a base fluid, wherein the base fluid is free of proppant. In a sixth
embodiment, a fracturing system is provided which injects a fracturing fluid
mixture comprising natural gas and a base fluid and which includes natural gas

venting and purging equipment. Each of these embodiments will be described in
greater detail below.
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[00036] As used in this disclosure, natural gas means methane (CH,) alone or
blends of methane with other gases such as other gaseous hydrocarbons.
Natural gas is often a variable mixture of about 85% to 99% methane (CH,) and
5% to 15% ethane (C;Hs), with further decreasing components of propane
(C3Hg), butane (C4H1), pentane (CsH12) with traces of longer chain
hydrocarbons. Natural gas, as used herein, may also contain inert gases such
as carbon dioxide and nitrogen in varying degrees though volumes above
approximately 30% would degrade the benefits received from this work. CNG
refers to compressed natural gas. LNG refers to liquefied natural gas.

[00037] A natural gas stream for hydraulic fracturing may be provided as a gas
and at pressure and rate sufficient to support the hydraulic fracturing of the
subterranean reservoir. The natural gas stream may be blended with a base
fluid to form a fracturing fluid mixture, or injected as a pure stream (i.e. without a
base fluid) or blended only with a proppant. The base fluid can comprise a
fracturing liquid such as a conventional hydrocarbon well servicing fluid, a
fracturing liquid containing one or more proppants and/or one more viscosifiers or
rheology modifiers such as friction reducers. Hydraulic energy to create the
fracture in the subterranean reservoir is obtained from pressurization of the
gaseous natural gas and the base fluid mixture at surface at combined rates
sufficient to impart the needed energy at the subterranean reservoir. Following
the fracture treatment, the natural gas and accompanying fracturing liquid can be

recovered and the applied natural gas energizer directed to existing facilities for
recovery and sale.

[00038] A fracturing system is provided which includes equipment for storing the
components of the fracturing fluid mixture, equipment for injecting the natural
gas-containing fracturing fluid mixture into a subterranean formation, such as an

oil well or a gas well, and equipment for recovering and separating fluids from the
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well. In some embodiments, the natural gas source is compressed gas (CNG)
held in pressurized vessels with a fracturing pump further compressing the
natural gas to a suitable fracturing pressure. In other embodiments, the
compressed gas is held in pressurized vessels above the fracturing pressure and
simply released into the fracturing stream. In some embodiments, the gas
source is a vessel containing liquefied natural gas (LNG) with the fracturing pump
pressuring the LNG to fracturing pressure and heating the pressurized LNG
stream.

[00039] Efficient storage of gaseous phase natural gas is achieved at the highest
possible pressure which is typically less than 30 MPa (4,400 psi). Pressurization
of the natural gas to the extremes typically needed for hydraulic fracturing can be
accomplished with the feed in a gaseous phase. Gas phase compressors have
been applied to pressures approaching 100 MPa (15,000 psi) which are thus

suitable for compressing the natural gas to a suitable fracturing pressure.

[00040] Fracturing fluid streams containing natural gas improve fracturing fluid
removal from the well and hence post-fracture production performance. Using
natural gas avoids fluid incompatibilities often found with the use of carbon
dioxide or nitrogen as the energizing fluid. Upon completion of the fracturing
treatment, the natural gas component is recovered with the fracturing fluid and
the reservoir oil and/or gas. The injected natural gas is recovered within the
existing oil and/or gas processing system with little or no disturbance to normai
operations. This might eliminate venting or flaring typical to energized fracture
treatments as needed to achieve suitable gas composition for sales gas.
Further, using natural gas in the fracturing fluid stream may enable application of
a locally available gas to gain the benefit of a gasified fracturing fluid stream

without the extensive logistics often associated with nitrogen or carbon dioxide.
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[00041] Figure 1 is a generic depiction of the main components of the fracturing
system according to those embodiments which utilize a fracturing fluid mixture
comprising natural gas and a base fluid that may contain a proppant and/or a
chemical additive. A fracturing liquid is stored in a fracturing liquid tank (13),
proppant is stored in a proppant container (12), and chemical additives such as a
viscosifier is stored in a chemical additive container (22). Natural gas is stored in
a natural gas container (15) and a natural gas stream is pressurized and supplied
by a high pressure natural gas pump (17) and enters a fracturing fluid mixer (18)
via a conduit (24). The natural gas stored in container (15) can be compressed
natural gas or liquefied natural gas. The high pressure natural gas pump (17) is
a compressor if compressed natural gas is the source or a specialized liquefied
natural gas fracturing pump if liquefied natural gas is the source. The output
from the high pressure natural gas pump (17), regardless of the state of the
source gas, is in a gaseous state.

[00042] Within the mixer (18), the natural gas stream from conduit (24) is
combined with a liquid-phase base fluid stream from conduit (42); this base fluid
can comprise the fracturing liquid optionally combined with proppant and the
chemical additive. The combined fracturing mixture then enters a well (19) via a
conduit (25) where it travels down the wellbore to the reservoir creating the
hydraulic fracture using the rate and pressure of the fracturing fluid mixture.
Upon applying the desired fracturing materials within the well (19), injection is
stopped and placement of the fracturing treatment is complete. Foliowing the
fracture treatment and at a time deemed suitable for the well being fractured, the
well (19) is opened for flow with the stream directed to a conduit (20a) and then
through a separator vessel (60) wherein gases are separated from liquids. Initial
flow from the well will be mostly comprised of the injected fracturing materials
and the separator vessel (60) is used to separate the injected natural gas from
the recovered stream through the conduit (20a). The liquids and solids

recovered from separator vessel (60) are directed to tanks or holding pits (not
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shown). The natural gas from the recovered stream exits the separator (60) and
is initially directed to a flare (20) until flow is suitably stabilized, then directed to a
pipeline (21) for processing and sale.

[00043] In further embodiments, there are provided methods of fracturing a well
using a natural gas or a mixture of natural gas and a base fluid. A number of
specific methods pertain to safely and reliably applying natural gas in the form of
liquefied natural gas. Methods using LNG for on-site storage may permit
considerable volumes to be stored efficiently and at pressures as low as
atmospheric. As a cryogenic liquid one unit volume of LNG contains
approximately six hundred volumes of gas at atmospheric conditions. Thus,
fewer storage vessels and a much lower storage and feed pressure with reduced
flow volumes is required compared to compressed natural gas. Similarly,
pressuring natural gas to the extreme pressures encountered in hydraulic
fracturing in liquid form as LNG is exceptionally efficient. Again, as a liquid the
volumetric rates are much reduced and relatively incompressible as compared to
compressed natural gas, compression heating is eliminated and equipment size
and numbers drastically reduced. This significantly reduces the complexity of
the operation removing many of the costs and hazards which would be present
with known techniques. Further, with fewer pieces of equipment operating at
lower pressures with fewer connections between equipment, the needed
simplicity for frequent movement of the equipment between wells is supported
with LNG use. An inert cryogenic gas at a temperature near or below that of the
liquefied natural gas is used to quickly, efficiently and safely pre-cool the natural
gas pumper and heater to operating temperature prior to introducing the
cryogenic LNG. This eliminates or minimizes use of LNG for cool down thereby
avoiding the unnecessary flaring and potential safety issues around cooling the
system with the flammable liquefied gas. On-site pressure integrity of the
cryogenic liquefied natural gas pumping and heating system is maximized by
combining the pumping and heating system on a single unit that is permanently
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combined. LNG storage tanks are designed to operate under elevated pressures
to eliminate or minimize vent gases during storage. The elevated pressure
capacity also allows for boost pressurization during LNG withdrawal from the
storage tanks at fracturing rates thereby assisting feed to the LNG pumps. As a
side stream, vapor from the LNG fracturing pump is directed, as needed to the
LNG storage tanks to maintain vessel pressure and create the boost. Energy for
heating of the LNG can be acquired in a number of ways, where a preferred
embodiment employs heat that is generated without a flame. Such heat for a
portable unit can be acquired from the environment, waste or generated heat
from internal combustion engine, a catalytic burner or an electric heating
element. Aiternatively heat can be generated using a flame based heat source

local to the heater or remote to the process as dictated by safety requirements.

[00044] The embodiments described herein therefore provide for a fracturing
system and a method of using the fracturing system and a fracturing fluid mixture
to fracture an underground formation. Natural gas used in the fracturing fluid
mixture may be readily available at reasonable cost, is environmentally friendly
and is commercially recoverable. lts use as a gas phase is beneficial to improve
post-fracture oil and gas production while it is also suitable as a substitute for
fracturing fluid liquid volumes thereby reducing environmental impact and
fracturing costs. The capability to recover the gas through existing production
facilities can substantially reduce flaring, save time to placing the well on
production and permit immediate gas revenues from the well. Further, the
technique is applicable to conventional and unconventional oil and gas wells and

suitable for fracturing with hydrocarbon based liquids, water based liquids and
acids.

First Embodiment: Fracturing System Using Fracturing Fluid Mixture Comprising
A Base fluid and Natural Gas From a Compressed Natural Gas Source
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[00045] According to a first embodiment and referring to Figure 2, a system is
shown for fracturing a subterranean reservoir penetrated by a well using a
fracturing fluid mixture. The fracturing fluid mixture is formed by blending a
natural gas stream with a base fluid, wherein the natural gas is from a
compressed natural gas source. The base fluid comprises a fracturing liquid and
can further comprise viscosifying chemicals and a proppant. More particularly,
the fracturing liquid may be any of oil, water, methanol, acid or combinations as
desired. The proppant may be natural frac sand or a manufactured particle. The
chemical additives will be products as typically applied to create viscosity within
the liquid, reduce friction or create beneficial properties as desired.

[00046] The main components of the system include a fracturing liquid supply
tank, equipment for conveying and prepping the base fluid for combination with a
natural gas stream, a natural gas container, equipment for conveying the natural
gas stream for combination with the base fluid, a mixer for combining the base
fluid and the natural gas stream to form the fracturing fluid mixture and
equipment for conveying the fracturing fiuid mixture to the wellhead. The specific
components of the fracturing system will now be described. A fracturing liquid
tank (13) suitable for water or hydrocarbon based liquids is connected via a
conduit (26) to a fracturing blender (14) with viscosifying chemicals added via a
conduit from chemical additive container (22). The fracturing liquid tanks (13)
can be any of those common within the industry for hydraulic fracturing and may
apply more than one tank or other suitable arrangement to store sufficient liquid
volume. The conduit (26) like all other conduits shown on the Figure 2, is a pipe
or hose rated to the described application and conditions. The blender (14)
receives the viscosified fracturing liquid and blends proppant from a proppant
supply container (12) with the fracturing liquid to form the base fluid which is now
in a slurry form. The blender (14) is a multiple task unit that draws liquids from

the fracturing fluids tank with a centrifugal pump (not shown), accepts chemicals
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from the chemical additive container (22) and mixes them with the fracturing fluid,

often within the centrifugal pump.

[00047] The fracturing liquid is combined with proppant from proppant supply
container (12) in a mixing tub or other mixing device on the biender (14) and then
drawn into another centrifugal pump mounted on the blender (14). An example
of a typical blending unit is the MT-1060 trailer mounted fracturing blender
supplied to the industry by National Qilwell Varco. An example of a proppant
supply vessel (12) is the 110 m3 (4,000 cu. ft.) vessels referred to as 'sand kings'
capable of delivering 9 tonnes (20,000 Ibs) proppant per min.

[00048] The created slurry base fluid is then pumped via a conduit from the
blender (14) to a high pressure slurry pump (16). The high pressure slurry pump
(16) pressurizes the base fluid stream to a suitable fracturing pressure and is
connected via a conduit (25) to a fracturing fluid mixer (18). An example of a
high pressure fracturing pump is a diesel powered Quintuplex positive
displacement pump mounted on a trailer generating up to 1,500 kW or 2,000
HHP. More than one pump may be used as the pump (16). Some of the
foregoing components may be combined such as the blender (14) and high
pressure slurry pump (16).

[00049] In this embodiment, the natural gas source is one or more vessels (15)
containing compressed natural gas (CNG). An example of a vessel applied for
compressed natural gas transport and storage is the trailer mounted Lincoln
Composites' TITAN Tank holding up to 2,500 scm (89,000 scf) of CNG at
pressures to 25 MPa (3,600 psi). The CNG storage vessel (15) is connected to a
high pressure natural gas compressor pump, herein shown as pumps (127a,
127b, 127c), via conduit (123) with control valve (V4) and is used to compress
the gas to the fracturing pressure. Compression may be accomplished by any
pump capable of increasing the pressure within a gas stream; for example
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reciprocating compressors may be applied to achieve high pressure such as that
required for hydraulic fracturing. Typically compressors achieve a fixed
compression factor, such that multiple stages of compression may be required to
attain fracturing pressure. Similarly, in order to achieve the desired rate, a
multiple of compressor stages may be applied in parallel. The compressor pump
(127a, 127b, 127¢) is shown with three compression stages though more or
fewer compressor stages may be needed to achieve the desired outlet pressure.
Flow of the compressed natural gas from the storage vessel (15) to the high
pressure natural gas compressor pumps (127a, 127b, 127c¢) is controlled with a
valve (V4). The compressor pump (127a, 127b, 127c¢) is connected to the
fracturing fluid mixer (18) via conduit (24) with gas control valve (V61). Flow of
the pressured natural gas from the high pressure natural gas compressor pumps
(127a, 127b, 127¢) to the fracturing fluid mixer (18) is controlled with valve (V61).
Should the pressure of the compressed gas within the vessel be sufficiently
above the fracturing pressure, the gas can be controlled by valves (V4) and
(V61) directly to the natural gas slurry stream mixer via conduit (128) and
bypassing the high pressure natural gas pump compressors (127a, 127b, 127¢)
using valve (V4).

Second Embodiment: Fracturing System Using Fracturing Fluid Mixture

Comprising A Base fluid and Natural Gas from a Liquefied Natural Gas Source

[00050] Referring to Figures 3, 10 to 14 and according to a second embodiment

a formation fracturing system is provided which uses a fracturing fluid mixture

comprising a base fluid and natural gas from a liquefied natural gas source. In
particular, the fracturing system includes an LNG storage and vapor
management sub-system for storing LNG and pressurizing and heating the LNG
to the application temperature then supplying the natural gas to be mixed with
the base fluid. In this embodiment, the LNG is heated to a temperature wherein

the natural gas is in a vapour phase; however, it is conceivable in other
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embodiments that the natural gas can be heated to a temperature wherein the
natural gas remains in a liquid phase. Figure 3 shows the fracturing system of

Figure 1 with such a LNG storage and vapor management sub-system.

[00051] In this embodiment, the natural gas source (215) is one or more vessels
containing liquefied natural gas (LNG). An example of a vessel applied for
natural gas storage is the skid mounted EKIP Research and Production
Company LNG Transporter with a capacity of 35.36 m® (9,336 gal) holding up to
21,000 scm (750,000 scf) of liquid natural gas at pressures to 0.6 MPa (90 psi).
LNG is typically stored at atmospheric pressure at a temperature of
approximately -162 °C (-260 °F). The LNG storage vessel (215) is connected to
high pressure natural gas fracturing pump assembly (229) via LNG supply
conduit (223) with supply valve (V42). The high pressure natural gas fracturing
pump assembly (229) is arranged to pressure the LNG to the fracturing pressure
with pump component (230) and then heat the pressured LNG to compressed
gas with heater component (231) of the pump assembly (229). The supply
conduit (223) is a fit for purpose LNG conduit such as a 4014SS Cryogenic 50
Series: Cryogenic Hose manufactured by JGB Enterprises Inc.

[00052] Replacement for liquid volumes removed from LNG storage vessel
(215), is accomplished by directing a stream of the created pressurized gas from
heater component (231) through return conduit (232) with control of the stream
by return valve (V11). The replacement vapor is controlled to maintain suitable
pressure within the LNG vessel (215). Transfer of LNG from the storage vessel
(215) to the natural gas fracturing pump assembly (229) is supported by the
returning vapor stream in return conduit (232) providing sufficient pressure in the
natural gas source (215) to supply the stream of LNG to the inlet of the high
pressure natural gas fracturing pump assembly (229). In one configuration the
natural gas fracturing pump assembly (229) combines pressurization and heating

of the LNG within a single unit, for example, in one housing, on a self contained
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skid, through one active device, etc. However, these steps can be accomplished
on separate units. All components contacted by the LNG must be suitable for
cryogenic service. Flow of the pressured natural gas from the natural gas
fracturing pump assembly (229) to the natural gas slurry stream mixer (18) is
controlled with valve (V6) and through natural gas supply conduit 24.

[00053] Referring to Figures 10 and 13, the LNG storage and vapor
management sub-system is used to store and manage the LNG used by the
fracturing system. Management and control of the LNG storage is needed to
maintain a non-hazardous work area while the LNG is stored awaiting use.
Under storage at -162 °C (-260 °F) and atmospheric pressure LNG will slowly
heat and vaporization of the liquid occurs to maintain its equilibrium state. The
generated gases are then by necessity vented from the tank in order to avoid
over pressuring.

[00054] The LNG storage and vapor management sub-system comprises the
LNG source (215) which can be a single or multiple LNG tanks (715). Control of
pressure in each of these tanks (715) is accomplished by a pressure relief valve
V18 with a relief setting based on the operating design of the tank. The relief
valve (V18) is communicative with each tank (715) via a collected vapour conduit
(62) and intertank vapour line conduit (61) which in turn is coupled to a vapour
line 63 in each tank. In one configuration, relief valve (V18) is connected to a
flare line conduit (720a) and then to flare 20 (the connection of conduit 720a to

flare 20 not shown in Figures) where released vapors are safely burned.

[00055] Alternatively, the collected vapor can be again liquefied and pumped
back into the LNG storage tanks (715) creating a safe, efficient and
environmentally friendly closed vapor system: collected vapor conduit (62) is
diverted to conduit (53) through valve (V17) to a nitrogen expander liquefaction
unit (55). A liquid nitrogen source (57) supplies cryogenic nitrogen through
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nitrogen supply conduit (52) to the nitrogen expander liquefaction unit (55) where
vaporization of the nitrogen causes sufficient cooling to re-liquefy the natural gas
vapors to LNG. The produced LNG is then pumped through a return conduit (54)
into the liquid load line of the LNG source vessels (715); the return conduit (54)
also serves to fill the tanks (715) as necessary. The LNG tanks (715) are fluidly
interconnected via their liquid load lines (54) via conduit (56) to ensure equal
distribution of the LNG between all tanks. Further, the LNG tanks (715) are
fluidly interconnected via their vapor lines (63) by conduit (61).

[00056] Return conduit 232 from the natural gas fracturing pump assembly 229
is shown as conduit (732) in Figures 10 and 13, and serve to return pressurized
gaseous natural gas back to the tanks (715) to pressurize the tanks (715) as
necessary. Flow from return conduit (732) is controlled using valve (V22) which
in turn is coupled to conduit (61).

[00057] Liquid natural gas is supplied from the tanks to the natural gas fracturing

pump assembly 229 via conduit 223; flow is controlled from each tank by control
valve (V42).

[00058] In an alternative embodiment, the LNG tanks (715) can be designed to
allow pressures as high as 2 MPa (300 psi) before pressure relief is required.
When loading these tanks (715) with LNG at normal conditions of -162 °C (-260
°F) the elevated relief pressure will delay venting until temperatures reach levels
approaching -110 °C (-166 °F) are reached. With the minimal heat gain imparted
by the insulating properties of LNG tanks, venting can be virtually eliminated with
normal usage cycles. Additionally, providing elevated relief pressure in the LNG
source (55) ensures small errors in pressure maintenance during pumping, vapor
from the LNG fracturing pump heater (31), and the desire to boost the internal
pressure of the tanks to ensure reliable feed to the natural gas fracturing pump

assembly (229) and do not result in opening of pressure relief valves during the
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fracturing process.

[00059] Figure 4 is a schematic illustrating the main components of the natural
gas fracturing pump assembly (229). LNG is fed to the pump component (230)
from supply conduit (223). The pump component comprises a cryogenic
centrifugal pump (233), a high pressure LNG pump (235) and a conduit (234)
interconnecting the cryogenic centrifugal pump (233) and the LNG pump (235).
Adequate feed pressure to the high pressure LNG pump (235) is needed to
ensure vapor-lock or cavitation does not occur within the pumping cycle. A
single or multiple cryogenic centrifugal pumps (233) may be applied as needed to
meet the feed pressure and rate requirement to support the high pressure LNG
pump (235). An example of a cryogenic centrifugal pump (233) to provide feed
pressure and rate is that of ACD Industries, Boost Pump 2x3x6 providing rates to
1.5 m3/min (2400 gpm) LNG and a pressure head of 95 kPa (15 psi). The high
pressure LNG pump (235) is rated to pressurize LNG to at least 35 MPa and up
to as high as 100 MPa (15,000 psi) in order to provide sufficient pressure to
fracture the formation. A positive displacement pump such as a piston pump can
be used to achieve these pressures though other pump styles generating
sufficient rate and pressure can also be applied. An example of such a pump is
the ACD Industries’ 5-SLS series cryogenic pumps rated to pressures of 124
MPa (18,000 psi) with LNG rates to 0.5 m3/min (132 gpm). Single or multiple
high pressure LNG pumps (235) may be applied to meet the fracturing feed rate
requirement. Power needed to drive the pumps (233) and (235) can be obtained

from an internal combustion engine through direct drive, generated electricity, or
hydraulics as desired.

[00060] Pressured LNG exiting from the high pressure LNG pumps (235) is
directed to a heater assembly (231) using conduit (236) to heat the natural gas to
the application temperature, which in this specific embodiment changes the

phase of the natural gas from liquid to gas. Generally, the minimum temperature
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to heat LNG is approximately -77 °C (-107 °F) and this temperature is where
many carbon steels transform from austenite to martensite crystais with a
corresponding change in metallurgy. In one embodiment, a natural gas outlet
temperature to conduits (24) and (232) is in the range of 0 °C (32 °F) to 20 °C (68
°F) to avoid contacted liquid freezing issues and to maintain elasticity of seals.
Within the heater assembly (231) is a heat exchanging system as needed to
transfer heat to the LNG, and in this embodiment comprises a first heat
exchanger(237), a second heat exchanger (239) downstream of the first heat
exchanger, and a natural gas supply conduit (238) which extends from the supply
conduit 236 and through the two heat exchangers 237, 239, and which couples
to supply conduit 24 as well as return vaive (V11). Return valve (V11) in turn is
coupled to return conduit (232).

[00061] In this embodiment, the LNG is first heated by heat source (240) which is
proposed as heat derived from air, typically driven across the heat exchanger
coils within the first heat exchanger (237) by a blower (not shown). LNG at a
temperature approaching -162 °C (-260 °F) can derive significant energy from air
resulting in a lightened heating load. The discharge from the first heat exchanger
(237) is then directed to the heat exchanger coils within the second heat
exchanger (239) through the supply conduit (238). Within the second heat
exchanger (239), the LNG is heated to the target outlet temperature by another
heat source (241). The energy available from this other heat source (241) must
be significant in order to support rapid heating of the LNG. The heat source
(241) can be generated without flame and may be waste or generated heat from
an internal combustion engine, a catalytic burner or an electric element.
Alternatively heat can be generated using a flame based heat source local to the
heater or remote to the process as dictated by safety requirements. Outlet of the
pressurized gaseous natural gas is via supply conduit (24) with gas control valve
(V6) to the natural gas slurry stream mixer (18).
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[00062] Once the natural gas has been sufficiently heated (which in this specific
embodiment means vaporized into a gaseous state), it flows through supply
conduit (24) and is mixed with the base fluid in the fracturing fluid mixer (18).

The fluid pressures handled in the mixer (18) may be significant, fluid abrasion
may be a significant factor and leaks are to be avoided. With respect to
throughput, effective component mixing is important. While various types of
mixers may be useful, one suitable mixer (318) for a compressed natural gas and
fracturing slurry stream is shown in Figure 5. The natural gas slurry stream mixer
(318) works to combine and mix a base fluid stream from conduit (342) with the
gaseous natural gas stream from supply conduit (324) within a mixer body (343).
Achieving a good mix of the fracturing liquid stream, proppant and the gaseous
natural gas stream, can contribute to creating the desired structure and behavior
of the fracturing fluid mixture for an energized fluid, foam or a mist. For example,
proper foam development requires the gas phase to be completely dispersed
within the liquid phase with bubble sizes as small as possible. Sufficient
dispersion can be achieved in a number of ways, one of which is represented by
a choke device (344) in the natural gas stream conduit which by virtue of
decreasing the flow area increases the velocity of the natural gas stream.
Contact of the natural gas stream with the fracturing liquid stream at a high
velocity promotes good mixing. Other mechanisms can be employed to promote
mixing including internal diverters, turbulizers and various static or dynamic
mixing devices. To safely managing a fracturing stream containing natural gas, it
should be recognized that slurries containing gases can have very high velocities
that can quickly erode pressure containing components.

[00063] Combining a base fluid slurry stream with a natural gas stream and
then further transporting the resultant mixture through conduits and wellbores is
done with the recognition that particle (proppant) impact on flow path changes
can quickly result in component failure and hazardous release of the flammable

gas. As such, a mixer (18) is provided that allows the base fluid containing
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liquid/proppant to pass in a substantially straight path through the mixer. For
example, the base fluid conduit (342) may define a substantially linear inner
diameter and conduit (324) may join conduit (342) at an angle. In one
embodiment, for example, the mixer (18) includes a main flow line including an
inlet end and an outlet end, an elbow conduit connected to and in fluid
communication with the main flow line between the inlet end and the outlet end,
the elbow conduit extending at an acute angle from the inlet end and a
substantially linear flow path through the main flow line, the inlet end connected
to receive flow from the fracturing base fluid source and the elbow conduit
connected to receive flow from the natural gas source. Upon leaving the mixing
body (343) the fracturing fluid mixture is then directed via a conduit (325) to the
wellhead and down the wellbore to create the hydraulic fracture in the
subterranean reservoir.

[00064] Referring to Figure 11, the fracturing system can be controlled
remotely by a controller (58); the configuration and operation of the controller
(58) is described further in the sixth embodiment below. In this second
embodiment, control functions from controller (58) are completed through
wireless communication to the controlled components as presented in Figure 11.
Application may involve control through wires or by a combination of wire based
and wireless communications. In this embodiment the controller (58) is
presumed a computerized control station mounted within a cabin on a truck
chassis. The system can be manipulated to permit pumping of only natural gas
or liquid, only liquid-slurry or any desired combination of natural gas, liquid and
liquid-slurry. In some applications only natural gas will be pumped for a portion
of the treatment, such as with a pre-pad or treatment flush. Alternatively, only
liquid or liquid-slurry will be pumped, again with the liquid as a pre-pad, pad or
flush and only liquid-sturry as a stage within the treatment. Following the
treatment, the equipment is shut down, the wellhead valve (V7) closed and
preparations are made for rigging off the site or for completion of another
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fracturing treatment. The LNG storage vessels are secured with closing of
valves (V4) and opening of valve (V18). Valive (V5) is closed and valve (V8) is
opened to allow high pressure natural gas to vent from natural gas treating line
(24), treating line (25) and LNG fracturing pumpers (229). When the high
pressure system has been vented to a nominal pressure, the LNG fracturing
pumpers (229) are operated at low capacity to remove LNG from the low
pressure conduit (23) into the pumps and through the heaters with discharge
through treating line conduits (24), (25) through valve (V8) and to the flare
system, separator (60) and flare (20). Alternatively, valve (V13) can be opened
to vent the high pressure system. Valve (V8) or valve (V13) may be in the form
of a choke in order to control pressure and rate into the separator and flare
system. Gaseous nitrogen is simultaneously introduced to conduit (23) from inert
gas source (45) via conduit (46) to assist displacement of the low pressure LNG
through the LNG fracturing pumpers (229) to the flare (20). Upon displacing all
natural gas liquids from the low pressure conduit (23), valve (V14) is opened to
vent and completely purge the low pressure system. Correspondingly, valve
(V15) is opened and gaseous nitrogen is directed through natural gas treating
line (24) to complete purging of the high pressure system. In all cases, flow is
directed to the flare until the natural gas content is well below the flammable limit.
Natural gas content can be assessed with a hydrocarbon content gas stream
monitor. With the natural gas purge of the system complete, the treating lines
can be rigged from the well (19) and flow back and evaluation of the fracturing
treatment initiated. Flow back is initiated by opening wellhead valve (V7) with
flare line valve (V8) and (V20) opened and pipeline valve (V9) closed. Flow is
directed through flare line (20a) and separator (60) to the flare (20). Separator
(60) captures liquids and solids while releasing gas to the flare. Liquids are
accumulated within the separator (60) and drained into storage vessels, not
shown. Produced solids may include formation fines and fracturing proppant and
are accumulated within the separator vessel (60) and removed as needed for

continued operation of the separator. Upon achieving stable flow and sufficient
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gas phase pressure to allow flow into the pipeline, the flare is shut in with valve
(V21) and flow directed to the sales pipeline (21) by opening valve (V9). Flow
from the well (19) continues to be directed through the separator (60) with gas to
the pipeline (21) until the fracturing treatment is sufficiently cleaned up and the

well evaluated. The well can then be placed on production.

[00065] Referring to Figure 14 an alternative apparatus for heating of LNG
comprises a catalytic heater for use within the LNG fracturing pumper. The
catalytic elements (66) radiate heat generated by oxidation of a fuel gas such as
natural gas, propane or other suitable fuel with oxygen in the presence of a
catalyst such as platinum. The fuel gas with air is injected, injection not shown,
into the catalytic elements with the resultant heat being radiated to the LNG
exchanger tube (67). This provides the energy needed to sufficiently heat the
LNG to application temperature. In the depiction of Figure 14, eight catalytic
elements (66) are arranged concentrically in a bundle around a LNG exchanger
tube (67) forming a catalytic bundle (68) for a single pass through the catalytic
heating system. Each LNG exchange tube (69) flows natural gas therethrough
and includes fins on an outer surface thereof to increase the surface area which
heats, and serves to conduct the heat to the conduit of, the exchanger tube (69)
wall for heating of the LNG. Four bundles are depicted with four groups of eight
catalytic elements in each bundle heating a LNG exchanger tube (67). LNG inlet
flow from the ambient pre-heater through conduit (238) is split to two of the
catalytic bundles in this configuration. The schematic further shows that the LNG
exiting from one catalytic bundle (68) is directed to another catalytic bundle (68)
for additional heating. The configuration and arrangement of the catalytic
bundles, and the flow path through the catalytic bundles, is can be varied as
desired to achieve the heating target. Catalytic elements typically generate 35
Btu/hr for each square inch (15 kW/m2) of surface area such that the eight
element bundle with elements of 26" (0.67 m) width and 120" (3 m) length will
produce over 870,000 Btu/hr (255 kW) of energy. For the illustrated four bundie
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system, a generation rate approaching 3,500,000 Btu/hr (1025 kW) of energy is
available. This energy level is more than sufficient to meet the heating capacity
needed for a LNG fracturing pumper at 5,600 scf/min (160 sm3/min), yet is a safe
and compact arrangement. As a catalytic process, the operational surface
temperature of a catalytic heating element is in the range of 700 °F (370 °C) to
1,000 °F (540 °C), well below the auto-ignition temperature of natural gas in air at
1076 °F (580 °C) . The catalytic heater thereby provides an intrinsically safe,
flameless heat source for heating potentially flammable LNG.

Third Embodiment: Fracturing System for Injecting a Fracturing Fluid Comprising

a Pure Stream of Natural Gas

[00066] According to a third embodiment, and referring to Figure 6 a fracturing
apparatus is provided which uses a fracturing fiuid comprising a pure stream of
natural gas, wherein “pure” means without a base fluid or proppant component.
Fracturing with a pure stream of natural gas can be beneficial in situations where
any liquid is undesirable and proppant is not needed to maintain the created
fracture system during production. This is often the case for fracturing coal bed
methane wells or low pressure shale formations where liquid removal can be
difficult. In this embodiment, a natural gas source (415) is one or more vessels
containing either of compressed natural gas or liquefied natural gas. The natural
gas source (415) is connected to a high pressure natural gas pump (417) via
conduit (423) with valve (V44) for control of the natural gas feed. The high
pressure natural gas pump is a compressor applying gas compression in the
case of a CNG source and is a cryogenic pump and heater in the case of a LNG
source. The prepared natural gas stream leaves the high pressure natural gas
pump (417) via conduit (24), through valve (V74) conduit (425) and into the
wellhead (19). The pure gas stream then travels down the wellbore to create the
hydraulic fracture in the subterranean reservoir.
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Fourth Embodiment: Fracturing System for Injecting a Fracturing Fluid Mixture
Comprising Natural Gas and Proppant But No Fracturing Liquid

[00067] According to a fourth embodiment and referring to Figure 7 a fracturing
apparatus and configuration is provided which uses a fracturing fluid stream of
natural gas and proppant but no fracturing liquid. Fracturing with a stream of
natural gas containing only proppant can be beneficial in situations where any
liquid is undesirable and proppant is required to maintain the created fracture
system during production. This is often the case for fracturing coal bed methane
wells or low pressure shale formations where liquid removal can be difficult. In
this embodiment, a natural gas source (515) is one or more vessels containing
either of compressed natural gas or liquefied natural gas. The natural gas
source (515) is connected to a high pressure natural gas pump (517) via conduit
(523) with valve (V45) for control of the natural gas feed. The high pressure
natural gas pump (517) is a compressor applying gas compression in the case of
a CNG source and is a cryogenic pump and heater in the case of a LNG source.
The gaseous natural gas stream leaves the high pressure natural gas pump
(517) via conduit (524). A proppant supply (612) with control valve (V25)
intersects the conduit (624). The proppant supply (512) is pressurized to match
the discharge pressure from high pressure naturai gas pump (517). Proppant
flow from the supply (512) is gravity fed into conduit (524) with proppant addition
controlled by vaive (V25). The resulting natural gas slurry continues along
conduit (524), through valve (V75) conduit (525) and into the wellhead (19). The

gas stream and proppant then travels down the wellbore to create the hydraulic
fracture in the subterranean reservoir.

Fifth Embodiment: Fracturing System for Injecting a Fracturing Fluid Mixture
Comprising Natural Gas and a Base fluid without Proppant
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[00068] According to a fifth embodiment and referring to Figure 8, a fracturing
apparatus is provided which uses a fracturing fluid mixture comprising natural
gas and a base fluid that does not have any proppant.

[00069] Fracturing with such a fracturing fluid mixture can be beneficial in
situations where a liquid portion is desired within the created fracture system and
proppant is not needed to maintain the created fracture system during
production. This is often the case for acid fracturing carbonate formations where
natural gas energized or foamed acid is used to create and etch a fracture
system. In this embodiment, the fracturing liquid tank (13) contains the desired
liquid. Conduit (26) is used to transfer the liquid to a fracturing blender (614)
where fracturing chemicals from chemical source (22) are also directed and
mixed with the liquid. The discharge from the fracturing blender (614) passes
through a conduit (650) as controlied by valve (V36) and is received by high
pressure liquid pump (616). Discharge from high pressure liquid pump (616) is
directed to a fracturing fluid mixer (618) along conduit (642), controliable by
upstream valve (V56). The natural gas source (15) is one or more vessels
containing either of compressed natural gas or liquefied natural gas. The natural
gas source (15) is connected to the high pressure natural gas pump (17) via
conduit (23) with valve (V4) for control of the natural gas feed. The high pressure
natural gas pump is a compressor applying gas compression in the case of a
CNG source and is a cryogenic pump and heater in the case of a LNG source.
The gaseous natural gas stream leaves the high pressure natural gas pump (17)
via conduit (24), through valve (V6) and into the natural gas stream slurry mixer
(618) where it is combined with the liquid fracturing stream from conduit (42).
The mixed natural gas and liquid stream leaves the mixer (618) along conduit
(625) and into wellhead (19). The mixed natural gas and liquid stream then

travels down the wellbore to create the hydraulic fracture in the subterranean
reservoir.
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Sixth Embodiment: Fracturing System Having Natural Gas Venting and Purging
Equipment

[00070] According to a sixth embodiment, the formation fracturing system can
further include equipment for venting, purging, and/or isolating natural gas and
air from parts of the system (“venting, purging and isolation equipment”). Such
equipment is beneficial to control the risks associated with natural gas being a
flammable high pressure gas source. The equipment can include use of a
cryogenic inert fluid such as nitrogen, cooled to pre-cool the high pressure
natural gas pump or other equipment prior to introducing the natural gas. This
eliminates the need to pre-cool the system using flammable natural gas and
eliminates the natural gas flaring otherwise needed. The inert fluid can also be
used to pressure test the fracturing system to identify any leaks or failures, or
permit any configuration or function testing of the system.

[00071] Also, the inert fluid can be used to substitute any natural gas source to
quickly purge any residual natural gas, oxygen, or air before, during or after
fracturing treatment. In this purging operation, the inert fluid is injected through
at least part of the system before or after the fracturing fluid is injected through
the wellhead and until the at least part of the system is in a non-flammable state.
The purging operation is intended to purge the system components below a
flammable limit, such as the “Lower Explosive Limit” (LEL), which is the lowest
concentration (percentage) of a gas or a vapor in air capable of producing a flash
of fire in presence of an ignition source (arc, flame, heat). In the event of a
leakage or component failure during fracturing treatment, the venting, purging

and isolation equipment allows for that component to be isolated so that the
remainder of the system is unaffected.
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[00072] Figure 9 shows an embodiment of the fracturing system having the
fracturing fluid storage and supply equipment as shown in Figure 1 with the
venting, purging and isolation equipment. The venting, purging and isolation
equipment comprises a series of valves V12 - V16 fluidly coupled to the natural
gas and base fluid supply conduits 23, 24, 42, 50 in the system, an inert purging
source 45 for purging components of the system (and optionally cryogenically
cooling such components), a series of inert gas supply conduits 46, 47 for
delivering the inert gas to the natural gas and base fluid supply conduits 23, 24,
42, 50 and venting conduits 48, 49, 51 for venting gases from the supply conduits
23, 24,42, 50. A controller 58 (see Figure 11) can also be provided to control
the venting, purging and isolation operations.

[00073] Purging is carried out prior to introducing natural gas into the system
from valve (V4) through equipment and conduits to the wellhead valve (V7), i.e.
supply conduit (23), NG pump (17), conduit (24), mixer (18) and conduit (25). In
the present system, venting followed by purging is carried out on all natural gas
containing conduits and equipment following the fracturing treatment and prior to
rigging out the equipment for mobilization. The venting and purging can
potentially encompasses the system from valve (V5) and as far upstream as
valve (V3,) (wherein venting is accomplished via valve (V186) through conduit (51)
to flare (20)) to address overpressure reverse migration, and from natural gas

source outlet valve (V4) through equipment and conduits to wellhead valve (V7).

[00074] Instead of venting, the inert purging fluid and the purged contents can be
directed into the well. In an alternative embodiment, nitrogen or any suitable inert
gas can be used to purge the system equipment then be directed into the well to
fracture the formation, either alone or with the natural gas.

[00075] Additionally, and in the case of an unplanned natural gas release due to
component failure, the failed component may be internally isolated and the
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natural gas remaining in the isolated system components vented and purged.
For purging and venting a low pressure portion of the natural gas system, the
inert purging source (45) is connected via inert gas supply conduit (46) and inert
gas supply valve (V12) to the natural gas supply conduit (23) after the natural
gas source outlet valve (V4) and before the high pressure pump (17). This
arrangement enables inert fluid to be delivered to the low pressure section of the
natural gas supply conduit 23. Further, venting conduit (48) with venting conduit
(49) are attached to natural gas supply conduit (23) through venting valve (V14)
which is located downstream of the natural gas source outlet valve (V4) and
upstream the high pressure pump (17); this venting conduit (48) is coupled to
venting conduit (49) which in turn is coupled to flare conduit (20a). This
arrangement enables the inert fluid and natural gas to be vented from the natural
gas supply conduit (23) and through flare (20).

[00076] For purging and venting a high pressure portion of the natural gas
system, the inert purging source (45) is connected to a high pressure section of
the natural gas supply conduit (24) (which is located downstream of the high
pressure natural gas pump (17)) via inert fluid supply conduit (47) and inert gas
supply valve (V15) . Additionally, venting conduit (49) with flare line conduit
(20a) is attached to the natural gas supply conduit (24) downstream of the high
pressure natural gas pump (17) through venting valve (V13). This arrangement
enables the inert gas to purge the natural gas supply conduit (24) and for gases
to vent from this conduit (24) through flare (20).

[00077] For purging and venting a high pressure fracturing fluid portion of the
system and the well, flare line conduit (20a), through valve (V8) is connected to
fracturing fluid supply conduit (25) upstream valve (V7), and downstream mixer
(18), base fluid supply conduit (42) and isolation valves (V5) and (V6). This
arrangement enables purging of conduit (25) by purging fluid from source (45) via
conduit (47), through open valve (V15), through mixer (18) and into conduit (25)
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valve (V13), (V5), (V7) are closed. Also, this arrangement enables fluids in
fracturing fluid supply conduit (25) to vent through the flare 20 via valve V8 and

flare line conduit 20a.

[00078] Also, base fluid supply conduit (50) is coupled to flare (20) via venting
valve (V16) and venting conduit (51); this arrangement enables fiuids to be
vented from the base fluid conduit to the flare 20, e.g. in the event an internal
leak occurs and natural gas enters the base fluid storage and supply portion of
the system.

[00079] The venting, purging and isolation equipment permits isolation, venting
and purging of the system as needed to make it safe under all reasonable
conditions. As an example, should fracturing fluid mixer (18) experience an
unplanned release, the isolation valves (V5), (V6) and (V7) can be immediately
closed to isolate the release from other parts of the system. The source valves
(V3) and (V4) are then closed and the valve (V8) is opened to direct all and any
gas within the isolated portion of the failed system to the flare (20) and thereby
control and eliminate the release from the natural gas stream slurry mixer (18).
As another example, valve (V14) can be opened to vent contents enclosed within
conduits and equipment between valves (V4) and the high pressure natural gas
pump (17) through vent conduits (48), (49) and flare line conduit (20a). Similarly,
valve (13) can be opened to permit venting of contents enclosed within conduits
and equipment between the high pressure natural gas pump (17) and valve (V6)
through vent conduits (49) and flare line conduit (20a).

(00080] Upon sufficient venting, purging can be initiated by opening valves (V12)
and (V15) and directing purging fluid from inert purging source (45) through the
inert gas supply conduits (46) and (47). Purge flow can be directed as required
through various paths in natural gas and fracturing fluid conduits (23), (24), (25)
and venting conduits (48) and (49) to the flare line conduit (20a) by manipulating



WO 2012/097426 34 PCT/CA2011/001114

valves (V12), (V15), (V13), (V14), (V6), (V5), (V8) and (V16), as needed, to vent
and purge the complete system.

[00081] The inert purging source (45) is comprised of storage for an inert fluid
suitable for purging with a device suitable to move the purging fluid through the
system. The purging fluid, in one embodiment, is an inert gas such as carbon
dioxide or nitrogen and can be stored either as a cryogenic liquid or in a
pressurized gas phase. It is possible to complete purging with the inert fluid in
gaseous phase, but in some cases and/or in later processes such as system
cooling, the inert fluid may be employed in liquid phase. Dependent upon the
choice of inert fluid and its phase, moving the purging fluid through the system
will be accomplished by any of a control valve, pump or pump and heater, which
in one embodiment are not shown and contained within inert purging source (45),

and which in another embodiment can be existing equipment

[00082] The aforementioned configuration of venting purging and isolation
equipment and method for venting, purging and isolation using such equipment
relates specifically to the fracturing system described in Figure 1. However, such
equipment can be readily adapted for other fracturing systems such as those
shown in Figure 2, 3, 6, 7 and 8. When using LNG as the source of natural gas
as illustrated in the Figure 3 embodiment, the inert purging source (45) may be
liquid nitrogen and the natural gas fracturing pump (229) is cooled to cryogenic
temperatures, purged and pressure tested using nitrogen. In such an
embodiment, the hazards encountered with completing these steps using LNG
can be reduced or eliminated altogether. The liquid nitrogen is withdrawn from
source (45) through line (46) to the natural gas fracturing pump (229). The
natural gas fracturing pump's cryogenic internal components are flooded with the
liquid nitrogen which vaporizes upon contact with the warm components. The
created vapor is vented to atmosphere through flare line conduit (20) until the

internals are sufficiently cooled such that the liquid nitrogen no longer vaporizes.
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[00083] Referring to Figure 11, operation of the fracturing system including the
purging, venting and isolation equipment is controlled by a controller (58). This
controller (58) has a memory programmed to control the operation of at least
some components within the system. The controller (58) may communicate with
components in the system by direct connection or wireless connection to the
various components. For example, fracturing blender (814), high pressure
natural gas pump (817) and high pressure slurry pump (816) may be remotely
controlled. The valves (V1) through (V16) may also be remotely controlled.
Remote control capability permits ready and reliable control of the operation from
a central point plus allows control of the system during normal operations, and in
particular an emergency, without exposing personnel to hazards. Control of the
components is directed by either the operator of the system via a user interface
(59) or through software containing algorithms stored on the memory of the
controller and developed to direct the components to complete the task in a
suitable manner. The controller is any suitable process control system and may
include control inputs from operator panels or a computer. Similar control

capability is applicable to other described configurations and other components
as required.

[00084] For example, the controller (58) is connected to and controls the
operation of the feed valve (V4) and the high pressure natural gas pump (817)
thereby controlling the supply of pressurized natural gas from its source (815) to
the natural gas stream slurry mixer (18). Concurrently, controller (58) is
connected to and controls the operation of the fracturing liquid control valve (V1)
to regulate flow from the fracturing liquid tank (813), the proppant supply valve
(V2) to regulate flow from proppant supply (812), the chemical source (822) and
the fracturing blender (814) in order to supply a properly constructed liquid slurry
to the high pressure slurry pump (816). Simultaneous control functions continue

with controller (58) connected to and controlling high pressure slurry pump (816).
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Controller (58) further ensures a properly proportioned mixed natural gas and
liquid slurry stream is created by controlling the relative supply of the natural gas
fracturing stream compared to the liquid slurry stream by control of the high
pressure slurry pump (816) and the high pressure natural gas pump (814).

[00085] The controller (58) is also connected to valves (V3), (V5), (V6), (V7),
(V8), (V10), (V11), (V12), (V13), (V14), (V15) and (V16) and inert purging source
(845) to control the venting, purging an isolation operations and to monitor the
condition of system components. In this regard, the controller memory can have
stored on it instructions to carry out the venting, purging and isolation protocols
as described above.

[00086] FIG. 16 is another schematic illustrating an additional embodiment of a
formation fracturing system having venting, purging, and isolation equipment.
The natural gas mix fracturing system comprises at least an LNG storage tank
facility (L1, L2), an LNG / LN, manifold trailer (2), an LNG / LN, pump assembly
(3), a liquid fracturing system (4), a natural gas slurry stream mixer (5) coupled to
a well (6), and a gas system flare (SF1). A wellhead flare (SF2) may be optionally
added to vent gases from the well (6). Although liquefied nitrogen gas (LN>) is
used as the purging and cooling fluid in this embodiment, other embodiments can

include other inert or cryogenic gases as appropriate.

[00087] The components above are all interconnected by a plurality of conduits
(G1to G8, N1 to N5), flare lines (F2 to F4) and valves (V1 to V50) which permit
the controlled travel of both LNG and LN, throughout the system in order to
efficiently and effectively isolate, vent, purge, cool, pressurize, and/or test the
system as required, either before, during, or after a fracturing process.

Centrifugal pumps (P1, P2, P3) provide flow of LNG and/or LN, within the system
as required for a given operation.
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[00088] Each LNG storage tank facility (L1, L2) comprises an LNG storage tank
(T1, T2), and manual valves (V3, V4) and valves (V13, V14) that permit outflow
of LNG through conduits (G7, G8) to the inlet manifold (9) of the LNG / LN>
manifold trailer (2). Valves (V18, V19) permit inflow of LN, or any other suitable
inert cryogenic gas from conduit (N2) to purge each storage tank facility (L1, L2)
and coupled natural gas conduits (G7, G8). The LNG storage tank facilities (L1,
L2) can also have inlet valves coupled to flare line (F2) to capture any inflow of
residual LNG to maintain pressure within LNG tanks (T1, T2), and prevent

unnecessary venting of flammable LNG to the atmosphere.

[00089] The LNG / LN, manifold trailer (2) manages and coordinates the flow of
both LNG and LN, throughout the natural gas mix fracturing system, and
comprises liquefied nitrogen source (T4), inlet manifold (9), and discharge
manifold (10). The inlet manifold (9) comprises a plurality of valves (V24 to V28).
Each input of the inlet manifold valves (V24 to V28) are coupled to a conduit (G7-
G8) to accept an individual flow of LNG or LN, from each storage tank facility (L1,
L2, other tanks for coupling to V26-V28 not shown). The outputs of the inlet
manifold valves (V24 to V28) are all coupled to conduit G1 to provide the
discharge manifold (10) with a collective flow input LNG or LN,. Conduit G1 is
also coupled to flare line (F2) through valve (V51) for venting of any residual gas
to the system flare (SF1). The discharge manifold (10) comprises a plurality of
valves (V38 to V40). The inputs of the discharge manifold valves (V37 to V40)
are all coupled to conduit (G2) to accept an inflow of LNG from conduit (G1) or
LN from conduit (N6). Each output from the discharge manifold valves (V37 to
V40) is coupled to an individual LNG/LN, pump assembly (3) (other pump
assemblies coupled to V38 to V40 not shown).

[00090] The LNG/LN, pump assembly (3) provides a pressurized and heated
flow of LNG or LN; to the natural gas slurry stream mixer (5). LNG/LN, pump
assembly (3) comprises a charge pump (P3) which feeds the Triplex Pump (P4)
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with LNG or LN, . Triplex Pump (P4) then pressurizes the LNG or LN, from
conduit (G6), and/or LN, from conduit (N4) to a target pressure. Heat Exchangers
(EX5, EX6) then operate to heat the discharge from the Triplex Pump (P4) to a
target temperature before it reaches the natural gas slurry stream mixer (5).

[00091] A detailed discussion of each of the isolation, venting, purging, cooling,
pressure testing, operational testing, and displacement operations with the above
configuration now follows.

[00092] Isolation: In the event of an unplanned natural gas leak or
component failure, the system is configured to isolate, vent, and purge the
affected area. LNG storage tank valves (V13, V14) are closed to prevent further
flow of LNG into the system. Then, any conduit (G1 to G8, N1 to N5) or
component can be specifically isolated by closing the adjacent valves of a given
conduit. For example, potential leakage in conduits (G7, G8) can be isolated by
closing valves (V13, V14) and valves (V24 — V28). Pump assembly (3) can be
isolated by closing valves (V42, V43, V44), and output conduit (G3) isolated by
additionally closing valves (V45 ,V47). This configuration allows for the precise
systematic isolation of any conduit or component within the system as required.
In drastic situations, there may be complete isolation of all conduits and
components by closing all valves in the system. Thus the interconnection of
valves, conduits, and components cooperate to provide a safe low volume

release system that can to isolate, vent, and purge any affected area.

[00093] Venting: Venting is preferably performed upon isolation in order to
safely direct any residual gases to system flare (SF1). Valve operation can be
systematically coordinated in order to vent a specific isolated area through one of
the flare lines (F2, F3, F4) to system flare (SF1). Essentially, a flow path is
created by the opening and closing of specific valves in order to direct gases in a

certain isolated area towards one of the flare lines (F2, F3, F4). For example,
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residual gas in conduit (G1) can be vented through flare line F2 by closing valves
(V24-V28) and (V34), and opening valve (V51). Conduit (G2) can be vented
through flare line (F3) by closing valves (V34, V37-V40, V49), and opening valve
(V41). Conduits (G3, G4) can be vented by closing valves (V44, V47) and
opening valve (V45). This configuration therefore allows for the safe, effective,

and efficient venting of residual gases within any conduit or system component.

[00094] In some embodiments, venting can be assisted through operation
of heat exchangers (EX5, EX6) to help expand and vaporize any residual fluids
through conduits (G6 and F4) to system flare (SF1).

[00095] Purging: Purging can be performed after isolation and venting in
order to remove any remaining oxygen or contaminants within the system.
Although liquefied nitrogen gas (LN,) is used as the purging fluid in this
embodiment, other embodiments can include any suitable other inert gas, such
as helium, neon, argon, kyrpton and carbon dioxide or mixtures thereof. Purging
of specific conduits or components can be achieved by directing a flow of LN,
from liquefied nitrogen source (T4) towards through the target conduit or
component, and then to one of flare lines (F2, F3, F4) to system flare (SF1). For
example, LNG storage tank facility outlets (L1, L2) are purged through LN flow
through conduits (N1, N2, and N3) and valve (V23), where centrifugal pump (P1)
assists in providing the required flow. Residual gases at the LNG storage tank
outlets or in conduits (G7, G8) can also be optionally vented through opening the
appropriate inlet manifold valves (V24, VV25) and flare valve (V51). From N3
nitrogen flow is directed to conduits (G7, G8) into inlet manifold (9) through
valves (V24, V25) and optionally vented through valve (V51) to venting conduit
(F2) or continued to flow through conduit (G1) through valve (V34), through
conduit (G2), through valve (V41) then vented through venting conduit (F3).
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[00096] Conduit (G2) is purged through LN, flow from conduit (N6) or
through conduit (G1) valve (V34) and centrifugal pump (P2), and is vented
through valve (V41) to flare line (F3). In this manner, a flow of LN, or other inert
gas can be sent to a specific target area or component and then safely vented to
system flare (SF1). Alternatively, simultaneous purging of the entire system can
also be performed by appropriate valve control.

[00097] Cooling: Cooling is performed in order to lower the system to
operating temperature in preparation of handling cryogenic LNG. As described
above, LNG as applied has a working temperature of approximately -162 °C (-
260 °F). The use of LN, or another inert cryogenic fluid to cool the system
precludes the use of flammable LNG, which could create unnecessary safety
issues. LN; is provided by liquefied nitrogen source (T4) through valve (V32) and
conduit (N1). Centrifugal pumps (P1, P2, P3) can be optionally operated to assist
in the movement of LN, throughout the system. LNG storage tank outlet valves
(V13, V14) are closed to prevent any outflow of LNG. In the same manner as
described above for purging, the system can target specific conduits or
components for cooling by directing flow of LN, from liquefied nitrogen source

(T4) towards the target conduit or component through the selected use of valves.

[00098] Alternatively, the entire system can be cooled simultaneously
through appropriate valve control. Cooling and purging may occur simuitaneously
in the same process step, with any remaining fluid optionally vented to one of
flare lines (F2, F3, F4) to system flare (SF1). For example, LNG/LN, pump
assembly (3) is cooled by opening valve (V43) to accept a flow of LN, from
conduit (G6), through a charge pump (P3) and Triplex Pump (P4). LN; circulation
loops are also provided throughout the system in order achieve or maintain cool
down. Once the system is cooled, LN2 circulation is maintained to prevent
heating and possible vaporization. The ambient heater and valve system to the

right of valve (V32) on LN2 tank (T4) is used to maintain pressure in the LN2 tank
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T4. Using the above example, with valve (V44) closed, a circulation loop is
created with the inflow LN, which travels back to liquefied nitrogen source (T4)
through conduits (N4, N5) and valves (V42, V30, V31). This circuit is the cool
down loop for circulation of LN2 from the tank through conduit (N3) and the
complete cryogenic system to the pumps, then back to the tank. . Circulation of
LN2 can thus be continued in this manner until such time as the piping,
assemblies, and components are flooded with nitrogen and cooled to an
acceptable LNG handling temperature. In one application, LN2 is maintained
within the system, the operational testing is maintained for a short period at the
beginning of the fracturing treatment, then LNG is applied with the nitrogen

displaced into the well as into a very small part of the fracturing formation.

[00099] Pressure Testing: Pressure testing is performed to determine any
potential leaks or failures within the system prior to LNG operations. Pressure
testing can be performed for a specific conduit or component, or for the entire
system, as desired. The target area is flooded with LN,, then isolated, and then
monitored for any pressure drops that may indicate a leakage. Alternatively, the
entire system can be pressure tested by closing valves (V45, V47), and operating
pumps (P1, P2, P3) to pressure and feed LN; to Triplex pump (P4). Upon
completion, an appropriate venting procedure can be performed to reduce LN,
pressure and proceed with the next operation. The pressure test will typically

follow cool down as the system must be cooled for either of LN2 (-186C) or LNG
(-162C).

[000100] Displacement: After completion of the well fracturing treatment,
LNG within the system can be replaced with LN, in order to remove and
sufficiently purge the system of any LNG or natural gas. LN, can also be pumped
into the wellbore to displace any flammable natural gas to leave it in a safe

condition. Alternatively, LN, can be used during the fracturing treatment to purge
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the parts of the system then be pumped into the wellbore to contribute to the
fracturing operation along with the natural gas in the wellbore.

[000101] LN displacement can closely follow the procedure described
above for LN, purging. Alternatively, system displacement can be effected by first
closing LNG storage tank facility valves (V13, V14) to prevent any additional
outflow of LNG, and drawing LN, into the system through conduits (G7, G8), then
the inlet manifold (9), then the discharge manifold (10), then the LNG / LN, pump
assembly (3), then to the natural gas slurry stream mixer (5), and finally to the
well (6). Residual natural gas from the fracturing process can be recovered or
optionally vented through flare lines (F2, F3, F4) during or after displacement. In
this manner the complete system is purged of natural gas from the LNG Storage
Tanks (T1), (T2) through to the wellhead (6). Wellbore valve (V50) can be closed
to isolate the system from the wellbore (6) and other equipment in preparation for
the next fracturing treatment or for disassembly for mobilization to a different
location for treatments on other wellbores. Activities such as re-filling LNG tanks,

completing equipment inspection and maintenance or wellbore preparations can
be undertaken during this time.

Method Of Operation

[000102] Figure 15 is a flow schematic illustrating a method of forming a
fracturing fluid mixture that contains natural gas as a gas phase in sufficient

quantity to desirably alter the characteristics of the fracturing treatment.

[000103] At step (80), a sufficient quantity of natural gas is made available to
complete the fracturing treatment. Fracturing treatments can consume
considerable quantities of fracturing fluids with common volumes over 500 m*
(130,000 gal) with unconventional fracturing consuming volumes in the order of
4,000 m® (1,000,000 gal). Applying any reasonable quantity of natural gas to the
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fracturing treatment can consume anywhere from 50,000 sm® (1.5 MMscf) to
300,000 sm* (10 MMscf) of gas within a 4 to 6 hour pumping period. To meet the
volume and rate requirement, the natural gas is stored awaiting pumping for most
applications. Storage of natural gas can be completed by either holding it in
pressured vessels or by liquefying for storage in cryogenic vessels. Efficient
storage of natural gas in pressured vessels is achieved at the highest possible
pressure which is typically less than 30 MPa (4,400 psi), holding approximately
10,000 sm* (0.4 MMscf) in each unit. Effective storage of these quantities even
at maximum pressures would require several pressurized vessels with numerous
connections between tanks and pumping equipment at the elevated storage
pressures. Alternatively, LNG can be stored in LNG tanks on-site which permits
considerable volumes to be stored efficiently and at pressures as low as
atmospheric. As a cryogenic liquid one unit volume of LNG contains
approximately six hundred volumes of gas at atmospheric conditions. In a single
LNG storage vessel containing 60 m* (16,000 gal) of LNG, an equivalent of
36,000 sm° (1.2 MMscf) is stored. A large treatment would require approximately
10 LNG storage tanks compared to over 30 pressured natural gas tanks. The
use of LNG eliminates the issues found with gas phase storage; the multitude of
high pressure vessels and piping needed to draw the natural gas from the

pressure vessels result in a very complex and potentially hazardous system.

[000104] Step (81) of Figure 15 refers to processing the natural gas to the
fracturing pressure in sufficient quantity. Fracturing pressures are often in the
range of 35 MPa (5,000 psi) to 70 MPa (10,000 psi), while the natural gas rate is
usually from 400 sm*/min (15,000 scf/min) to 1,200 sm*min (40,000 scf/min).
Pressuring the compressed natural gas to fracturing pressures requires gas
phase compressors of some form. Alternatively, pressuring natural gas to the
extreme pressures encountered in hydraulic fracturing in liquid form as LNG is
exceptionally efficient. As a liquid the volumetric rates are much reduced and

incompressible as compared to gaseous natural gas, compression heating is
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eliminated and equipment size and numbers drastically reduced. The cryogenic
natural gas liquid is directly pressured to the fracturing pressure by a single
pump, and then simply heated to the application temperature. For an upper-end
fracturing gas rate at pressure, LNG is pumped at approximately 2 m*/min (500
gal/min) of liquid yielding a gas rate in excess of 1,500,000 sm’/day (60
MMscf/day) through 8 units of rate to 160 sm*min each. This smaller and
simpler equipment configuration significantly reduces the complexity of the
operation removing many of the costs and hazards which would be present with
compressed gas techniques.

[000105] At step (82), the natural gas stream is combined with the base fluid
stream. As disclosed previously, the mixer (18) can be used to combine the two
streams in a high pressure treating line prior to or at the wellhead; this approach
allows easy handling of the separate streams without disruption to typical
fracturing operations, completes the task without modification to the well and is a
simple and effective way to accomplish mixing the natural gas and liquid-slurry

streams. This results in a simple, effective and reliable method for mixing these
components.

[000106] Alternatively, the base fluid stream can be combined with the
natural gas stream in a low-pressure process or within the wellbore at fracturing
pressure. The natural gas is injected down one conduit within the wellbore and
the liquid-slurry down another with the two streams combining at some point in
the wellbore. In these cases, some type of a specialized wellhead or wellbore
configuration in the form of an additional tubular and a common space is
provided where the two streams can meet.

[000107] In one embodiment, step 80 includes providing a supply of liquefied
natural gas stored in cryogenic vessels, step 81 includes employing a cryogenic

pump to process the liquefied natural gas to fracturing pressure and supply it at a
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suitable rate and employing a heat exchanger to heat the liquid natural gas to the
application temperature, and step 82 includes combining the natural gas with a
base fluid with mixer (18) to obtain a resultant fracturing fluid prior to passing the
resuitant fracturing fluid to the wellhead.

Examples

[000108] The foliowing examples are provided for illustration only and are not
intended to limit the scope of the disclosure or claims.

Example 1

[000109] Figure 12 is a schematic of an embodiment showing a configuration
where the natural gas fracturing system components mounted on a series of
mobile trucks. The mobile trucks transport the equipment for creating and
pressurizing the liquid based fracturing slurry; the fracturing blender (14), the
chemical source (22), the high pressure pump (16), pius transport the equipment
for storing, pressurizing and heating the liquefied natural gas; the LNG storage
tanks (215) and LNG fracturing pumpers (229) and the ancillary equipment; the
inert purging source (45) and the controller (58).

[000110] The configuration and apparatus on any one unit can be altered or
the equipment may be temporarily or permanently mounted as desired. This
embodiment displays multiple LNG storage tanks (215) connected to multiple
LNG fracturing pumpers (229). Pre-treatment pressure testing of the liquid and
proppant pumping system, components (14), (16), (22) and conduits (26), (50),
(42), (25) is completed with the fracturing liquid (13) or other suitable liquid as
desired. Liquid supply (13), proppant addition (12), chemical addition (22),
proppant blending (14) and liquid slurry pressurization (16) are completed with
the equipment components as shown and delivered to liquid-siurry conduit

treating line (42). The LNG storage tanks are connected to conduit (62) to allow
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venting to the flare (20) through flare line (20a) until beginning the treatment
when valve (V18) is closed. Conduit (46) connects the inert gas source (45) to
the inlet conduit (23) for supply of cryogenic nitrogen to the LNG fracturing
pumps for cryogenic cool down, pre-treatment purging and pressure testing of
the LNG supply plumbing (23), pumping and heating equipment (229) and the
natural gas conduit treating line (24). Inert gas source (45) is also connected to
natural gas treating line conduit (24) to permit venting or purging with gaseous

nitrogen of the high pressure system if required.

[000111] Purged or vented natural gas can be directed to the separator (60)
and to flare (20) via either vent conduit (49) with valve (V13) or conduit (20a) with
valve (V8). Similarly, the low pressure conduit (23) can be purged with gaseous
nitrogen or vented through conduit (46) via vent conduit (48) to separator (60)
and onward to flare (20) via valve (V14). Cool down and purging are completed
with cryogenic nitrogen directed through conduits (46) and (23) to the inlet of the
LNG fracturing pumpers (229). In turn, each of the LNG fracturing pumpers
(229) is flooded with the liquid nitrogen until sufficiently cooled to accept LNG
without vaporization. Vaporized nitrogen is released from the LNG fracturing
pumpers (229) through natural gas treating line conduit (24), value (V6), flare
conduit (20a) to flare (20). Upon establishing cool down in each LNG fracturing
pumper (229), the flare valve (V8) is closed and nitrogen pumped and heated by
the LNG fracturing units to achieve a high-pressure pressure test of the system
with nitrogen. The base fluid supply system is isolated throughout this process
by closed valve (V5). Upon completing the pressure test of the natural gas
pumping system, valve (V8) is opened, pressure is released, the nitrogen source
is isolated with valve (V12), and the LNG source valves (V4) are opened to
permit flow of LNG into the system. The LNG fracturing pumpers (229) are
operated to displace nitrogen from the system with LNG in preparation to begin
the fracture treatment. Discharge from the LNG fracturing pumpers is directed
through treating line conduit (24) to flare line (20a) until natural gas is observed
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at the flare. Valve (V8) is then closed, valves (V5), (V6) and (V7) opened and the
fracturing treatment started. LNG is drawn from tanks (215) through conduit (23),
into LNG fracturing pumpers (229) for pressurization and heating with discharge
through natural gas conduit treating line (24). The liquid-slurry base fluid stream
from conduit (42) mixes with the gaseous natural gas stream from conduit (24)
within fracturing fluid mixer (18) and is directed to the well (19) through treating
line conduit (25).

Example 2

[000112] Using apparatus such as that of Figure 3, Figure 9 and Figure 11,
an example, proposed application of the system is given to illustrate the method.
The objective is to stimulate a gas bearing reservoir at a depth of 2500 m with a
100 tonnes of proppant using a 75% quality slick water foamed natural gas
fracturing treatment. The well has perforations at a depth of 2500 m with 114.3
mm casing, no tubing and a bottom hole temperature of 90 °C. In this example,
the natural gas source is selected as liquefied natural gas (LNG) and the relevant
apparatus and configuration of Figure 3. is applied.

Table 1. Natural Gas Frac
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100 tonne Natural Gas Foamed Slick Water Frae

Flud: 75% Quality Foamed Slick Water with Natural Gas

Proppant: 10 tonne 504140 mesh sand
90 tonne 30/50 mesh sand

Treating Rate: 5.0 m¥/min

Injection Caleulations

Depth to Top Perforation: 235105 m

Frac Gradient: 18.0 kPa/m
Bottom Hole Fracturing Pressure 45189 kPa
Surface Injection Pressure 1) 56.267 kla
Botton Hole Temperature 90 degC
Water Density 1000 kg/m3
Blender Rate 1.3 m3min
Required 1iquid Pump Power 1172 kW
Nataral Gas Specitic Gravity {2) 2023 kg/m3
Natwral Gas Volume Factor (2) 32,0 m¥smd
Natural Gas Rate 1170 sm¥/min
Required }.NG Fracturing Pumps 7 units @ 160 sm3/min each

(1) Caleulated tor the compresible foam colunn at rate with based thuid rheology for slick water
(2) At bottom hole fracturing pressure

Wellbore Volume to Top Pertoration

ntesval 1y Capacity Volume

Tubing 00m 0.0 wn T OO0 mrm G ma
Casing 25105 m 95.0 mm 0.007088 m¥/m 17.8 m3
Total 25105 m 78 m3
Undertlush 05 m3
Flush Volune (160 NOT OVERFLUSH) 173 m3

[000113] Equipment is mobilized to the well site and spotted. For this
treatment, specific equipment include one of a high pressure pumper (16) at
capability to 1,127 kW, seven of 160 sm3/min LNG fracturing pumpers (229) to a
rate of 1,170 sm3/min, two of 64 m3 liquid tanks (13) and three of 60 m3 LNG
tanks (215). An inert purging source is supplied with liquid nitrogen. Chemical
source (22) is provided to apply two additives. A pre-rigging safety meeting is
conducted detailing site hazards, location of safety equipment, safety areas, and
the site evacuation plan. The equipment is rigged in following the configuration
specified in Figure 9 and Figure 11 including the adaptation presented in Figure 3
for a LNG source fracture treatment. The liquid tanks (13) are loaded with 119
m3 of water and 168 m3 of LNG is provided in the LNG storage tanks (215). The
proppant supply vessel (12) is loaded with 10 tonnes of 50/140 mesh sand and
90 tonnes of 30/50 mesh sand. The chemical source (22) is ioaded with a friction

reducer to 107 L volume and a foaming surfactant to 308 L volume.

[000114] A pressure test is then conducted on the system. Typical to an
anticipated injection pressure approaching 57,000 kPa, the pressure test of the
high pressure components is completed to a pressure of 69,000 kPa. Valve
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manipulation and operation of the apparatus in completed under the control of
controller (68). Pressure testing for the liquid portion of the system, from
fracturing liquid tanks outlet valve (V1) to the wellhead control treating valve (V7),
is completed with water from the fracturing liquid tanks (13). To initiate the
pressure test valves (V1), (V3), (V6), (V7), (V8), (V10) and (V16) are closed.
Valve (V1) is then opened to release water to the fracturing blender (14). The
fracturing blender is operated to circulate water at operating pressure, typically
less than 700 kPa (100 psi) and confirmed free of leaks. Valve (V3) is then
opened to feed water to the high pressure slurry pump (16). A bleed port (not
shown) in the treating line (42), before valve (V5) is opened to permit flow
through the high pressure pump. The high pressure pump (16) is slowly rotated
to capture water feed and when a full water stream escapes from the bleed port,
the pump is fully primed and the port is closed. All personnel clear the area and
additional power is applied to the high pressure pump (16) to pressure the pump
itself plus the conduit (42) and (25) treating lines, the valves (V5), (V6), (V7) and
(V18) and the natural gas stream slurry mixer (18) to the required test pressure
of 69,000 kPa. When at test pressure, the high pressure slurry pump (16) is then
stopped and the tested components checked for compliance. Pressure is then

released from the liquid line and the liquid system test is complete.

[000115] Preparation and testing of the natural gas system is then begun.
Pressure testing is completed on all components from valve (V42) through valve
(V6) including conduit (32) vapor feed line to the LNG source (215) and nitrogen
will be used to pressure test, purge and cool down the natural gas conveying
system. To initiate the pressure test, valves (V4), (V6), (V11), (V12), (V13),
(V14) and (V15) are closed. Valve (V12) is then opened and the inert purging
source is operated to pump and vaporize nitrogen into the system to a pressure
of 2 MPa (300 psi) to complete a low-pressure pressure test. Operation of the
inert purging source is then stopped and conduit (23), valves (V4), (V6), (V12),
(V13), (V14) and (V15) are checked for leaks. Upon confirmation that there are
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no leaks, pressure is bled from the system through to flare (V20) through conduit
vent line (48) by opening valve (V14). Valve (V14) is then closed and LNG
source (15) is operated to release liquid nitrogen to the LNG fracturing pumper
(229) through conduit (48) into conduit (23). The LNG fracturing pump (229) is
operated and cryogenic internal components are flooded with the liquid nitrogen
which vaporizes upon contact with the warm components. The created nitrogen
vapor is vented to atmosphere through flare line conduit (20) until the internals
are sufficiently cooled such that the liquid nitrogen no longer vaporizes.
Operation of the LNG fracturing pump is (229) is then stopped and conduit (23),
valves (V42), (V14) and (V12) are checked for leaks. The LNG fracturing pump
(229) is then operated to pressure and vaporize the liquid nitrogen with vapor
directed to the flare for purging all air from the test system. A complete purge
can be determined by placing an oxygen meter in the purge stream or by
pumping the volumetric requirement to purge with a safety factor. Upon
completing the purge, the LNG fracturing pump (229) is then stopped and valve
(V6) is closed. All personnel clear the area and additional power is applied to the
LNG fracturing pump (229) to pressure up the pump itself plus the conduit (24)
treating line and the valves (V6), (V13) and (V15) to the required test pressure of
69,000 kPa. When at test pressure, the LNG fracturing pump (229) is then
stopped and the tested components checked for leaks. At this time, vapor feed
line conduit (32) is tested by opening valve (V11) to permit nitrogen pressure into
the conduit. The vapor inlet valve (V22) to the LNG source tank (15) remains
closed for the test to avoid pressuring of the LNG tank with nitrogen. Valve (V11)
is manipulated to pressure test conduit (32) only to the pressure relief setting of
the LNG source tank (15). Inert purging source (45) is then isolated from the
system by closing valve (V12). Pressure is then released from the liquid line to
the flare and the purge and pressure test are complete. The LNG tank source

control valve (V42) is then opened and the valve (V6) opened to again allow flow
to the flare line conduit (20).
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(000116] The LNG fracturing pump (229) is then operated with an LNG feed
to displace liquid nitrogen from the conduit (23) through the pump and conduits
(24) and (25) to the flare line conduit (20) with natural gas. This ensures an LNG
feed has been established to the LNG fracturing pump prior to beginning
operations. The flare system (20) is tested at this time.

[000117] A pre-treatment safety and operations meeting is then held with all
personnel. Site hazards are reviewed including location of safety equipment,
safety areas, and the site evacuation plan. The operation meeting details the
treatment procedures, equipment responsibilities, pressure maximums and any

other treatment details specific to this well or fracture treatment operation.

[000118] The natural gas source (215), usually provided at or near
atmospheric pressure, is pre-pressured to 350 kPa (50 psig) using the LNG
Fracturing Pump (229) through vapor line conduit (232) with valves (V12) and
(V22) opened to ensure adequate feed pressure during the fracturing operation.
Once the system has been pressure tested for safety and the LNG source (215)
pressured, under control of the controller (58), flare valve (V8) and natural gas

line valve (V6) are closed. The liquid line valve (V5) and the well control valve
(V7) are opened.

[000119] Fracture pumping operations are now begun according to the
example Fracturing Treatment Program of Table 2. Equipment operation and
valve manipulation is completed using controller (58) throughout the process
ensuring personnel do not enter the high pressure hazard area during the
freatment. The liquid fracturing fluid control valve (V1) is opened and fracturing
blender (14) operated with high pressure slurry pump (16) to begin a liquid feed
rate into the well at 0.5 m3/min to begin the hole fill. Chemicals, friction reducer
and foaming surfactant, are added to the liquid stream at the required proportions

under the control of controller (58). Properties of the created natural gas foam



WO 2012/097426 57 PCT/CA2011/001114

can be controlled in a number of ways. Altering the foam quality, proportion of
natural gas to total volume, will change the density and viscosity of the resulting
mixture. Altering the strength or concentration of the foaming surfactant will alter
the gas bubble size and change the resulting viscosity of the foam. Changing the
viscosity of the liguid phase by adding a viscosifier will alter the resulting viscosity
of the foam. Valve (V6) is opened and LNG fracturing pump (229) is operated to
begin injection of gaseous natural gas into the liquid stream. The liquid stream
pumping is begun and established before the natural gas stream pump is
operated to ensure natural gas is not inadvertently fed back to the liquid system.
Controller (58) monitors the liquid feed rate and the natural gas addition rate via
individual flow meters or pump stroke counters and adjusts the LNG fracturing
pump (229) to maintain the correct natural gas to liquid ratio for a 75% quality
foam. With a hole fill rate specified in this instance at a total rate of 2.0 m3/min
foam, the LNG fracturing pump (229) is regulated to a rate of 468 sm3/min. This
requires a LNG rate from the storage source (215) of 0.78 m3/min. Pumping to
fill the wellbore is continued until 17.8 m3 of foam is pumped. The wellbore from
surface to the perforations is now full of natural gas foam. Pumping is continued
and pressure within the wellbore rises as additional volume is pumped until the
formation break down pressure is reached and the underground fracture initiated.
The hole is now filled, the fracture initiated and a feed rate into the underground
fracture established. Total rate is then increased to the desired treating rate of
5.0 m3/min and the foamed pad injection begun. A liquid rate of 1.25 m3/min
and a natural gas rate of 1170 sm3/min, requiring a feed rate of 1.96 m3/min of
LNG, generate a total rate of 5.0 m3/min at the anticipated underground
fracturing pressure of 45,189 kPa. As a compressible gas, the required natural
gas rate at surface is based upon the down hole fracturing pressure and the
target total rate. The compression of natural gas at 45,189 kPa and 90 °C is
such that 312 sm3 of natural gas is required to create one m3 of space. In the
event that the bottom fracturing pressure varies from that anticipated, the

controller (58) adjusts the surface natural gas rate to maintain the proper down
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hole rate for a 75% quality foam. The natural gas foamed pad is continued until
a total foam volume of 40 m3, 10 m3 of water at 75% quality, is pumped into the
wellbore. The pad serves to extend and widen the underground fracture

sufficiently to accept the proppant contained within the treatment steps following.

Table 2. Fracturing Treatment Program

EFracturing Treatment Program - 100 tonne Natural Gas Foamed Slick Water Frag

Proppant 1 10 tonne 407150 mesh sand Density | 26350 kg/m3 Hole Volume 17.8 m3
Proppant 2 90 tonne 30/50 mesh sand Density 2 2630 kg/m3 Undertlush 035 mi
Proppant Total 100 1o
Total Rate 3.0 m3¥min Bottom Hole I'racturing Pressure = 45.189 kPa
Foam Quality 5% Bottow Hole Temperature = K depC
Natural Gas Vol Factor = 312 sm3m3
Shurny 1iquid Proppant Natural Gas Dovwnhole Conditions
Blender Liquid  Liquid  Cunulative Blender Proppant  Cumulative NatlGas  Nat) Gas Stage  Cumulative Foam
Rate Rate Volume  Liquid Volume Congentration Stage Proppant Rate Volume Natl Gas Total Rate  Conc @ Perfs  Quality
Stage Description (m3/min) (m¥miny  (m3) (m3) tkgS8A/m3 liq) (tonne) (tonne) (sm3/min) (sm3) (sm3) (nd/min)  (kgSA/m3 foam} (-
Fill Hole 0.50 %) +5 468 4165 4165 200 75.0%
Pad 125 125 100 100 1170 9360 13525 5.00 Q 730%
Stant 5140 sand 125 122 40 14.0 250 L0 Lo 1143 3744 17269 500 63 75.0%
Inerease coneentration 125 119 6.0 200 500 30 4.0 1117 5616 22885 5.00 125 75.0%
Inerese concentration 125 117 'O 28.0 750 60 10.0 1093 7488 30373 5.00 188 75.0%
Start 30/50 sand 125 17 RO 360 750 6.0 160 1093 7488 37861 3.00 188 75.0%
Increa: oncentration 125 114 8.0 44.0 [ty R0 240 1069 TARR 45349 S0 50 75.0%
Inerease concentration 1.25 112 200 64.0 1250 254 49.0 1047 18720 64069 500 313 T30%
Inerease concentration 1.25 e 240 9RO 1500 51.0 100.0 1025 31824 95893 3.00 373 %
Flush treatment 123 1.25 43 1023 170 4048 19941 5.00 o 75.0%

Treatment Fiuid Requirenients

Mix Lawses and
Fluid Filt Hole Pad Proppant Flush ~ Tank Bottoms  Total
Natwal Gas (sm3)y 4163 4165 R2.368 4048 8935 103.702 sm3
LNG (m3) 7.0 70 1380 6.8 150 174 m3
Water 45 100 RRU 43 120 119 m3
Requires: LNG 3 tanks 60 m3each
Water 2 tanks 64 m3 euch

Chemical Addition Schedule

Add to water portion only

Mix
Fill Hole Pad Proppant Flush  Tank Bottoms
Fluid Cong. Cone. Cone Cong. Cone. Total
Continuous Mix Chemicals
Friction Reducer (Lim3y 10 10 10 14 1068 1,
Foaming Suwrfactant  (1./m3) 0 30 0 o 3074 L

Pre-Mixed Chemicals
NONE

[000120] As per the treating program, proppant is begun by opening the
proppant supply vaive (V2) initiating flow of proppant into the fracturing blender
(14). In this example sand of varying mesh sizes is used: however any other
natural or manmade proppant can be applied in the same manner. The rate of
proppant flow into the blender is controlled through augers, belts or sliding gates
to achieve the correct proportion of proppant in the liquid stream. In this fracture
treatment program design, the fracturing blender (14) and high pressure slurry
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pump (16) rate remains constant so that the water rate is reduced by the rate of
the added proppant. To maintain the foam quality and total foam injection rate
required, the natural gas rate is adjusted. In this case to maintain the bottom
hole rate, the liquid rate is reduced from 1.25 m3/min to 1.22 m3/min and the
natural gas rate is decreased from 1,170 sm3/min to 1,143 sm3/min to account
for the added proppant. The treatment program is continued with sand
concentrations increasing with adjustment of the water and natural gas rates until
sufficient proppant has been pumped. If a screen out occurs, that being the
proppant within the wellbore or the down hole fracture bridges to the degree such
that injection is restricted and pressures increase beyond the allowable
maximum, all injection will be stopped and attempts to re-initiate injection should
not be considered. Once the proppant has been pumped, the well is flushed
which displaces the proppant through the surface equipment, down the wellbore
and into the underground fracture. The well should be flushed with the specified
foam volume as calculated with an underflush set at 0.5 m3 for this example.
During flush, should the underground fracturing pressure differ from that
anticipated, the volume of natural gas pumped within the flush will need to be
adjusted for the changed compressibility to ensure the correct flush volume is
pumped. Upon flushing the well all equipment is shutdown, valve (V7) closed,
the instantaneous shut-in pressure recorded and all equipment and materials
sources secured. All pressure in the treating lines conduit and pumping
equipment is released through to the conduit flare line (20) and the natural gas
containing equipment purged with nitrogen. The natural gas fracturing
equipment is then rigged out. Note that the foam quality of 75% presented in this
example is only one possible value for foam quality and depending upon well
requirements, foam qualities from under 60% to over 95% can be used. Further,
the amount of natural gas applied or the foam quality used in the pad, to carry
proppant or to flush the well can be individually varied. Further, this treatment
design is based upon maintaining a constant blender rate. Proppant

concentration can also be changed by adjusting the blender rate while
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compensating with the natural gas rate to generate a different foam quality but
still maintain the same overall injection rate. In fact, proppant may not be
employed at all, as desired.

[000121] Following rigging out of the fracturing equipment and at a time
deemed suitable for the well being fractured, the well is flowed to clean up and
evaluate. The natural gas foam is timed to break for the flow back such that the
natural gas and water are no longer tightly intermingled in the form of stable
foam. Rather, the water and natural gas are simply and randomly commingled.
Breaking of the foam can be achieved through a number of methods, for example
by degradation or removal of the foaming surfactant. Degradation may include
disassociation of the surfactant foaming molecule by thermal breakdown or by
chemical attack. Removal of the foaming surfactant from the liquid phase is
typically achieved by sorption of the molecule onto solids such as the contacted
reservoir rock. Breaking of the natural gas foam may also be accompanied by a
controlled reduction in viscosity of the liquid phase. Flow back of the well
following fracturing is accomplished by reducing the pressure at the wellhead to
permit the fracturing fluids to flow from the well, created fracture and reservorr,
thereby opening a flow path for the reservoir oil and gas to flow. Within the
reservoir, the reduction of pressure allows the natural gas to expand and works
to force the liquid phase of the fracture fluid from the reservoir and the fracture.
Expansion of the natural gas also ensures a gas phase exists within the reservoir
and created fractures. This gas phase provides permeability to gas within the
near reservoir area plus reduces the capillary pressures holding the liquid phase
in the reservoir matrix. A further benefit is achieved with solubility of the natural
gas in the liquid phase resulting in reduced surface tension. This mechanism
can further reduce capillary pressure and improve relative permeability. Within
the wellbore, reduction of pressure allows the natural gas to expand and further
reduce the density of the commingled natural gas and liquid column in the

wellbore. This reduced density serves to enhance flow of natural gas and liquid
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up the wellbore reducing the bottom hole flow pressure. The reduced bottom
hole pressure allows a higher differential pressure between the reservoir and the
wellbore permitting a higher drawdown pressure to improve movement of the
fracturing fluid from the reservoir and into the wellbore. The flow of the liquid
phase out of the reservoir and created fractures is thereby enhanced ensuring a
liquid block does not occur.

[000122] The injected natural gas and fracturing fluid liquids released from
the well are diverted to the phase separator (60) where gases, liquids and solids
can be separated. Produced solids may include the fracturing proppant and are
accumulated within the separator vessel (60) and removed as needed for space
considerations. Liquids are accumulated within the separator (60) and drained
into storage vessels, not shown. During the flow for clean-up and evaluation,
injected and reservoir based natural gas are directed from the separator vessel
(60) to the flare stack (20) or preferentially diverted to the gas pipeline (21) for
resale. The use of natural gas as the gas phase energizer permits diversion to
the gas pipeline and fracture clean-up without the need to flare. Additionally, the
use of natural gas permits immediate sale of the injected natural gas or reservoir
based gas. As a further consideration, the above example utilizes only
approximately 110 m3 (229,000 gallon) of water whereas placement of the same
treatment without energization would require in excess of 430 m3 (113,000
gallon) water. Replacement of a similar water volume with the conventional
gases carbon dioxide or nitrogen would require either significant flaring or
scrubbing from produced gas prior to achieving a typical specification for gas
sale. Foam quality can be increased beyond 75% to further reduce water

consumption. These aspects reduce environmental impact and improve
economics.

[000123] Comparable methods using the same approach as above is within
other embodiments and is applicable to other types of fracturing treatments and
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applications including energized and mist fracturing fluids; with and without
proppants; with and without fracturing liquids such as acids, waters, brines,
methanol, and hydrocarbons; and for use in all reservoir types including tight oil

and gas, coal bed methane, shale oil and gas and conventional oil and gas
recovery.

[000124] Various modifications to those embodiments will be readily
apparent to those skilled in the art. The present invention is not intended to be
limited to the embodiments shown herein, but is to be accorded the full scope
consistent with the claims, wherein reference to an element in the singular, such
as by use of the article "a" or "an" is not intended to mean “one and only one"
unless specifically so stated, but rather "one or more". All structural and
functional equivalents to the elements of the various embodiments described
throughout the disclosure that are known or later come to be known to those of

ordinary skill in the art are intended to be encompassed by the elements of the
claims.
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What is claimed is:

1. A method of operating a formation fracturing system that uses a fracturing

fluid comprising natural gas, the method comprising:

(@)  providing a formation fracturing system including a natural gas
supply apparatus comprising a natural gas source, a pump
assembly for pressurizing natural gas from the natural gas source,
and fluid supply conduits for transporting the natural gas from the
natural gas source to the pump assembly and to a wellhead of a
well that is in communication with an underground formation to be
fractured;

(b)  forming a fracturing fluid by providing natural gas from the natural
gas source and pressurizing the natural gas to a fracturing pressure

of the formation using the pump assembly;

(c) injecting the fracturing fluid through the wellhead and into the

formation until the formation is fractured; and

(d) injecting an inert fluid through at least part of the formation
fracturing system before or after injecting the fracturing fluid
through the wellhead and until the at least part of the formation

fracturing system is purged to a non-flammable state.

2. A method as claimed in claim 1 wherein the inert fluid is injected before

and after the fracturing fluid is injected into the wellhead.

3. A method as claimed in claim 1 wherein the method further comprises
after injecting the inert fluid through the at least part of the formation

fracturing system, directing the injected inert fluid into the well.
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A method as claimed in claim 3 wherein the method further comprises
directing the injected inert fluid into the well until the inert fluid contributes

to fracturing the formation.

A method as claimed in claim 1 wherein the method further comprises
after injecting the inert fluid through the at least part of the formation

fracturing system, venting the injected inert fluid.

A method as claimed in claim 4 further comprising after directing the
injected inert fluid into the well, injecting natural gas through the system
such that inert fluid in the system is displaced into the well.

A method as claimed in claim 1 wherein the natural gas source is liquefied
natural gas, the natural gas supply apparatus includes a heater for heating
the liquefied natural gas to an application temperature, and the method
further comprises injecting a cryogenic inert fluid before the fracturing fluid
is injected into at least part of the formation fracturing system to pre-cool

the at least part of the formation fracturing system prior to natural gas
injection.

A method as claimed in claim 7 wherein the cryogenic inert fluid is
liquefied nitrogen.

A method as claimed in claim 1 wherein the formation fracturing system
further comprises valves coupled to the fluid supply conduits, and the
method further comprises closing at least some of the valves to fluidly
isolate at least part of the formation fracturing system, then injecting the

inert fluid into the isolated part of the system and pressure testing the
isolated part of the system.

A method as claimed in claim 1 wherein the formation fracturing system
further comprises valves coupled to the fluid supply conduits and a venting

conduit fluidly coupled to at least part of the natural gas supply apparatus,
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11.

12.

13.

14.

60

and the method further comprises after natural gas has been injected into
the wellhead: closing at least some of the valves to isolate at least part of
the natural gas supply apparatus from the rest of the formation fracturing
system, opening at least some of the valves to vent natural gas from the
isolated part of the natural gas supply apparatus and out of the system via
the venting conduit, then injecting the inert fluid into the isolated part of the

natural gas supply apparatus for purging thereof.

A method as claimed in any of claims 1 to 10 wherein the system further
comprises: a base fluid supply apparatus and a mixer fluid coupled to the
base fluid supply apparatus and natural gas supply apparatus and to the
wellhead, and the method further comprises forming a fracturing fluid
mixture comprising a base fluid from the base fluid supply apparatus and
the natural gas in the mixer, then injecting the fracturing fluid mixture into
the wellhead until the formation is fractured.

A method as claimed in claim 11 wherein the method further comprises
before injecting natural gas into the wellhead, injecting the inert fluid

through the natural gas supply apparatus and mixer until they are purged
to a non-flammable state.

A method as claimed in claims 10 and 11 wherein the venting conduit is
further coupled to at least part of the base fluid supply apparatus and the
mixer, and the method further comprises after natural gas has been
injected into the wellhead: isolating at least part of the base fluid supply

apparatus or mixer or both, then injecting the inert fluid therethrough and
out of the system via the venting conduit.

A method as claimed in any of claims 1 to 13 wherein the inert fluid is
selected from the group consisting of nitrogen, helium, neon, argon,
kyrpton and carbon dioxide or mixtures thereof,
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16.
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A system for fracturing a downhole formation, comprising:

(a)

(b)

()

(d)

a natural gas supply apparatus comprising a natural gas source, a
pump assembly for pressurizing natural gas from the natural gas
source to a fracturing pressure of a downhole formation, and
natural gas fluid supply conduits fluidly coupling the natural gas
source to the pump assembly and to a wellhead of a well that is in

communication with the downhole formation;

an inert fluid supply apparatus comprising an inert fluid source and
inert fluid supply conduits fluidly coupling the inert fluid source to at
least part of the natural gas supply apparatus;

a venting conduit fluidly coupled to at least part of the natural gas
supply apparatus such that natural gas and inert fluid can be
vented from the system; and

valves coupled to at least the natural gas and inert fluid supply
conduits that can be selectively opened and closed to inject the
natural gas through the wellhead until a formation is fractured, and
to inject the inert fluid through at least part of the natural gas supply
apparatus for purging thereof either before or after the natural gas

is injected into the wellhead.

A system as claimed in claim 15 wherein the inert fluid supply apparatus
further comprises a pump for moving the inert fluid through and out of the
at least part of the natural gas supply apparatus.

A system as claimed in claim 15 wherein the inert fluid supply apparatus

further comprises a nitrogen source or a carbon dioxide source.
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18.

19.

20.

21.

22.

23.

24.

A system as claimed in claim 15 further comprising a base fluid supply
apparatus and a mixer fluidly coupled to the base fluid supply apparatus,
natural gas supply apparatus and to the wellhead.

A system as claimed in claim 18 wherein the base fluid supply apparatus
comprises a base fluid source, a base fluid pump and base fluid supply
conduits for fluidly coupling the base fluid source to the base fluid pump
and to the mixer.

A system as claimed in claim 19 wherein the base fluid supply apparatus
further comprises a proppant supply and a blender fluidly coupled to the
proppant supply and the base fluid source and the base fluid pump.

A system as claimed in claim 19 wherein the base fluid supply apparatus
further comprises a chemical source and a blender fluidly coupled to the

chemical source and the base fluid source and the base fluid pump.

A system as claimed in claim 19 wherein the base fluid supply apparatus
further comprises a chemical source, a proppant supply, and a blender

fluidly coupled to the proppant supply, chemical source, base fluid source,
and the base fluid pump.

A system as claimed in claims 21 or 22 wherein the chemical source is a
viscosifier source.

A system as claimed in any of claims 14 to 23 further comprising a system
flare coupled to the venting conduit.
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