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EXTENDED PARTICLE SIZE DISTRIBUTION
CERAMIC FRACTURING PROPPANT

BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION

[0001] 'The invention relates to proppants useful in oil and gas wells. In
particular, it relates to a ceramic proppant material in which proppants of
various sizes are included, and will be described with particular reference
thereto. It will be appreciated, however, that the invention 1s also suited to the
extraction of other fluids from boreholes, such as water wells.

DISCUSSION OF THE ART

[0002] Oil and natural gas are produced from wells having porous and
permeable subterranean formations. The porosity of the formation permits the
formation to store oil and gas, and the permeability of the formation permits
the o1l or gas fluid to move through the formation. Sometimes the permeability
of the formation holding the gas or o1l is insufficient for economic recovery of oil
and gas. In other cases, during operation of the well, the permeability of the
formation drops to such an extent that further recovery becomes uneconomical.

In such circumstances, i1t is common to fracture the formation and prop the
fracture 1n an open condition by means of a proppant material or propping
agent. Such fracturing is usually accomplished by hydraulic pressure using a
gel-like fluid. The pressure is increased until cracks form in the underground
rock. The proppants, which are suspended in this pressurized fluid, are forced
into the cracks or fissures. When the hydraulic pressure is reduced, the
proppant material functions to prevent the formed fractures from closing again.

[0003] A wide variety of proppant materials are used, depending on the
geological conditions. Typically, proppants are particulate materials, such as
sand, glass beads, or ceramic pellets, which create a porous structure. The o1l
or gas is able to flow through the interstices between the particles to collection
regions, from which it 1s pumped to the surface. Over time, the pressure of the
surrounding rock tends to crush the proppants. The resulting fines from this
disintegration tend to migrate and plug the interstitial flow passages in the
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propped structure. These migratory fines drastically reduce the permeability,
lowering the conductivity of the oil or gas. Conductivity is a measure of the
ease with which oil or gas can flow through the proppant structure and is
1mportant to the productivity of a well. When the conductivity drops below a
certain level, the fracturing process is repeated or the well is abandoned.

[0004] Ceramic proppants, sometimes called man-made proppants, are
favored over natural proppants, such as sand or resin—coated sand, due to their
ability to withstand high pressures and temperatures and their resistance to
corrosion. Despite being of higher cost than natural materials, the increased
crush strength of ceramic renders the ceramic proppants suitable for conditions
which are too severe for other materials, e.g., at rock pressures of above about
350 to 700 kg/cm?2 (5000-10,000 psi). As pressure increases with depth, ceramic
proppants are commonly used at depths of about 1500 meters, or more. They
are typically formed by combining finely ground material, such as clay, bauxite,
or alumina, with water and then mixing in a rotary mixer. Blades in the mixer
cause the wet clay to ball up into generally spherical pellets, which upon drying
and firing at high temperature are of the general particle size desired. Pellets
which fall outside the desired range are returned to the mixer after the drying
stage to be reworked.

[0005] The crush strength of the proppants is related to the composition
and density of the ceramic. Proppants are generally classed in one of three
grades: light weight proppants (LWP), intermediate grade proppants (IP), and
high strength proppants (HSP). Light weight proppants are suitable for use
over a range of closure stress from less than about 1000 psi to about 8000 psi,
while intermediate grade proppants are useful up to about 10,000 psi, and high
strength proppants can be used at pressures in excess of 12,000 psi. Attempts
to improve conductivity have focused on methods of improving crush strength
of the proppants. These include the application of coatings, production of
stronger spheres, and changes in shape. While measurable improvements in
conductivity have been obtained, for example, by applying a resin coating, such
improvements have invariably been associated with increases in cost.

[0006] Spherical pellets of uniform size have conventionally been
considered to be the most effective proppants as they have been thought to
maximize conductivity (see, e.g., U.S. Patent No. 4,623,630). An excess of fines
(very small pellets) acts to clog the void space in between the packed spheres,



CA 02513736 2005-07-19
WO 2004/067896 PCT/US2004/001285

.3

reducing the fluid transport. It is also known that spheres tend to be weaker
as the size increases; and are thus more likely to become crushed in situ. In
addition to increases in the number of fines, crushing results in a reduction in
the width of the crack formed in the fracturing process. Thus, the presence of
both small and large particles in a proppant mixture has been thought to be
deleterious. Accordingly, the American Petroleum Industry (API) standard, the
commonly accepted standard in the industry, requires that the particle size
distribution be within fairly narrowly defined limits. For example, particle size
ranges are defined according to mesh size designations, such as 40/70, 30/50,
20/40, 16/30, 16/20, and 12/18. The first number in the designation refers to
the ASTM U.S. Standard mesh size of the largest (top) sieve and the second
number refers to the mesh size of the smallest (bottom) sieve. The API
standards require that 90% of the spheres comprising the proppant material be
retained between the top and bottom sieve when sieved through the mesh
designations for the product. A proppant material sold by Saint-Gobain
Ceramics & Plastics, Inc., Stow, OH, under the tradename Versaprop™ has a
broader distribution range than the API standards for a 20/40 material require.

However, this material is not suited to all geological features, due to its small
size.

[0007] As a result of the requirements for narrow particle size
distributions, only a small proportion of the pellets produced in the forming
process are within the predetermined range. The remainder, often as much as

75-80% of the material, must be reground or otherwise treated and reformed in
the rotary mixer.

[0008] The present invention provides a new and improved proppant
material and method of making and use which overcome the above-referenced
problems and others.

SUMMARY OF THE INVENTION

[0009] In accordance with one aspect of the present invention, a method of
forming a proppant mixture is provided. The method includes combining a
particulate material with a liquid to form a mixture and forming the mixture
into spherical pellets. The pellets are screened and fired to provide a proppant
mixture with a median diameter such that when the proppant mixture is
sieved through a sequential series of mesh sizes selected from the ASTM U.S.
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Standard mesh sizes consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45,
the median diameter is in a median mesh size corresponding to one of the
meshes in the series. Further, 0-25% wt.% of the pellets are retained on the
sieve having a mesh size which is two sizes preceding the median mesh in the
sequence, 15-33 wt.% of the pellets are retained on the sieve having a mesh size
immediately preceding the median mesh in the sequence, 15-33 wt.% of the
pellets are retained on the median mesh, and 15-35 wt.% of the pellets are
retained on the next subsequent mesh in the sequence.

[00010] In accordance with another aspect of the present invention, a
proppant mixture is provided. The proppant mixture includes a plurality of
ceramic pellets with a median diameter, such that when the proppant mixture
18 sieved through a sequential series of mesh sizes selected from the ASTM U.S.
Standard mesh sizes consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45,
the median diameter is in a median mesh size corresponding to one of the
meshes in the series. Further, 0-25% wt.% of the pellets are retained on the
sieve having a mesh size which is two sizes preceding the median mesh in the
sequence, 15-33 wt.% of the pellets are retained on the sieve having a mesh size
immediately preceding the median mesh in the sequence, 15-33 wt.% of the
pellets are retained on the median mesh, and 15-35 wt.% of the pellets are
retained on the next subsequent mesh in the sequence.

[00011] In accordance with another aspect of the present invention, a
method of propping a geological formation is provided. The method includes
combining spherical pellets with a liquid or gel to form a mixture and forcing
the mixture under pressure into the geological formation until the pellets are
situated in cracks in the formation, the spherical pellets having a median
diameter such that when the proppant mixture is sieved through a sequential
series of mesh sizes selected from the ASTM U.S. Standard mesh sizes
consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45, the median diameter
1s In a median mesh size corresponding to one of the meshes in the series.
Further, 0-25% wt.% of the pellets are retained on the sieve having a mesh size
which 1s two sizes preceding the median mesh in the sequence, 15-33 wt.% of
the pellets are retained on the sieve having a mesh size immediately preceding
the median mesh in the sequence, 15-33 wt.% of the pellets are retained on the

median mesh, and 15-35 wt.% of the pellets are retained on the next
subsequent mesh in the sequence.
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[00012] An advantage of at least one embodiment of the present invention
is that conductivity through a proppant structure is increased.

[00013] Another advantage of at least one embodiment of the present
invention is that the strength of the proppant mixture is higher, under
pressure, than would be conventionally expected from the distribution range.

[00014] Another advantage of at least one embodiment of the present
invention is that a smaller portion of the green proppant pellets are recycled.

[00015] Another advantage of at least one embodiment of the present
invention is that the product can be produced at a cost comparable with light

weight proppants, but with higher crush resistance and conductivity under
pressure.

[00016] Another advantage of the present invention is that a user of
proppants can replace both IP grade and LWP grade proppants with an
Extended PSD intermediate grade proppant mixture, or HSP, IP, and LWP
grades with an Extended PSD high strength grade, thus reducing the amount
of inventory the user holds.

[00017] Another advantage of the present invention is that an increase in
conductivity enables increased productivity from a geological formation due to
increases in fracture half-lengths. Fracture half-length is a measure of the
length of the fracture in a geological feature.

[00018] Still further advantages of the present invention will be readily
apparent to those skilled in the art, upon a reading of the following disclosure
and a review of the accompanying drawings.

[00019] "Spherical" and related forms, as used herein, is intended to mean
an average ratio of minimum diameter to maximum diameter of about 0.75 or
greater, or having an average sphericity value of about 0.75 or greater
compared to a Krumbein and Sloss chart.

[00020} "Specific gravity" is the weight in grams per cubic centimeter (g/cc)

of volume, excluding open porosity in determining the volume. The specific
gravity value may be determined by liquid (e.g., water or alcohol) displacement
or with an air pycnometer.
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[00021] "Calcined" as used herein, refers to a heating process to which a
material has been subjected. Ore materials that have been fully subjected to
calcination or a calcining process exhibit very low loss on 1ignition (LOI) and
moisture contents, e.g., about 1-2 percent by weight or less. Uncalcined ore
materials such as bauxites and clays can contain from about 10 to about 40
percent by weight volatiles. "Partially calcined" materials typically exhibit total
volatiles (LOI plus moisture content) of 5 to 8 percent by weight. Volatiles can
include moisture, organics and chemically held water (e.g., water of hydration).
Typical calcination temperatures are usually less than 1000°C.

[00022] "Sintering" as used herein refers to a heating process in which the

materials are at least partially converted to another form by heating the
material to a temperature above that at which such conversion occurs. For
bauxites, clays, and the like, conversion typically begins at around 1150°C.

BRIEF DESCRIPTION OF THE DRAWINGS

[00023] FIGURE 1 is a plot of wt.% of proppant mixture retained as a

function of ASTM U.S. Standard mesh designation for a first Extended PSD
proppant mixture (PSD-1) and a conventional 20/40 mixture which it is
intended to replace;

[00024] FIGURE 2 is a plot of conductivity, in md-ft, as a function of stress

on a proppant pack formed from a second Extended PSD proppant mixture
(PSD-2) and a conventional 20/40 intermediate strength product:

[00025] FIGURE 3 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from the second Extended PSD proppant mixture
(PSD-2) and a conventional 20/40 light weight grade mixture;

[00026] FIGURE 4 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from the second Extended PSD proppant mixture
(PSD-2) and two conventional 20/40 lightweight mixtures:

[00027] FIGURE 5 is a plot of percentage of the proppant pack which is
crushed when subjected to a closure stress, of 5000, 7500, or 10,000 psi for a
third Extended PSD proppant mixture (PSD-3) and at closure stresses of 5000
and 7500 psi for two conventional 20/40 light weight proppant packs;
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[00028] FIGURE 6 is a plot of wt.% of proppant mixture retained as a
function of ASTM U.S. Standard mesh designation for a fourth Extended PSD
proppant mixture (PSD-4) intended as a replacement for a conventional 16/20
hightweight grade proppant material or as a replacement for a conventional

16/30 intermediate grade proppant material, and a plot for conventional 16/20
and 16/30 mixtures:

[00029] FIGURE 7 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from a fifth Extended PSD proppant mixture (PSD-
5), as compared with a conventional 16/30 mixture:

[00030] FIGURE 8 is a plot of conductivity, in md-ft, as a function of stress
on the fifth Extended PSD proppant mixture (PSD-5), as compared with a
conventional 16/20 LWP mixture;

[00031] FIGURE 9 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from the fifth Extended PSD proppant mixture
(PSD-5) and two conventional 16/20 lightweight mixtures:

[00032] FIGURE 10 is a plot of percentage of the proppant pack of the fifth
Extended PSD proppant mixture (PSD-5), intended as a replacement for a
conventional 16/20 LWP or a 16/30 IP grade proppant material, which is
crushed when subjected to a closure stress of 5000, 7500, or 10,000 psi,
compared with two conventional 16/20 lightweight proppants:

[00033] FIGURE 11 is a plot of wt.% of proppant mixture retained as a
function of ASTM U.S. Standard mesh designation for a sixth Extended PSD
proppant mixture (PSD-6) intended as a replacement for a conventional 12/18
lightweight grade proppant material or as a replacement for a conventional

12/20 intermediate grade proppant material, and a plot for conventional 12/18
and 12/20 mixtures:

[00034] FIGURE 12 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from a seventh Extended PSD proppant mixture
(PSD-7), as compared with a conventional 12/20 mixture:

[00035] FIGURE 13 is a plot of conductivity, in md-ft, as a function of stress

on the seventh Extended PSD proppant mixture (PSD-7), as compared with a
conventional 12/18 LWP mixture; |
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[00036] FIGURE 14 is a plot of conductivity, in md-ft, as a function of stress
on a proppant pack formed from the seventh Extended PSD proppant mixture
(PSD-7) and two conventional 12/18 lightweight mixtures: and

[00037] FIGURE 15 is a plot of percentage of the proppant pack of the
seventh Extended PSD proppant mixture (PSD-7), intended as a replacement
for a conventional 12/18 LWP or a 12/20 IP grade proppant material, which is
crushed when subjected to a closure stress of 5000, 7500, or 10,000 psi,
compared with two conventional 12/18 lightweight proppants.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[00038] A proppant mixture, containing both fine and coarse materials in
the form of generally spherical beads or pellets, within certain size distribution
ranges, has been found to provide improvements in conductivity as compared
with comparable materials having a conventional particle size distribution. In
a preferred embodiment, the pellets comprise a ceramic material, such as an
aluminosilicate, preferably one in which the particle size distribution is
selected to provide both small and large particles in the mixture.

[00039] The proppant mixture, which will be referred to herein as an
extended particle size distribution (extended PSD) mixture may be formed to
have approximately the same median particle size as a conventional proppant
mixture, but with a wider size distribution curve, while closely controlling the
proportions of fines and large particles for the particular grade. Particle size,
as used herein, is expressed in terms of particle diameter and assumes the
particles to be spherical. Thus, in the case of a conventional 16/30
intermediate grade proppant mixture, the median particle size (median
diameter) may be from about 0.85 mm to about 1.03 mm, with the majority of
the particles (at least 90%, and typically about 95% by weight or greater)
having a mesh size in the range of -16 to +30 (i.e., the 18, 20, 25, and 30 mesh
fractions), as shown in TABLE 1, thus meeting the API standards.

[00040] By way of comparison, an extended PSD may have a similar
median particle size of 0.88 mm to about 1.15 mm, more preferably, about 0.98
mm to about 1.08 mm, most preferably, about 1.03 mm, and is useful as a
replacement for a conventional 16/30 proppant mixture of the same ograde or a
lower grade. However, the extended PSD material has greater than 10% of its
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material falling outside the range for a 16/30 product, and thus does not meet
the API standard. Preferably less than about 80%, more preferably, less than
719%, and most preferably, less than 70% of the particles are in the -16 to +30
mesh range, as shown in TABLE 1 (All mesh sizes are ASTM U.S. Standard
mesh sizes, unless otherwise noted). Additionally, the proportions of small and
large particles are preferably controlled. The amount of +12 mesh beads (1.e.,
the wt.% of the total weight of beads which are trapped by a 12 mesh sieve or
larger) is preferably about 10% by wt., or less, of the total welght of the
mixture, more preferably, less than 5%, yet more preferably, less than 1%, and
most preferably, no more than about 0.6%. The amount of +14 mesh beads (1.e.,
the wt.% of the total weight of beads which are trapped by a 14 mesh sieve or
larger) is preferably about 20% by wt., or less, of the total weight of the
mixture, more preferably, less than 17%, and most preferably, no more than
about 13% (illustrated in Table 1 as the sum of the 12 and 14 mesh fractions).
The amount of -25 mesh beads (i.e., wt percent of the total welght of beads
which pass through a 25 mesh sieve) is preferably about 15% by wt., or less, of
the total weight of the mixture, more preferably, about 5-10%. The amount of -
30 mesh beads (i.e., beads which pass through a 30 mesh sieve) is preferably
2% by wt., or less, of the total weight of the mixture, more preferably, about 1%
by wt., or less. The amount of -85 mesh beads (i.e., beads which pass through a
30 mesh sieve) is preferably 1% by wt., or less, of the total weight of the
mixture, more preferably, about 0.5% by wt., or less. To achieve each or most
of these constraints, the standard deviation in particle size of the extended PSD
1s substantially greater than is the case in the conventional 16/30 product, i.e.,
the shape of the curve resulting when mesh size is plotted against % retained is
relatively broad in the middle.

100041] Preferably, for a 16/30 or 16/20 replacement proppant mixture, the
specific gravity is from about 2.1 to 2.9 g/cc for a LWP, about 3.0 to 3.5 o/ce for
an 1P, and about 3.3 to 4.2 g/cc for a HSP (all specific gravity values discussed
herein were determined by water displacement, unless otherwise noted). The
particle size distribution can be determined by screening the proppant mixture
through a series of sieves, of successively smaller sieve size (1.e., larger ASTM
U.S. Standard mesh number). For example, the proppant mixture is screened
through the following ASTM U.S. Standard mesh sieves: 10, 12, 14, 16, 18, 20,
25, 30, 35, 40, according to the American Petroleum Institute (API)
Recommended Practice 60 (RP 60). The API RP 60 test uses only six sieves,
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but additional sieves may be used, as here, to obtain a more accurate
distribution of particle size.

[00042] For the 16/30 or 16/20 replacement proppant mixture, the
percentage retained on the 14 mesh sieve (i.e., the wt.% of particles having a
diameter of from 1.4 mm-1.7 mm) is preferably from 0-25%, more preferably,
from 3-15%, most preferably, at least 5 wt%. The percentage retained on the
16 mesh sieve (i.e., the wt.% of particles having a diameter of from 1.18-1.4
mm) 18 preferably from 15-33 wt.%, more preferably, from 16-28%. The
percentage retained on the 18 mesh sieve (i.e., the wt.% of particles having a
diameter of from 1.0-1.18 mm) is preferably from 15-33 wt.%, more preferably,
from 16-28 wt.%. The percentage retained on the 20 mesh sieve (i.e., the wt.%
of particles having a diameter of from 0.85-1.0 mm) is preferably from 15-35
wt.%, more preferably, from 16-30 wt.%. The percentage retained on the 25
mesh sieve (i.e., the wt.% of particles having a diameter of from 0.71-0.85 mm)
1s generally from 1-25 wt.%, more typically, 5-25%, most typically, from 10 to
20 wt.%. The percentage retained on the 30 mesh sieve (i.e., the wt.% of
particles having a diameter of from 0.60-0.71 mm) is generally greater than
1%, typically, greater than 4 wt.%, more typically, 5-10 wt.%. The percentage
retained on the 35 mesh sieve (i.e., the wt.% of particles having a diameter of
from 0.50-0.60 mm) is generally less than 2%, preferably, less than 1%. Of
these parameters, the particle sizes of the sieves closest to the median particle
size, l.e., the sieve sizes overlapping and adjacent to the median particle size,
are generally the most important (the 16, 18, and 20 mesh fractions in the
Example of TABLE 1, where the median particle size is about 1.04 mm).
Preferably, a total of less than 75 wt. % of the pellets is retained by the 18, 20,
and 25 mesh sieves, more preferably, less than 68%, and most preferably, about
60% by wt. preferably, at least 82% by weight of the pellets have a diameter of
from 0.60 mm to 1.4 mm, more preﬁferably, at least 88% by weight.

[00043] By targeting the median particle size fairly close to that of a
conventional 16/30 ceramic proppant product, the Extended PSD has similar
flow characteristics during introduction to the well. If the median particle
diameter is substantially different to that of the conventional product which it

1s to replace (16/30 or 16/20 in the illustrated embodiment), it tends to have
different pumping characteristics.
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100044] Expressed in terms of mesh size and particle size, one suitable

Extended PSD as a replacement for a 16/30 product has the attributes noted in
TABLE 1.

TABLE 1
ASTM U.S. Equivalent Particle Weight % Retained
Standard Sieve Diameter Typical 16/30 Exemplary
Mesh Size Intermediate Extended PSD
Grade (PSD-4)
12 1.7-2.0 mm 0.0 0.5
14 1.4-1.7 mm 0.0 5.4
16 1.18-1.4 mm 6.0 27.1
18 1-1.18 mm 39.0 26.1
20 0.85-1.0 mm 43.0 20.9
25 0.71-0.85 mm 14.0 13.5
30 0.60- 0.71 mm 2.0 6.0
35 0.50-0.60 mm 0.0 0.4
[00045] The equivalent particle diameter 1s based on the mesh sizes,

assuming that the particles are spherical.

[00046] The extended PSD thus described is suited to use as a replacement
for a conventional 16/30 intermediate or lightweight grade and also as a

replacement for a conventional 16/20 lightweight grade proppant mixture.

[00047] Suitable starting materials for forming the proppants include those
containing oxides, such as aluminum oxides, such as alumina, silicon oxides,
such as silica, and mixtures thereof. Generally, the oxides of silica and
alumina comprise at least 80% by weight of the starting materials, expressed
in terms of the calcined (substantially anhydrous) weight, more preferably,
about 90%, or greater of the calcined weight. Exemplary starting materials
include clays (which are predominantly hydrated alumina), such as kaolin,
diaspore clay, burley clay, and flint clay, bauxitic clays, natural or synthetic
bauxites, mixtures thereof, and the like. The starting materials may be
uncalcined or partly calcined. The sintered proppant mixture formed from such

starting materials is preferably in the form of oxides, silicates, and aluminates
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which make up at least 50%, by weight, more preferably, at least 80%, and
most preferably, at least 90% by weight of the sintered proppant material.

[00048] Various sintering aids, such as bentonite clay, iron oxide, boron,
boron carbide, aluminum diboride, boron nitride, boron phosphide, other boron
compounds, or fluxes, such as sodium carbonate, lithium carbonate, feldspar,
manganese oxide, titania, calcium carbonate, and sodium silicates may be
added in amounts of up to about ten (10) weight percent to aid sintering. If
desired, a binder for example, a starch, resin or wax, such as gelatinized
cornstarch, polyvinyl alcohol, or combination thereof, may be added to the
1initial mixture to improve pelletizing and to increase the green strength of the
unsintered pellets. Generally the binder is added at about 0-6% by weight,

based on the weight of oxides.

[00049] The starting materials are preferably ground, for example, by ball
milling or other attrition process, to form particles having a mean size of about
20 microns or less, more preferably about 15 microns, or less, most preferably,
about 10 microns, or less, expressed in terms of the particle diameter (or
average diameter, where the particles are non-spherical). Prior to erinding, the

starting materials may be dried to improve the ease of grinding.

[00050] In a preferred method, the ground starting materials are combined
with a liquid, such as water, and mixed in an intensive mixer having a
rotatable containment vessel provided with a rotor table and a rotatable
impacting impeller, such as an Eirich mixer. The rotor table, or pan, rotates in
an opposite direction to the impacting impeller. The impacting 1impeller may
be in the form of a disk with rods or bars attached to the disk and aligned
generally parallel with the axis of rotation of the impeller. Sufficient water is
added to cause essentially spherical pellets of the mixture to form (generally,
about 15-40 wt.% water based on the weight of starting materials). After such
pellets have formed, from about 0-25%, more typically, 5 to about 15 percent of

additional ceramic powder (preferably, the same dry starting material as is
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used to form the wet mixture) by weight of pellets is added, and the mixer is

further operated to cause accretion of the added material to the pellets being

formed.

[00051] Although an intensive mixer is one way of producing pellets, other
forming methods are also contemplated. For example, a slurry of the starting

materials in water may be sprayed to form the pellets.

[00052] The resulting pellets are then dried to a moisture content of less
than about 10 weight percent, usually in a drier at between about 100°C and
about 300°C. The "green proppants" thus formed are thereafter sintered in a
furnace at sintering temperature until a specific gravity between about 2.1 and
4.2 g/cec is obtained, depending on the composition of the sintering mixture, and
the desired specific gravity of the proppants. For a LWP, the specific gravity
after sintering is preferably from about 2.1 to 2.9 g/cc, about 3.0 to 3.5 g/cc for
an 1P, and about 3.3 to 4.2 g/cc for a HSP. Sintering generally causes a
reduction of up to about 20% in pellet size as well as an increase in specific
gravity 1n the component products. Suitable sintering temperatures are
generally about 1150°C and above, more preferably, at about 1300°C or above,

most preferably, about 1500°C. Sintering temperatures can be as high as

about 1600°C.

[00053] The pellets are screened for size, preferably after drying. An initial
screening of the green proppants is carried out after drying but prior to
sintering. For example, a top screen having a mesh size of about 10 or 11 mesh
1s used to screen out the largest particles and a bottom screen having a mesh
size of about 18 or 20 is used to remove the finer particles (note that these
screens do not follow exactly the ASTM U.S. Standard mesh size designations).

The choice of top and bottom screens depends, in part, on the mixture
produced by the mixer and can be adjusted to tailor the median particle size of
the mixture. The rejected oversized and undersized pellets may be recycled. A

further screening may take place after sintering.
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[00054] The finished proppants are spherical (i.e., have an average
sphericity value of about 0.75 or greater, more preferably, at least 0.80, and
typically, 0.80-0.9). The particle size of the fired and screened proppant pellets
1s generally between 0.1 and about 2.5 millimeters. The screen sizes are
selected to provide a proppant mixture with the desired particle size

distribution, as discussed above.

[00055] The conductivity of a pack of the thus-formed proppant mixture
may be tested according to Stim-Lab's standard test procedure. The procedure
1s as follows. A 75 ton Dake Press is used with API Monel K-500 flow cells with
10 sq in. flow paths. Two 10 sq in. Ohio Sandstone blocks are used as core
slabs. An API cell is loaded with a proppant sample to be tested and leveled
with a blade device. The proppant sample is placed between the core slabs and
made a part of a four-cell stack. The cells are positioned between the platens of
the Dake Press. Pressure is increased to 500 psi and the system evacuated and
saturated with water at 70-75°F. Once saturated, the closure pressure is
icreased to 1000 psi, at a rate of 100 psi/min. The proppant is allowed to
equilibrate. The flow rate, pressure differential, and average width are
measured at each pressure in order to calculate conductivity. Five
measurements are taken and averaged to arrive at each conductivity. Flow
rate 1s measured with a Mettler balance to 0.01 ml/min. Darcy's Law is used
for the calculations to determine the cohductivity. The test temperature is then
increased to 250°F and allowed to equilibrate for 12 hours prior to increasing
the closure pressure. The conductivity of the proppant is determined at 1000

ps1, at room temperature, and at 1000 psi at 250°F.

[00056] The pressure is then increased at 100 psi per minute, at 1000-psi
increments and the above measuring technique repeated. The conductivity of

the proppant is continuously monitored for 50 hours at 250°F at a pressure of

2000 psi, 4000 psi, 6000 psi, 8000 psi, or at 10,000 psi, or higher.



CA 02513736 2005-07-19
WO 2004/067896 PCT/US2004/001285

-15-

[00057] The conductivity, as determined by this method, can be about
15,000-20,000 md-ft at 2000 psi, about 9000-10,000 md-ft at 6000 psi, and
about 6000-7000 md-ft at 8000 psi, for an intermediate grade ceramic
replacement for a 16/20 or 16/30 conventional mixture similar to that shown in
Table 1, which is fired at a temperature of at least about 1300°C, more
preferably, about 1500°C. Higher conductivities than these are also

contemplated.

[00058] The higher conductivity enables increased productivity irom a

seological formation due to increases in fracture hali-lengths.

[00059] Crush strength may be measured according to the American
Petroleum Institute Recommended Practice 60 (RP 60), except as noted herein.

Specifically, a portion of the proppant mixture is sieved through 18 and 40
mesh size sieves (for a 20/40 proppant mix replacement) or through 14 and 30
mesh sieves (for a 16/30 proppant mix replacement). The proppant material
retained on the lower sieve only is used for the test. A known weight of the
screened mixture is placed in a test cell with a piston (Fig 7.1 of RP 60) and the
cell placed in a press. The mixture is generally subjected to one of five different
stress levels (e.g., 5000, 7500, 10,000, 12,500, and 15,000 ps1) for two minutes.
The mixture is then sieved again using the two sieves and the fines collected 1n
a pan below the finer sieve are weighed. The crush strength (at the particular

stress level) is expressed in terms of wt.% fines, 1.e.,

icht of fines
h e ap— Lo -SSP T Ty
crush sireng weight of proppant sample x

placed inthe cell
[00060] The crush strength as determined by this method is preferably less
than 10%, more preferably, less than 7%, and most preferably, less than about
4.0%, for a proppant pack of the intermediate grade Extended PSD intended as
a 16/30 intermediate grade or 16/20 lightweight grade replacement, when
tested at 7500 psi, which is significantly less than for a comparable 16/20 LWP
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orade having approximately the same median particle diameter and at least
comparable, over most of the pressure range, to an [P grade formed from
similar materials. It will be appreciated that for high strength proppants, such
as those formed from sintered bauxite, crush strengths for an Extended PSD

mixture are respectively better.

[00061] T+ has been found that the additional fine pellets ("fines"), 1n excess
of the amount typically contained in a conventional 16/20 or 16/30 product, do
not reduce the conductivity of the product by clogging the void spaces created'
by the medium and large-sized pellets. Fines are defined as the percentage of
material found below the median mesh sieve. Additionally, it has been found
that the oversized pellets, which are inherently weaker, that are present in the
mixture, do not appear to crush prematurely and worsen the conductivity.
Both of these findings are contrary to the conventional expectations and
reasoning for producing a narrow size distribution proppant. These findings

are also true for other Extended PSD products, such as 20/40 replacements.

[00062] Although not fully understood, it 1s believed that the positive
benefits on the conductivity result from the natural particle packing
characteristics of the unique distribution. It is suggested that, rather than the
fine particles isolating themselves and falling into and clogging the void spaces,
the smaller particles distribute themselves around the larger spheres, acting as
bridges between the larger spheres. Therefore, they are not free to clog the
voids and may actually increase the void space because of the separations
caused between the larger spheres. The result is the much improved
conductivity at low applied stress apparent from the conductivity curves.
Furthermore, this bridged particle structure results in a stronger proppant
pack and withstands breakdown and collapse at a given closure stress value
better than would be expected. It is suggested that the multi-p article bridges
formed around the larger beads act as stress reducers as compared with the
smaller number of high stress point contacts formed when the larger beads are

in direct contact with each other.
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[00063] While the Extended PSD proppants of the present invention have
been described in terms of spherical sintered ceramic pellets, it 1s also
contemplated that other rigid materials may be used to form the proppants,
including plastics, resin-coated materials, and the like. The material selected
for the proppants should be suited to use under the pressures and at the depth

at which the formation is to be propped and be generally resistant to chemical
attack by the fluid.

[00064] While the foregoing has discussed the formulation of an Extended
PSD suited to replacement of a conventional 16/30 or 16/20 mix, it has also
been found that similar principles can be applied for preparing a replacement
for other conventional mixtures, such as a conventional 20/40 mixture, where
the median particle size is from 0.6-0.85. The mixf;ure can be defined by taking
a sequential set of ASTM U.S. Standard mesh sizes from the following: 10, 12,
14, 16, 18, 20, 25, 30, 35, 40, 50. The mesh size which retains a range of
particles which encompasses the median particle size of the Extended PSD
product is defined as the median mesh. The two sequentially adjacent meshes
(i.e., above and below the median mesh) are defined as the first upper and first
lower meshes, respectively. The next mesh sizes are the second upper and
second lower and so forth. The preferred and more preferred amounts by
weight retained on the median mesh, first upper, second upper, first lower,
second lower mesh, etc are preferably the same for each distribution. Thus, in
the case of a 16/30 and 16/20 Extended PSD replacement, which has a median

particle size of 1.04 mm, the meshes are as shown in TABLE 2.



CA 02513736 2005-07-19

WO 2004/067896 PCT/US2004/001285
.18-

TABLE 2
ASTM U.S. 12 14 16 18 20 25 30 35
Standard Mesh
Size
For a 16/30 or Jrd 2nd 1st Median ]st 2nd 3rd 4th
16/20 Upper | Upper | Upper | Mesh Lower | Lower | Lower | Lower
replacement Mesh Mesh mesh mesh Mesh mesh Mesh
Preferred wt % | <2 0-25 15-33 15-33 15-35 1-25 <10 <3
retained
More preferred | <1 2-15 16-29 16-32 16-30 H-17 <8 <]
wt % retained
Exemplary wt % | <1 2-10 18-28 24-32 18-28 10-17 1-7 <]
retained for an
Extended PDD
16/30 or 16/20
replacement
Example 0.5 5.4 27.1 26.1 20.9 13.5 6.0 0.4
Formulation, wt
%

[00065]

Preferably, a total of less than 75%, more preferably, less than 68%,

and most preferably, about 60% of the material in the mixture is retained on
the median mesh, first lower mesh, and second lower mesh. Additionally,
preferably 0-25% wt.% of the pellets are retained on the second upper mesh, 15-
33 wt.% of the particles are retained on the first upper mesh, 15-33 wt.% of the
pellets are retained on the median mesh, and 15-35 wt.% of the pellets are
retained on the first lower mesh. Preferably, no more than 80 wt.% of the
pellets are retained between the two sieves of the designation that the
Extended PSD is intended to replace (i.e., between the 16 mesh and 30 mesh
sieves in an Extended PSD intended as a 16/30 or 16/20 replacement.

[00066] An intermediate grade Extended PSD suited as a replacement for a

conventional 12/20 IP or LWP or as a replacement for a conventional 12/18
LWP can have a median diameter of at least 1.10 mm, e.g., from about 1.10
mm to about 1.45 mm. In one embodiment, 0-25% wt.% of the pellets have a
diameter of from 1.7-2.0 mm, more preferably, 0.5 -15 wt.% of the pellets
having a diameter of from 1.7-2.0 mm. 15-33 wt.% of the pellets have a
diameter of from 1.4-1.7 mm, more preferably, at least 16% wt.% of the pellets

have a diameter of from 1.4-1.7 mm. 15-33 wt.% of the pellets have a diameter
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of from 1.18-1.4 mm, more preferably, less than 32 wt.%, and most preferably,
less than 29 wt.% of the pellets have a diameter of from 1.18-1.4 mm. 15-35
wt.% of the pellets having a diameter of from 1.0-1.18 mm, more preferably, 16-
30 wt.% of the pellets have a diameter of from 1.0-1.18 mm. 5- 25 wt% of the

pellets having a diameter of from 0.85-1.0 mm.

[00067] In one specific embodiment of the intermediate grade Extended
PSD suited as a replacement for a conventional 12/20 IP or LWP or as a
replacement for a conventional 12/18 LWP , 2-10% wt.% of the pellets have a
diameter of from 1.7-2.0 mm, 18-28% wt.% of the pellets have a diameter of
from 1.4-1.7 mm, 24-32 wt.% of the pellets have a diameter of from 1.18-1.4
mm, and 18-28 wt.% of the pellets have a diameter of from 1.0-1.18 mm.

[00068] The Extended PSD proppants of the present invention are used in
the conventional manner to prop open a crack or fissure in a geological
formation and thereby increase conductivity of the oil, gas, or other fluid
desired to be extracted from the formation. Typically, a hollow casing is
inserted into a drilled well. A mixture of the Extended PSD proppants and a
gel or hiquid i1s introduced into the casing at an inlet and forced at high
pressure (typically 12,000-20,000 psi), into the geological formation through a
casing outlet or outlets. The pack of proppants prop open the cracks thus
created. The gel may be any fluid which has a sufficient viscosity to retain the

proppants in suspension.

[00069] Without intending to limit the scope of the invention, the following
examples demonstrate the improved properties of extended PSD proppants

produced by the method described above.
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EXAMPLES

EXAMPLE 1

[00070] An intermediate grade Extended PSD (Extended PSD-1) intended

as a 20/40 replacement mixture is prepared as follows. The starting material
(Arkansas bauxite) that had been previously ground to an average particle size
of about 10 microns is added to an Eirich mixer along with water and a binder
in sufficient amounts to fill the chamber of the mixer approximately two thirds
full. Rotation of the table and impeller is continued until seed pellets of a
suitable size are formed. A further amount of the initial bauxite material is
added. Rotation of the table and impeller is then continued for a few minutes

to form spherical pellets.

[00071] The pellets are then dried in a dryer to reduce the moisture content
to about 10% and then fired at about 1500°C for sufficient time to sinter them
and achieve the desired density. Prior to firing, they are screened to produce
a s1ze distribution, which on firing yields a desired size distribution. Further
screening 1s carried out after firing. The resulting pellets have a sphericity of
about 0.8-0.9, as determined using the Krumbein and Sloss chart. These
pellets are identified as Extended PSD-1 in TABLE 3 (compared with a

conventional 20/40 mixture). The equivalent particle diameter is also shown.

TABLE 3
Weight % Retained

ASTM U.S. Equivalent Particle Typical 20/40 Extended PSD-1
Standard Mesh Diameter Intermediate Grade
Size
16 >1.18 mm 0.0 0.5
18 1.0-1.18 mm 0.0 5.4
20 0.85-1.0 mm 2.0 27.1
25 0.71-0.85 mm, 38.0 26.1
30 0.60-0.71 mm 33.0 20.9
3D 0.50-0.60 mm 24.0 13.5
40 0.425-0.50 mm. 3.0 6.0
45 0.355-0.425 mm 0.0 0.4
50 0.30-0.355 mm 0.0 0.0
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[00072] These results are illustrated graphically in FIGURE 1, which shows
wt.% retained as a function of ASTM U.S. Standard mesh designation.

[00073] The extended PSD product (Extended PSD-1) has a specific gravity
of about 3.2 g/cc.

[00074] The test procedures and apparatus employed to test the
permeability in millidarcies-foot (md-it) of the pellets of the present invention

1s as described above.

[00075] Crush strength is determined as described above. The crush
strength for the Extended PSD-1 product, determined at 7500 psi, 1s 1.3%.
This compares with a crush strength of 0.8% for the conventional intermediate
orade 20/40 product, tested under the same conditions, and 1s much superior to

a conventional LWP.

EXAMPLE 2

[00076] A second intermediate grade proppant mixture (Extended PSD-2) 1s
prepared as for Example 1 with the size distribution shown in TABLE 4. The
equivalent particle diameter is shown. The nominal particle diameter 1s an

average of the maximum and minimum values.

TABLE 4
Sieve Equivalent Particle | Nominal Weight % Retained
Mesh Diameter (mm) Particle Extended Comp. Comp.
Size Diameter PSD-2 Ex. A Ex. B
(mm)
16 >1.18 mm ~1.6 0.5 0.0 0.0
18 1.0-1.18 mm 1.09 6.0 0.0 0.0
20 0.85-1.0 mm 0.93 27.9 3.7 5.0
25 0.71-0.85 mm 0.78 24.7 28.6 33.0
30 0.60-0.71 mm 0.66 21.9 31.4 35.0
390 0.50-0.60 mm 0.95 12.8 34.3 20.0
40 0.425-0.50 mm 0.46 6.0 2.0 6.0
45 0.355-0.425 mm 0.39 0.4 0.0 1.0
50 0.30-0.355 mm 0.33 0.0 0.0 0.0
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[00077] The Extended PSD-2 product has a specific gravity of 3.2 g/cc and a
median particle diameter of about 0.74 mm. Conductivity is generally
significantly higher than in conventional 20/40 LWP grade products, such as
the two commercial LWP 20/40 grade proppant mixtures labeled Comparative
Example A (Comp. Ex. A) and Comparative Example B (Comp. Ex. B), and

comparable to or higher than an intermediate grade product.

[00078]} FIGURE 2 shows the conductivity in md-ft of the proppant pack as
a function of the pressure in psi applied to the proppant pack for the Extended
PSD-2 product. These are compared with values for the conventional 20/40
intermediate grade of Example 1, determined by the same method. FIGURE 3
shows a similar comparison, but with a 20/40 LWP grade. As can be seen from
FIGURES 2 and 3, the Extended PSD-2 functions better than the conventional
LWP product over the entire range and better than the IP grade over the 2000
to 8000 ps1 range.

[00079] FIGURE 4 shows the conductivities of packs formed from the
second Extended PSD sample (PSD-2) and packs formed from Comp. Ex. A, and
Comp. Ex. B. As seen from FIGURE 4, the Extended PSD-2 product

outperformed the two conventional LWP samples, while also providing a
comparable cost product. Comp. Ex. A has a median particle diameter of about
0.65 mm. Comp. Ex. B is an aluminosilicate ceramic proppant in which 67-69%
1s 1n the form of aluminum silicate (mullite) 0-30% is in the form of silica
(crystobalite), 0-30% is in the form of silica (quartz), less than 2% is iron oxide,
and less than 3% is titanium. It has a median particle diameter of about 0.66

mm.

EXAMPLE 3

[00080] A third intermediate grade proppant mixture (Extended PSD-3) is
prepared as for Example 1 with the size distribution shown in TABLE 5. The

equivalent particle diameter is shown. The nominal particle diameter is an

average of the maximum and minimum values.
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TABLE 5
Sieve Equivalent Nominal Weight % Retained
Mesh Particle Diameter | Particle Extended Comp. Comp.
Size (mm) Diameter PSD-3 Ex. A Ex. B
(mm)
16 >1.18 mm ~1.6 0.5 0.0 0.0
18 1.0-1.18 mm 1.09 5.6 0.0 0.0
20 0.85-1.0 mm 0.93 24.5 3.7 5.0
25 0.71-0.85 mm 0.78 24.1. 28.6 33.0
30 0.60-0.71 mm 0.66 23.2 31.4 35.0
35 0.50-0.60 mm 0.55 14.4 34.3 20.0
40 0.425-0.50 mm 0.46 7.1 2.0 6.0
45 0.355-0.425 mm 0.39 0.5 0.0 1.0
o0 0.30-0.355 mm 0.33 0.1 0.0 0.0

[00081] FIGURE 5 compares the percentage crushed at three different
pressures for the Extended PSD-3 product and two commercial LWP 20/40
erade proppant mixtures labeled Comparative Example A (Comp. Ex. A) and
Comparative Example B (Comp. Ex. B). Comp. Ex. A has a median particle
diameter of about 0.656 mm. Comp. Ex. B 1s an aluminosilicate ceramic
proppant in which 67-69% is in the form of aluminum silicate (mullite) 0-30% is
in the form of silica (crystobalite), 0-30% is in the form of silica (quartz), less
than 2% 1s iron oxide, and less than 3% is titanium. It has a median particle

diameter of about 0.66 mm.

EXAMPLE 4

[00082] An intermediate grade Extended PSD (Extended PSD-4) intended
as a 16/30 IP/LWP or 16/20 LWP replacement is prepared using the same
method as for Example 1. Prior to firing, the particles are screened with
sultable screens (top screen at 10 or 11 mesh and bottom screen at 18 or 20
mesh) to produce a size distribution which on firing yields the desired size
distribution. Further screening is carried out after firing. The resulting pellets

have a sphericity of about 0.8-0.9, as determined using the Krumbein and Sloss

chart. These pellets are identified as Extended PSD-4 in TABLE 6 (compared
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TABLE 6
Weight % Retained

ASTM U.S. Equivalent Typical 16/30 Typical 16/20 Extended

Standard Particle Intermediate Light Weight PSD-4

Mesh Size Diameter Grade Grade

12 1.7-2.0 mm 0.0 0.0 0.5

14 1.4-1.7 mm 0.0 0.0 5.4

16 1.18-1.4 mm 6.0 4.0 27.1

18 1.0-1.18 mm 35.0 57.3 26.1

20 0.85-1.0 mm 43.0 38.1 20.9

25 0.71-0.85 mm 14.0 0.6 13.5

30 0.60-0.71 mm 2.0 0.0 6.0

35 0.50-0.60 mm 0.0 0.0 0.4
[00083] These results are illustrated graphically in FIGURE 6, which shows

wt.% retained as a function of ASTM U.S. Standard mesh designation.

[00084] The extended PSD product (Extended PSD-4) has a specific gravity

of about 3.2 g/cc and a median particle diameter of 1.04 mm.

EXAMPLE 5

[00085] An intermediate grade Extended PSD (Extended PSD-5) intended
as a 16/30 IP/LWP or 16/20 LWP replacement is prepared using the same
method as for Example 1. Prior to firing, the particles are screened with
suitable screens (top screen at 10 or 11 mesh and bottom screen at 16 or 18
mesh) to produce a size distribution which on firing yields the desired size
distribution. Further screening is carried out after firing. The resulting pellets
have a sphericity of about 0.8-0.9, as determined using the Krumbein and Sloss
chart. These pellets are identified as Extended PSD-5 in TABLE 7 (compared

with two conventional 16/20 mixtures). The equivalent particle diameter is

also shown.
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TABLE 7
Weight % Retained
ASTM U.S. Equivalent Typical 16/20 Typical 16/20 Extended
Standard Particle Light Weight Light Weight PSD-5
Mesh Size Diameter Grade Grade
12 1.7-2.0 mm 0.0 0.0 0.0
14 1.4-1.7 mm 0.0 0.0 2.8
16 1.18-1.4 mm 0.4 2.0 20.6
18 1.0-1.18 mm 29.6 30.0 31.9
20 0.85-1.0 mm 60.0 60.0 26.8
25 0.71-0.85 mm 9.6 3.0 16.4
30 0.60-0.71 mm 04 0.0 1.5
35 0.50-0.60 mm 0.0 0.0 0.0
[00086] The extended PSD product (Extended PSD-5) has a specific gravity

of about 3.2 g/ce and a median particle diameter of 1.02 mm.

[00087] FIGURE 7 shows the conductivity in md-ft of the proppant pack as

a function of the pressure in psi applied to the proppant pack for the Extended
PSD-5 product. These are compared with values for a conventional 16/30
intermediate grade, determined by the same method. FIGURE 8 shows a
similar comparison, but with a conventional 16/20 LWP grade. As can be seen
from FIGURES 7 and 8, the Extended PSD-5 functions better than the
conventional IP product at pressures up to 6000 psi and comparable at higher
pressures. It also performs comparable to the conventional LWP product at

2000 psi and superior to the LWP product at higher pressures.

[00088] FIGURE 9 shows the conductivity in md-ft of the proppant pack as

a function of the pressure in psi applied to the proppant pack for the Extended
PSD-5 product. These are compared with values for the two conventional 16/20
lightweilght grades in Table 7, determined by the same method. The Extended
PSD-5 outperformed or was comparable to the two conventional LWP samples

over the range of pressures tested, while also providing a comparable cost

product.
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[00089] FIGURE 10 shows the crush strength in terms of % crushed, for the
Extended PSD-5 product. The crush strength for the Extended PSD-5 product,
determined at 7500 psi, is 1.7%. This compares with a crush strength of 2.2%
for the conventional intermediate grade 16/30 product and is superior to

conventional light weight grade 16/20 products, which exhibit a crush strength
of 13.8-14.0%, tested under the same conditions.

EXAMPLE 6

[00090} An intermediate grade Extended PSD (Extended PSD-6) intended
as a 12/20 IP/LWP or 12/18 LWP replacement is prepared using the same
method as for Example 1. Prior to firing, the particles are screened with
sultable screens (top screen at 8 or 9 mesh and bottom screen at 16 or 18 mesh)
to produce a size distribution which on firing yields the desired size
distribution. Further screening is carried out after firing. The resulting pellets
have a sphericity of about 0.8-0.9, as determined using the Krumbein and Sloss
chart. These pellets are identified as Extended PSD-6 in TABLE 8 (compared
with conventional 12/20 IP and 12/18 LWP mixtures). The equivalent particle

diameter i1s also shown.

TABLE 8
Weight % Retained

ASTM U.S. Equivalent Typical 12/20 Typical 12/18 Extended
Standard Particle Intermediate Light Weight PSD-6
Mesh Size Diameter Grade Grade
10 2.0-2.36 mm 0.0 0.0 0.0
12 1.7-2.0 mm 0.0 1.0 0.7
14 1.4-1.7 mm 0.0 38.0 26.7
16 1.18-1.4 mm 16.2 46.0 24.3
18 1.0-1.18 mm 42.4 15.0 24.6
20 0.85-1.0 mm 36.8 0.0 16.4
25 0.71-0.85 mm 4.6 0.0 6.8
30 0.60-0.71 mm 0.0 0.0 0.0
35 0.50-0.60 mm. 0.0 0.0 0.0
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[00091} These results are illustrated graphically in FIGURE 11, which

shows wt.% retained as a function of ASTM U.S. Standard mesh designation.

[00092] The extended PSD product (Extended PSD-6) has a specific gravity

of about 3.2 g/cc and a median particle diameter of 1.19 mm.

EXAMPLE 7

[00093] An intermediate grade Extended PSD (Extended PSD-7) intended
as a 12/20 IP/LWP or 12/18 LWP replacement is prepared using the same
method as for Example 1. Prior to firing, the particles are screened with
suitable screens (top screen at 8 or 9 mesh and bottom screen at 16 or 18 mesh)
to produce a size distribution which on firing yields the desired size
distribution. Further screening is carried out after firing. The resulting pellets
have a sphericity of about 0.8-0.9, as determined using the Krumbein and Sloss
chart. These pellets are identified as Extended PSD-7 in TABLE 9 (compared

with two conventional 12/18 mixtures). The equivalent particle diameter 1s

also shown.
TABLE 9
Weight % Retained )

ASTM U.S. Equivalent Typical 12/18 Typical 12/18 Extended PSD-
Standard Particle Light Weight Light Weight 7
Mesh Size Diameter Grade Grade
10 ' 2.0-2.36 mm 0.0 | o0.0 0.6
12 1.7-2.0 mm 2.8 1.0 5.7
14 1.4-1.7 mm 21.0 38.0 26.6
16 1.18-1.4 mm. 57.4 46.0 25.7
18 1.0-1.18 mm 18.6 15.0 20.0
20 0.85-1.0 mm 0.2 0.0 14.7
25 0.71-0.85 mm 0.0 0.0 5.9
30 0.60-0.71 mm 0.0 0.0 0.8
35 0.50-0.60 mm 0.0 0.0 0.0

[00094] The extended PSD product (Extended PSD-7) has a specific gravity

of about 3.2 g/cc and a median particle diameter of 1.23 mm.
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[00095] FIGURE 12 shows the conductivity values in md-ft of the proppant
pack as a function of the pressure in psi applied to the proppant pack for the
Extended PSD-7 product. These are compared with values for a conventional
12/20 intermediate grade, determined by the same method. FIGURE 13 shows
a similar comparison, but with a conventional 12/18 LWP grade. As can be
seen from FIGURES 12 and 13, the Extended PSD-7 functions better than both
the conventional 12/20 IP product and the conventional 12/18 LWP product

over the range of pressures tested.

[00096] FIGURE 14 shows the conductivity in md-ft of the proppant pack as
a function of the pressure in psi applied to the proppant pack for the Extended

PSD-7 product. These are compared with values for the two conventional 12/18
lightweight grades in TABLE 9, determined by the same method. The
Extended PSD-7 outperformed the two conventional LWP samples over the

range of pressures tested, while also providing a comparable cost product.

[00097] FIGURE 15 shows the crush strength in terms of % crushed, for the
Extended PSD-7 product. The crush strength for the Extended PSD-7 product,
determined at 7500 psi, 1s 2.5%. This compares with a crush strength of 3.5%
for a conventional intermediate grade 12/20 product and is superior to

conventional light weight grade 12/18 products, which exhibit a crush strength
of 15.1-17.6%, tested under the same conditions.



CA 02513736 2008-03-26

0.

Having thus described the preferred embodiments, the invention is now claimed to be:

1. A method of forming a proppant mixture comprising combining a particulate
material with a liquid to form a mixture, forming the mixture into spherical pellets, the method
characterized by:

screening the pellets; and

firing the pellets to provide a proppant mixture with a median diameter such that when
the proppant mixture is sieved through a sequential series of mesh sizes selected from the ASTM
U.S. Standard mesh sizes consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45, the median
diameter is in a median mesh size corresponding to one of the meshes in the series, and wherein:

0-25 wt.% of the pellets are retained on the sieve having a mesh size which is two sizes
preceding the median mesh in the sequence;

15-33 wt.% of the pellets are retained on the sieve having a mesh size immediately
preceding the median mesh in the sequence;

15-33 wt.% of the pellets are retained on the median mesh; and

15-35 wt.% of the pellets are retained on the next subsequent mesh in the sequence.

2. The method of claim 1, further characterized by:

the median diameter being at least 0.9 mm.

3. The method of claim 2, further characterized by:

0-25 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;

15-33 wt.% of the pellets having a diameter of from 1.18 - 1.4 mm;
15-33 wt.% of the pellets having a diameter of from 1.0 - 1.18 mm; and
15-35 wt.% of the pellets having a diameter of from 0.85 - 1.0 mm.

4. The method of claim 3, further characterized by at least one of the following
being true:

at least 2 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;

at least 16 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;

less than 32 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm;

less than 30 wt.% of the pellets have a diameter of from 0.85 - 1.0 mm; and
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at least 5% of the pellets having a diameter of from 0.71 - 0.85 mm.

5. The method of claim 3, further characterized by:

less than 15 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;

at least 16 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;

less than 29 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm; and
at least 16 wt.% of the pellets have a diameter of from 0.85 - 1.0 mm.

6. The method of claim 4, further characterized by:

2-10 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;
18-28 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;
24-32 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm; and
18-28 wt.% of the pellets have a diameter of from 0.85 - 1.0 mm.

7. The method of any one of claims 2 to 6, further characterized by:
less than 25 wt.% of the pellets having a diameter of from 0.71 - 0.85 mm.

8. The method of any one of claims 2 to 7, further characterized by:
at least 5 wt.% of the pellets having a diameter of from 0.71 - 0.85 mm.

0. The method of any one of claims 2 to 8, further characterized by:

the fired pellets in the mixture have a median diameter of from 0.9 mm to 1.15 mm.

10.  The method of any one of claims 2 to 9, further characterized by:
at least 95% by weight of the fired pellets in the mixture having a diameter of

from 0.60 mm to 1.7 mm.

11.  The method of claim 10, further characterized by:
at least 98% by weight of the fired pellets in the mixture having a diameter of

from 0.60 mm to 1.7 mm.



CA 02513736 2008-03-26

31-

12. The method of any one of claims 2 to 11, further characterized by:
less than 80 wt.% of the pellets in the mixture have a diameter in the range ot 0.71 - 1.18

M,

13. The method of claim 1, further characterized by:

the median diameter being at least 1.10 mm.

14.  The method of claim 13, further characterized by:

0-25 wt.% of the pellets having a diameter of from 1.7 - 2.0 mm;

15-33 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;
15-33 wt.% of the pellets having a diameter of from 1.18 - 1.4 mm; and
15-35 wt.% of the pellets having a diameter of from 1.0 - 1.18 mm.

15. The method of claim 14, further characterized by at least one of the following
being true:

at least 2 wt.% of the pellets having a diameter of from 1.7 - 2.0 mm;

at least 16 wt.% of the pellets have a diameter of from 1.4 - 1.7 mm;

less than 32 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;

less than 30 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm; and

at least 5 wt.% of the pellets having a diameter of from 0.85 - 1.0 mm.

16.  The method of claim 14 or 15, further charactenzed by:

less than 15 wt.% of the pellets having a diameter of from 1.7 - 2.0 mm;

at least 16 wt.% of the pellets have a diameter of from 1.4 - 1.7 mm;

less than 29 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm; and
at least 16 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm.

17.  The method of claim 16, further characterized by:

2-10 wt.% of the pellets having a diameter of from 1.7 - 2.0 mm;
18-28 wt.% of the pellets have a diameter of from 1.4 - 1.7 mm;
24-32 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm; and
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18-28 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm.

18.  The method of any one of claims 13 to 17, further characterized by:
less than 25 wt.% of the pellets having a diameter of from 0.85 - 1.0 mm.

19.  The method of any one of claims 13 to 18, further characterized by:
at least 5 wt.% of the pellets having a diameter of from 0.85 - 1.0 mm.

20.  The method of any one of claims 13 to 19, further characterized by:

the fired pellets in the mixture have a median diameter of from 1.10 mm to 1.45 mm.

21.  The method of any one of claims 13 to 20, further characterized by:
at least 95% by weight of the fired pellets in the mixture having a diameter of from 0.71

mm to 2.0 mm.

22.  The method of claim 21, further characterized by:
at least 98% by weight of the fired pellets 1n the mixture having a diameter of from 0.71

mm to 2.0 mm.

23.  The method of any one of claims 13 to 22, further characterized by:
less than 80 wt.% of the pellets in the mixture have a diameter in the range of 0.85 - 1.4

24.  The method of any one of claims 13 to 23, further characterized by:

the particulate material comprising at least one of silica and alumina.

25.  The method of any one of claims 1 to 24, further characterized by:

the particulate material having a mean particle diameter of less than 20 microns.

26.  The method of any one of claims 1 to 25, further characterized by:
the step of screening being carried out at least in part prior to the step of firing.
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27. A proppant mixture characterized by:

a plurality of ceramic pellets with a median diameter, such that when the proppant
mixture is sieved through a sequential series of mesh sizes selected from the ASTM U.S.
Standard mesh sizes consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45, the median
diameter is in a median mesh size corresponding to one of the meshes in the series, and wherein:

0-25 wt.% of the pellets are retained on the sieve having a mesh size which 1s two sizes

preceding the median mesh in the sequence;

15-33 wt.% of the pellets are retained on the sieve having a mesh size immediately

preceding the median mesh in the sequence;
15-33 wt.% of the pellets are retained on the median mesh; and

15-35 wt.% of the pellets are retained on the next subsequent mesh 1n the sequence.

28.  The proppant mixture of claim 27, further characterized by:
a gel, the pellets being intermixed with the gel.

29.  The proppant mixture of either one of claims 27 and 28, further characterized by:
the crush strength of the pellets being less than 10% at 7500 psi.

30.  The proppant mixture of any one of claims 27 to 29, further characterized by:
the pellets having a sphericity of at least 0.75.

31.  The proppant mixture of any one of claims 27 to 30, further characterized by:

less than 75 wt.% of the pellets falling within the median mesh size and the subsequent

two mesh sizes in the sequence.

32.  The proppant mixture of claim 31, further characterized by:
at least 82 wt.% of the pellets falling within the median mesh size and the subsequent two

mesh sizes in the sequence and the prior two mesh sizes in the sequence.
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33.  The proppant mixture of claim 32, further characterized by:
at least 88 wt.% of the pellets falling within the median mesh size and the subsequent two

mesh sizes in the sequence and the prior two mesh sizes in the sequence.

34.  The proppant mixture of any one of claims 27 to 33, further characterized by:

the median diameter being at least 0.9 mm.

35.  The proppant mixture of claim 34, further characterized by:
at least 2 wt.% of the pellets having a diameter of from 1.4 - 1.7 mm;
at least 16 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;

less than 32 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm;
less than 30 wt.% of the pellets have a diameter of from 0.85 - 1.0 mm; and
at least 5 wt.% of the pellets having a diameter of from 0.71 - 0.85 mm.

36.  The proppant mixture of any one of claims 27 to 33, further characterized by:

the median diameter being at least 1.10 mm.

37.  The proppant mixture of claim 36, further characterized by:
at least 2 wt.% of the pellets having a diameter of from 1.7 - 2.0 mm;
at least 16 wt.% of the pellets have a diameter of from 1.4 - 1.7 mm;

less than 32 wt.% of the pellets have a diameter of from 1.18 - 1.4 mm;
less than 30 wt.% of the pellets have a diameter of from 1.0 - 1.18 mm; and
at least 5 wt.% of the pellets having a diameter of from 0.85 - 1.0 mm.

38. A method of propping a geological formation, comprising:

combining spherical pellets with a liquid or gel to form a mixture and forcing the mixture
under pressure into the geological formation until the pellets are situated in cracks in the
formation, the spherical pellets having a median diameter such that when the proppant mixture is
sieved through a sequential series of mesh sizes selected from the ASTM U.S. Standard mesh
sizes consisting of 10, 12, 14, 16, 18, 20, 25, 30, 35, 40, and 45, the median diameter 1s 1n a

median mesh size corresponding to one of the meshes in the series, and wherein:
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0-25 wt.% of the pellets are retained on the sieve having a mesh size which 1s two sizes
preceding the median mesh in the sequence;

15-33 wt.% of the pellets are retained on the sieve having a mesh size immediately
preceding the median mesh in the sequence;

15-33 wt.% of the pellets are retained on the median mesh; and

15-35 wt.% of the pellets are retained on the next subsequent mesh in the sequence.
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