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Methods for Producing Sintered Particles from a Slurry

of an Alumina-Containing Raw Material

Background

The present invention relates to methods for producing substantially round, spherical and
sintered particles from a slurry of an alumina-containing raw material. The methods described
herein provide for nucleation and promotion of the growth of mullite crystals in the sintered
particleé, which in turn contributes strength to the sintered particles. The sintered particles are
prepared from a slurry of a calcined, uncalcined, or partially calcined raw material having an
alumina content of more than 55% by weight, and a mullite growth promoter in an amount of
from about 2 to about 10% dry weight of the total solids in the slurry. The sintered particles
produced according to methods described herein are suitable for use as a propping agent or as a
foundry media.

Qil and natural gas are produced from wells having porous and permeable subterranean
formations. The porbsity of the formation permits the formation to store oil and gas, and the
permeability of the formation permits the oil or gas fluid to move through the formation.
Permeability of the formation is essential to permit oil and gas to flow to a location where 1t can
be pumped from the well. Sometimes the permeability of the formation holding the gas or oil 1S
insufficient for economic recovery of oil and gas. In other cases, during operation of the well,
the permeability of the formation drops to the extent that further recovery becomes
uneconomical. In such cases, it is necessary to fracture the formation and prop the fracture 1n an
open condition by means of a proppant material or propping agent. Such fracturing 1s usually
accomplished by hydraulic pressure, and the proppant material or propping agent is a particulate
material, such as sand, glass beads or ceramic particles, which are carried into the fracture by
means of a fluid.

The foundry industry has traditionally used inexpensive natural sands for casting.
However, natural sands exhibit large thermal expansion characteristics, which means that the
core boxes and molds must be highly pre-engineered to allow for the expansion of the sand when
it comes in contact with the heat from the molten metal. Many times, despite pre-engineering
efforts, expansion related defects occur resulting in scrapped parts or parts requiring high
cleaning cost to correct. In addition, natural sands contain crystalline quartz silica, which is a

health and environmental hazard within the workplace. Also, natural sands are mined, which
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results in product inconsistencies that lead to casting inconsistencies. Furthermore, most silica
sands are not well rounded and are somewhat friable resulting in low flowability and |
compaction, high breakdown and high solid waste emissions. Specialty sands, such as zircon
and chromite, have low expansion properties but are very dense, making core handling more
difficult and requiring more resin to obtain adequate tensile strengths. These products are mined
and present concerns of availability, consistency and sizing flexibility. They also tend to be

somewhat friable.

Brief Description of the Drawings
Fig. 1 is a schematic illustration of a system for preparing substantially round and

spherical particles from a slurry as described herein.

Detailed Description

Described herein are methods for preparing substantially round and spherical particles
from a slurry of an alumina-containing raw material. The alumina-containing raw material can
be calcined, uncalcined, or partially calcined.

The term “substantially round and spherical” and related forms, as used herein, 1s defined
to mean an average ratio of minimum diameter to maximum diameter of about 0.8 or greater, or
having an average sphericity value of about 0.8 or greater compared to a Krumbein and Sloss
chart.

The term “uncalcined” and related forms refers to a raw material that contains a residual
amount of naturally-occurring volatiles, for example, from about 10 to about 40 wt. %, which
may include organics and chemically bound water (also referred to as “water of hydration™).

The term “calcined” and related forms refers to a raw material that has been treated with
temperatures and times sufficiently high enough to remove organic material and to substantially
remove water of hydration.

The alumina-containing raw material may be a substantially homogenous raw material or
a blend of raw materials (collectively referred to as “raw material” where appropriate). The raw
material has an alumina content of greater than about 55% by weight (on a calcined basis). In
certain examples, the raw material has an alumina content of greater than about 60%, greater
than about 65%, greater than about 70%, or greater than about 75% by weight (on a calcined

basis). In certain examples, the raw material has an alumina content of up to about 80% by
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weight (on a calcined basis). Exemplary raw materials include but are not limited to bauxite,
bauxitic kaolin, gibbsitic bauxite and diaspore bauxite. A raw material having less than 55% by
weight alumina, which could be certain kaolin, diaspore, burley and flint clays, can be blended
with a higher alumina raw material, such as a bauxite, to result in a raw material suitable for use
with the methods described herein.

The sintered particles are prepared from a slurry of the alumina-containing raw material
and a mullite growth promoter, where the mullite growth promoter is present in an amount of
from about 2 to about 10% dry weight of the total solids in the slurry. Suitable mullite growth
promoters include iron oxide. According to certain examples, a substantially homogenous raw
material having an iron oxide content in a range of from about 2 to about 10% dry weight of the
total solids in the slurry can be used. In other examples, a blend of raw materials can be
prepared such that the blended raw material has an iron oxide content of about 2 to about 10%
dry weight of the total solids in the slurry. As an alternative to blending raw materials prior to
making the slurry, separate slurries can be prepared as described herein, and the prepared slurries
can be blended and fed through a fluidizer as described herein.

In still other examples, iron oxide is added to a substantially homogenous raw material or
a blend of raw materials such that an iron oxide content in an amount of from about 2 to about
10% dry weight of the total solids in the slurry results. In certain examples, iron oxide is present
in the raw material or is added to the raw material to result in an iron oxide content of from about
3 to about 7% by weight, or from about 3 to about 6% by weight, or from about 3 to about 5% by
weight, of the total solids in the slurry. In still other examples, the iron oxide content is from
about 5 to about 7% by weight of the total solids in the slurry.

In certain examples, magnesium oxide, manganese oxide, titanium oxide and oxides of
the Lanthanide series of rare earth metals could be added to the slurry as a sintering aid.

As described herein, substantially round and spherical particles are prepared with a slurry
of alumina-containing raw material. In certain examples, the particles have a specific gravity
between about 2.70 and about 3.50 g/em’, and a bulk density of between about 1.55 and 1.95
g/cm®. In other examples, substantially round and spherical particles produced according to
methods described herein have a specific gravity of about 2.90, 3.10 or 3.30 g/cm’, or a bulk
density of about 1.65, 1.70, 1.75, 1.80 or 1.85 g/cm’.

In certain embodiments, the present method can be used to make substantially round and

spherical particles having a crush strength at 10,000 psi of from about 4 percent to about 7



CA 02599025 2007-08-23
WO 2006/094074 PCT/US2006/007308

4/28

percent, and a short term conductivity at 10,000 psi of from about 3000 mD-ft to about 3800
mD-ft.

In still other examples, the present method can be used to make substantially round and
spherical particles having an ASG of from about 2.50 to about 3.70. In still other examples,
substantially round and spherical particles having an ASG of from about 3.00 to about 3.50 are
produced.

According to other examples, substantially round and spherical particles having a size in
a range between about 6 and 270 U.S. Mesh after sintering can be produced. According to still
other examples, substantially round and spherical particles having a size in a range of from about
3.35 to about 0.05 millimeters can be produced. According to yet other examples, the size of the
particles is expressed as a grain fineness number (GFN) in a range of from about 15 to about
300, or from about 30 to about 110, or from about 40 to about 70. According to such examples,
a sample of sintered particles can be screened in a laboratory for separation by size, for example,
intermediate sizes between 20, 30, 40, 50, 70, 100, 140, 200, and 270 U.S. mesh sizes to
determine GFN. The correlation between sieve size and GFN can be determined according to
Procedure 106-87-S of the American Foundry Society Mold and Core Test Handbook, which is
known to those of ordinary skill in the art.

Generally, relatively smaller particles can be used as foundry media, while relatively
larger particles can be used as propping agents. Regardless of size, however, the use of a mullite
growth promoter in the manufacture of the particles produces particles having a mullite content
that enhances the strength of the particles as compared to particles made according to
conventional methods. The methods described herein provide for nucleation and promotion of
the growth of mullite crystals in the sintered particles, which in turn contributes strength to the
sintered particles. Expansion of mullite is significantly lower than the expansion of cristobalite
or corundum, thus, the thermal expansion property of a media as-described herein could also be
low enough for use as a foundry media.

The mullite content of sintered particles as descried herein can be theoretically calculated
based on the amount of alumina in the particles. Generally, particles having an alumina content
of about 72% by weight would theoretically have about 100% mullite, although the actual
mullite content would be affected by the balance of oxides in the particles. X-ray diffraction

analysis can be used to determine the actual mullite content of the particles.
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Exemplary embodiments of the present disclosure include a composition comprising
from about 55% to about 65% alumina, from about 25% to about 35% silica,.and an 1ron oxide
content of from about 2% to about 10% (balance of alkalis), which produces a media that has a
mullite content above 85%. In addition, such a media would have a low thermal expansion
property, such as less than about 0.55% linear change (about 5.0 X 10 in/in°C coefficient of
thermal expansion) at 1100°C and a minor crystalline silica content. In other examples, a
composition comprising from about 55% to about 80% alumina, from about 10% to about 35%
silica, and an iron oxide content of from about 2% to about 10% (balance of alkalis), which
produces a media that has a mullite content above 75%, as corundum would begin to form. In
other exemplary embodiments, a 55% kaolin clay having about 45% alumina and about 1% iron
oxide could be blended with about 45% bauxitic ores having about 85% alumina and about 7%
iron oxide to yield roughly a 60% alumina, 30% silica and 4% iron oxide product. This product
would have properties of about 0.42% linear change (about 4.6 X 10 in/in°C coefficient of
thermal expansion) at 1100°C and a minor crystalline silica content.

According to certain examples described herein, the substantially round and spherical
particles are made in a continuous process, while in other examples, the particles are made in a
batch process.

Referring now to Fig. 1, an exemplary system for implementing a continuous process for
preparing substantially round and spherical particles from a slurry is illustrated. The exemplary
system 1llustrated in Fig. 1 is similar in configuration and operation to that described in U.S.
Patent No. 4,440,866, the entire disclosure of which is hereby incorporated by reference herein.
The operations performed by the exemplary system illustrated in Fig. 1 can also be used to
describe a method for making the particles according to a batch process, as is disclosed further in
Example 1.

In the system illustrated in Fig. 1, a calcined, uncalcined, or partially calcined raw
material having an alumina content of greater than about 55% by weight (on a calcined basis) is
passed through a shredder 105 to chop the raw material into small chunks. In some examples,
the shredder will be optional if the raw material as mined, or as received, (referred to herein as
“untreated” raw material) is of such consistency that it can be processed as described herein
without shredding.

Raw material fed through a shredder such as is illustrated in Fig. 1, is referred to as

“treated” raw material. As noted above, the raw material may have an iron oxide content of from
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about 2 to about 10% by weight inherently, or iron oxide may be added to the raw material such
that an iron oxide content of from about 2 to about 10% *dr)f_Weight of the total solids in tﬁe
slurry results. If iron oxide is to be added to the raw material, it is preferably added after the raw
material has been shredded, for example, in a subsequent blunging or mixing step as will be
discussed further herein.

In certain examples, the shredder will break the raw material down into pieces having a
diameter of less than about five inches, although pieces having smaller and larger diameters can
be further processed into a slurry as described herein. Shredders and numerous other devices for
breaking up such raw materials, as well as commercial sources for same, are known to those of
ordinary skill in the art.

The shredded raw material is fed to a blunger 110, where it is further broken down, and
water 1s added to form a slurry. In a continuous process, the raw material and water is provided
to the blunger as a continuous feed. Blungers and similar devices for making slurries of such
materials, as well as commercial sources for same, are known to those of ordinary skill in the art.

If the iron oxide content of the raw material is such that supplemental iron oxide should
be added to result in an iron oxide content of about 2 to about 10% dry weight of the total solids
in the slurry, the iron oxide is preferably added to the blunger. In certain examples, the
supplemental iron oxide is hematite iron oxide (Fe,03), while in other examples, the iron oxide is
another form of iron oxide, such as FeO and Fe;O4. Thus, iron oxide can be generically referred
to as FeyOy. If a mullite growth promoter other than iron oxide is selected, then the selected
mullite growth promoter is preferably added to the slurry in the blunger, in the same manner as
the iron oxide.

The amount of water added to the blunger 110 is that amount that results in the slurry
having a solids content in the range of from about 40% to about 60% by weight. In certain
examples, the solids content of the slurry is from about 45% to about 55% by weight. In still
other examples, the solids content of the slurry is about 50% by weight. The water added to the
blunger can be fresh water or deionized water. In a continuous process for preparing the slurry,
the solids content of the slurry is periodically analyzed and the amount of water fed to the slurry
adjusted to maintain the desired solids content. Methods for analyzing the solids content of a
slurry and adjusting a feed of water are within the ability of those of ordinary skill in the art.

In certain-examples, dispersant and a pH-adjusting reagent are added to the slurry in the

blunger to achieve a target viscosity of the slurry, as discussed further below. In other examples,
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either the raw material or the dispersant are such that a target viscosity can be attained without
the use of a pH-adjusting reagent.

It a pH-adjusting reagent is used, then the amount of pH-adjusting reagent added to the
slurry 1s that amount which gives the slurry a pH in the range of from about 8 to about 11. In
certain examples, the pH of the slurry is about 9, about 9.5, about 10 or about 10.5. The pH of
the slurry can be periodically analyzed by a pH meter, and the amount of pH-adjusting reagent
fed to the slurry adjusted to maintain the desired pH. Methods for analyzing the pH of a slurry
and adjusting a feed of pH-adjusting reagent are within the ability of those of ordinary skill in the
art.

Dispersant is added to the slurry on a dry weight percent based on the weight of the raw
material, prior to the addition of supplemental iron oxide, if any, or other additives. In certain
examples, the amount of dispersant used is up to about 0.5 wt. % based on the dry weight of the
raw material. In other words, if the raw material is bauxite in an amount of 100 pounds dry
weight, then dispersant can be added in an amount of up to about 0.5 pounds. In other examples,
the dispersant 1s added in a range of from about 0.1 to about 0.2 wt. %, about 0.2 to about 0.3 wt.
%, or about 0.3 to about 0.4 wt. %, based on the dry weight of the raw material. In still other |
examples, the dispersant is added in an amount of about 0.15 wt. %, about 0.25 wt. %, about
0.35 wt. % or about 0.45 wt. %, of the dry weight of the raw material.

Exemplary materials suitable for use as dispersants in the methods described herein
include but are not limited to sodium polyacrylate, tetra sodium pyrophosphate, tetra potassium
pyrophosphate, polyphosphate, ammonium citrate, ferric ammonium citrate, and polyelectrolytes
such as a composition of ammonium polyméthacrylate and water commercially available from
R.T. Vanderbilt Company, Inc., Norwalk CT, under the tradename DARVAN C. Generally, the
dispersant can be any material that will reduce the viscosity of the slurry to a target viscosity
such that the slurry can be subsequently processed through one or more pressure nozzles of a
fluidizer. In certain examples, the target viscosity is less than 100 centipoises (cps) (as
determined on a Brookfield Viscometer with a #61 spindle). In other examples, the target
viscosity can be more than 100 cps.

The target viscosity is that viscosity that can be processed through a given type and/or
size of the pressure nozzle in the subsequent fluidizer, without becoming clogged. Generally, the
lower the viscosity of the slurry, the better it can be processed through a given fluidizer.

However, the addition of too much dispersant can cause the viscosity of the slurry to increase to
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a point that 1t cannot be satisfactorily processed through a given fluidizer. One of ordinary skill
" in the art can determine the térget viscosity for given fluidizer types through routine
experimentation.

Optionally, a defoamer can be added to the slurry in the blunger. If defoamer is used, it
can be added to the slurry in any amount that reduces or prevents any equipment problems
caused by foaming of the slurry. Those of ordinary skill in the art can identify and select a
suitable defoamer and amount of defoamer to use in the processes described herein through
routine experimentation.

The blunger 110 mixes the raw material, water, pH-adjusting reagent, dispersant, any
supplemental iron oxide or other mullite growth promoter (and optional defoamer) until a slurry
1s formed. The émount of time it takes for the slurry to form is understandably dependent on
factors such as the size of the blunger, the speed at which the blunger is operating, and the
amount of material in the blunger.

From the blunger 110, the slurry is fed to a tank 115, where the slurry is continually
stirred, and a binder is added in an amount of from about 0.25 to about 5.0% by weight, based on
the total dry weight of the raw material and any supplemental iron oxide. In certain examples,
the binder 1s added in an amount of from about 0.50 to about 1.50% by weight, about 1.50 to
about 2.50% by weight, about 2.50 to about 3.50% by weight, or about 3.50 to about 4.50% by
weight, based on the total dry weight of the raw material and any supplemental iron oxide.
Suitable binders include but are not limited to polyvinyl acetate, polyvinyl alcohol (PVA),
methylcellulose, dextrin and molasses. In certain examples, the binder is a PVA binder having a
molecular weight in a range of from about 20,000 to 100,000 Mn. “Mn” is a unit known to those
of ordinary skill in the art to indicate the number length average for determining the molecular
weight of a chained molecule.

The tank 115 maintains the slurry created by the blunger 110. However, the tank 115
stirs the slurry with less agitation than the blunger, so as to mix the binder with the slurry without
causing excessive foaming of the slurry or a viscosity increase in the slurry such that the slurry
cannot be subsequently fed through pressurized nozzles of a fluidizer.

In another example, the slurry is not fed to a tank, rather, the binder can be added to the
slurry in the blunger. If such an alternative is used, then the blunger should have variable

speeds, including a high speed to achieve the high intensity mixing for breaking down the raw
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material into a slurry form, and a low speed to mix the binder with the slurry without causing the
above-mentioned excessive foaming or viscosity increase.

Referring again to the tank 115 illustrated in Fig. 1, the slurry is stirred in the tank, after
addition of the binder, for an amount of time sufficient to allow for the binder to become
thoroughly mixed throughout the slurry. In certain examples, the amount of time the slurry is
stirred in the tank is up to about 30 minutes after the binder has been added. In other examples,
the slurry is stirred in the tank 115 for at least about 30 minutes. In still other examples, the
slurry can be stirred in the tank for more than about 30 minutes after addition of the binder.

Tank 115 can also be a tank system comprised of one or more tanks, for example, the
tank may be comprised of two, three, or more tanks. Any configuration of tanks or number of
tanks that allows for the binder to become thoroughly mixed throughout the slurry is sufficient.
In a continuous process, water, and one or more of dust, oversize particles, or undersize particles
from a subsequent fluidizer or other apparatus can be added to the slurry in the tank 115.

From the tank 115, the slurry is fed to a heat exchanger 120, which heats the slurry to a
temperature in a range of from about 25 to about 90°C. From the heat exchanger 120, the slurry
1s fed to a pump system 125, which feeds the slurry, under pressure, to a fluidizer 130.

A grinding mill(s) and/or a screening system(s) (not illustrated) can be inserted at one or
more places in the system illustrated in Fig. 1 prior to feeding the slurry to the fluidizer to assist
in breaking any larger-sized raw material down to a target size suitable for feeding to the
fluidizer. In certain examples, the target size is a size of less than 230 mesh. In other examples,
the target size 1s less than 325 mesh, less than 270 mesh, less than 200 mesh or less than 170
mesh. The target size is influenced by the ability of the type and/or size of the pressure nozzle in
the subsequent fluidizer to atomize the slurry without becoming clogged.

If a grinding system 1s employed, it is charged with a grinding media suitable to assist in
breaking the raw material down to a target size suitable for subsequent feeding through one or
more pressure nozzles of a fluidizer. If a screening system 1s employed, the screening system 1s
designed to remove particles greater than the target size from the slurry. For example, the
screening system can include one or more screens, which are selected and positioned so as to
screen the slurry to less than the target size.

Referring again to Fig. 1, fluidizer 130 1s of conventional design, as described 1n, e.g.,
U.S. Pat. No. 3,533,829 and in British Pat. No. 1,401,303. Fluidizer 130 includes at least one

atomizing nozzle 132 (three nozzles 132 are illustrated in Fig. 1), which is a pressure nozzle of
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conventional design. In other examples, one or more two-fluid nozzles are suitable. The design
of such nozzles is well known, e.g. from K. Masters: "Spray Drying Handbook", John Wiley and
Sons, New York (1979).

Fluidizer 130 further includes a particle bed 134, which is supported by a plate 136,
which can be a perforated, straight or directional plate. Hot air flows through the plate 136. The
particle bed 134 comprises seeds from which particles of a target size can be grown. If a
perforated or straight plate is used, then the seeds also serve to obtain plug flow in the fluidizer.
Plug flow is a term known to those of ordinary skill in the art, and can generally be described as
a flow pattern where very little back mixing occurs. The seeds are particles that are smaller than
the target size for particles made according to the present methods. In certain examples, the seed
comprises less than about 20%, less than about 15%, less than about 10%, or less than about 5%
of the total particle volume of a particle formed therefrom. Slurry is sprayed, under pressure,
through the atomizing nozzle 132, and the slurry spray coats the seeds to form particles that are
substantially round .;:md spherical.

External seeds can be placed on the perforated plate 136 before atomization of the slurry
by the fluidizer begins. If external seeds are used, the seeds can be prepared in a slurry process
similar to that illustrated in Fig. 1, where the seeds are simply taken from the fluidizer at a target
seed size. External seeds can also be prepared in a high intensity mixing process such as that
described in U.S. Patent No. 4,879,181 and Example 1 herein.

According to certain examples, external seeds are made from either a raw material having
at least the same alumina content as the raw material used to make the slurry, or from a raw
material having more or less alumina than the raw material used to make the slurry. In the
exemplary batch process described below in Example 1, external seeds having an alumina
content greater than that of the raw material used to make the slurry are used to seed the particle
bed in the fluidizer. In certain examples, the slurry will have an alumina content that is at least
10, at least 20, or,at least 30% less than that of the seeds. In other examples, the external seeds
could have an alumina content less than that of the slurry, such as least 10, at least 20, or at least
30% less than that of the slurry.

Alternatively, seeds for the particle bed are formed by the atomization of the slurry,
thereby providing a method by which the slurry “self-germinates™ with its own seed. According
to one such example, the slurry is fed through the fluidizer 130 in the absence of a seeded

particle bed 134. The slurry droplets exiting the nozzles 132 solidify, but are small enough
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initially that they get carried out of the fluidizer 130 by air flow and caught as “dust” (fine

particles) by a dust collector 145, which may, for instance, be an electrostatic precipitator, a

cyclone, a bag filter or a wet scrubber or a combination thereof. The dust from the dust collector
15 then fed to the particle bed 134 through dust inlet 162, where it is sprayed with slurry exiting

- the nozzles 132. The dust may be recycled a sufficient number of times, until it has grown to a

point where it is too large to be carried out by the air flow and can serve as seed. The dust can

also be recycled to another operation in the process, for example, the tank 115.

Referring again to Fig. 1, hot air is introduced to the fluidizer 130 by means of a fan and
an air heater, which are schematically represented at 138. The velocity of the hot air passing
through the particle bed 134 can be in a range of from about 0.9 to about 1.5 meters/second, and
the depth of the particle bed 134 can be in a range of from about 2 to about 60 centimeters. The
temperature of the hot air when introduced to the fluidizer 130 can be in a range of from about
250 to about 650°C. The temperature of the hot air as it exhausts from the fluidizer 130 is less
than about 250°C, and preferably less than about 100°C.

The distance from the atomizing nozzles 132 to the plate 136 is adjustable, and the
nozzles are preferably positioned a rather short distance above the surféce of the particle bed
134. The exact position of the nozzles will in each individual case be fixed with due regard to
the consideration that when the distance from the nozzles to the surface of the particle bed is too
great, undesirable dust is formed because the atomized feed droplets are dried to too high an
extent before they reach the particle bed. On the other hand, if the distance from the nozzles to
the surface of the particle bed is too small, undesirably irregular and coarse particles are formed.
Therefore, the position of the nozzles is adjusted to avoid the formation of dust and irregular,
coarse particles on the basis of an analysis of powder sampled from the fluidizer.

The particles formed by the fluidizer accumulate in the particle bed 134. In a continuous
process, the particles formed by the fluidizer 130 are withdrawn through an outlet 140 in
response to the level of product in the particle bed 134 in the fluidizer 130, so as to maintain a
given depth in the particle bed. A rotary valve 150 conducts particles withdrawn from the
fluidizer 130 to an elevator 155, which feeds the particles to a screening unit 160, where the
particles are separated into one or more fractions, for example, an oversize fraction, a product
fraction, and an undefsize fraction.

The oversize fraction exiting the screening unit 160 includes those particles that are

larger than the desired product size. In a continuous process, these particles are optionally
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recycled to tank 115, where at least some of the particles can be broken down and blended with
slurry in the tank. Alternatively, oversize particles can be broken down and recycled to the
particle bed 134 in the fluidizer 130. The undersized fraction exiting the screening unit 160
includes those particles that are smaller than the desired product size. In a continuous process,
these particles are optionally recycled to the ﬂuidizer 130, where they can be fed through an inlet
162 as seeds or as a secondary feed to the fluidizer.

The product fraction exiting the screening unit 160 includes those particles having the
desired product size. These particles are sent to a pre-sintering device 165, for example, a |
calciner, where the particles are dried or calcined prior to sintering. In certain examples, the
particles are dried to a moisture content of less than about 18% by weight, or less than about 15,
about 12, about 10, about 5, or about 1% by weight.

After drying and/or calcining, the particles are fed to a sintering device 170, in which the
particles are sintered for a period sufficient to enable recovery of sintered, substantially round
and spherical particles having one or more of a desired apparent specific g‘favity, bulk density,
and crush strength. As an alternative, the pre-sintering device 165 can eliminated if the sintering
device 170 can provide sufficient calcining and/or drying conditions (i.e., drying times and
temperatures that dry the particles to a target moisture content prior to sintering), followed by
sufficient sintering conditions.

The specific time and temperature to be employed for sintering is dependent on the
starting ingredients and the desired density for the sintered particles. In some examples,

- sintering device 170 is a rotary kiln, operating at a temperature in a range of from about 1000°C
to about 1600°C, for a period of time in a range of from about 5 to about 90 minutes. In certain
examples, a rotary kiln is operated at a temperature of about 1000°C, about 1200°C, about
1300°C, about 1400°C or about 1500°C. In certain examples, the particles have a residence time
in the sintering device of about 50 to about 70 minutes, or about 30 to about 45 minutes. After
the particles exit the sintering device 170, they can be further screened for size, and quality
control tests can be performed on the particles before the final product is shipped to the
consumer.

Example 1 provides an illustrative example of a batch process implemented in a manner

similar to the system described above and illustrated in Fig. 1.
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Example 1

Generally according to a batch-wise eXample of the continuous method described above,
Slurry Nos. 1-3 were prepared for this Example 1.

Each of the slurries was prepared from a raw material comprising an uncalcined bauxite
having a chemistry as reported in Table 1. The chemical analysis of the slurry’s raw material
was determined by inductively coupled plasma (ICP), which is an analytical method known to
those of ordinary skill in the art and therefore need not be detailed herein. Generally, however, a
sample of the uncalcined bauxite was dried at about 100°C to drive off water. The dried sample
was then ground and heated to about 1000°C to drive off chemically bound water and other
compounds. Those of ordinary skill in the art refer to this process as “loss on ignition” (LOI).
After LOI, the dried sample was prepared for ICP analysis by mixing with nitric acid and the

analysis was conducted according to methods known to those of ordinary skill in the art.

" Table 1 -
ICP Chemistry (wt. %) of Raw Material for Slurries
AL O4 SiO, K,0 [ CaO TiO, Fe,O; MgO
70.00 25.50 0.013 0.016 3.82 0.61 0.037

Slurries of the raw material were prepared by mixing the raw material with water, a pH-
adjusting reagent, and a dispersant in a lab blunger, which simulates blunger 110. Lab blungers
are known to those of ordinary skill in the art. Suitable lab blungers are readily available from a
variety of commercial sources, and can be as simple as a tank with baffles and a mixer for
breaking down the raw material.

Iron oxide in the amount reported in Table 2, which is based on a dry weight percent of
total solids in the slurry, was also added to the lab blunger. The iron oxide used in this Example
1 was a 98% pure iron oxide, which is readily available from a variety of commercial sources.

Water was added in an amount sufficient to achieve and maintain a solids content in the
range of 40% to 60% by weight. In this Example 1, a sufficient amount of water was added to
achieve a targeted solids content of about 50%. The measured solids content of each slurry in
this Example 1 is reported in Table 2. The solids content reported in Table 2 was determined
just prior to the slurry being fed to a subsequent fluidizer, however, the solids content of the
slurry is tested periodically throughout this batch process to ensure that the targeted solids

content is being achieved. The solids contents reported in Table 2 were determined by an Ohaus
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Model MB 35 moisture balance scale, generally operated according to manufacturer’s
procedures for its operation.

Ammonia was added as the pH-adjusting reagent to achieve a pH in the range of about 8
to about 11. The pH of each slurry is reported in Table 2. The pH reported in Table 2 was
determined just prior to the slurry being fed to a subsequent fluidizer, however, the pH of the
slurry is tested periodically throughout this batch process with a ThermoOrion Model 420 bench
top pH meter to ensure that the targeted pH range is being achieved. The pH of the slurry was
determined just prior to fluidizing with a double junction water-proof pH tester generally
operated according to manufacturer’s procedures for its operation.

Sodium polyacrylate having an average molecular weight of about 3600 Daltons was
added as the dispersant in an amount of about 0.15% of the dry weight of the uncalcined bauxite
raw material. The viscosity values reported in Table 2 were determined just prior to the slurry
- being fed to a subsequent fluidizer. However, the viscosity is tested periodically throughout this
batch process to ensure that the slurry will have a viscosity that can be fed through a subsequent
fluidizer. The viscosity reported in Table 2 was determined with a Brookfield viscometer with a
~ number 61 spindle, which is commercially available from Brookfield Engineering Laboratories,
Middleboro, MA, and generally operated according to manufacturer’s procedures for its
operation.

The slurry, which compi'ised water, uncalcined bauxite, supplemental iron oxide, pH-
adjusting reagent and dispersant, was mixed in the lab blunger for about 30 minutes, and then
screened to about 200 mesh.

After screening to about 200 mesh, the slurry was then transported to a barrel fitted with
a low speed agitator, which stirred the slurry as a simulation of tank 115. Lab tanks and similar
devices for simulating tank 115 are readily available from a variety of commercial sources.
Suitable devices have a low speed agitator capable of stirring the slurry without causing
excessive foaming or viscosity increase. A PVA binder having a molecular weight around
25,000 Mn was solubilized and added to the slurry in a dry weight amount of about 1.75% of the
total dry weight of the raw material (the uncalcined bauxite) and the supplemental iron oxide.
This type of PVA binder is commercially available as a dry powder from a variety of sources,
and can be solubilized according to methods known to those of ordinary skill in the art or with
routine experimentation. After the binder was added, stirring of the slurry continued for about

30 minutes.
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The chemical analysis of Slurry Nos. 2 and 3 was determined by inductively coupled

plasma (ICP), according to methods known to those of ordinary skill in the art, which are

generally described above. The results of the ICP analysis are reported in Table 2, where “n/a”

indicates that the property

e e

was not evaluated.

Table 2
Properties of Slurries Used in Fluidizer to Produce Sample Nos. 1, 2 and 3 |
Slurry No. 1 Slurry No. 2 Slurry No. 3
Slurry Components [
Raw Material (wt. %) 96 96 95
 Added Fe,05 (wt. %) 4 4 5
I-Slurry Properties
| % Moisture n/a 50.35 50.27
LOI before ICP n/a 26.40 23.85
- Solids (wt.%) 48.8 49.9 50.1
pH 9.8 9.4 10.4
Viscosity @ 60 rpm (cp) 36.1 30.0 27.0
Slurry ICP Chemistry - " o
_wt%) ) 0000000000
Fe,O, n/a 5.59 7.39
I CaO I n/a 0.037 0.029 B
MgO n/a 0.065 0.083
F TiO, n/a 3.66 3.32
K0 n/a - 0.001 0.001
SiO, n/a - 22.06 27.06

n/a

l Al,O4
ZI‘Oz ' n/a
- PQO 5 n/a

| Na,O | n/a

0.057
0.110

68.05  61.69
0.11 l 0.09

0.048
0.110

The slurry was fed to a trial fluidizer, which simulated the heat exchanger, fluidizer,

pump, dust collector, air heater and fan described above with respect to Fig. 1.

The particle bed in the trial fluidizer comprised external seeds having the properties

reported in Table 3, where Seed No. 1 indicates the seed used in the particle bed when Slurry No.

1 was processed, Seed No. 2 indicates the seed used in the particle bed when Slurry No. 2 was
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processed, and Seed No. 3 indicates the seed used in the particle bed when Slurry No. 3 was

processed. The expression “n/a” in Table 3 indicates that the property was not evaluated.

Table 3
Properties of Seed Used in Fluidizer to Produce Sample Nos. 1,2 and 3 l

Seed No. 1 Seed No. 2 Seed No. 3
% Moisture n/a | 390 3.90
1.OI before ICP n/a B 1.73 1.73
Screen Size 28/40 32/40 32/40)
Size equivalent in less than 716, larger less than 630, larger | less than 630, Iarg-ér
microns than 381 than 381 than 381
{ ICP Chemistry
(wt.%)
Fe,Os n/a 6.35 6.35
CaO n/a | 0.032 0.032

B MgO n/a 0.074 | 0.074

TiO, n/a 3.29 3.29
K,O n/a 0.001 0.001 o

SiO, " n/a 12.10 12.10
l_ Al,O, n/a 77.77 77.77
7rO, n/a 0.17 -- 0.17

P,Ox ‘n/a | 0.067 0.067
I Na,O | n/a ‘ 0.038 0.038
—_— — ———— i e —_ 1

The raw material from which the external seeds were prepared (referred to as the “seed

raw material”) was a blend of calcined bauxite and calcined kaolin, which resulted in the blends
producing a seed having the ICP chemistry as reported in Table 3. Based on the ICP chemistry,
the blend was likely about 90% by weight bauxite and 10% by weight kaolin.

The seeds were generally prepared according to a process as described in U.S. Patent No.
4,879,181 to Fitzgibbon et al., the entire disclosure of which is incorporated herein by reference.
Thus, the seeds were made with a high intensity mixer having a horizontal or inclined circular
table that can rotate at a speed of from about 10 to about 60 revolutions per minute (rpm), and a
rotatable impacting impeller that can rotate in a direction opposite that of the table, and at a tip
speed of from about 5 to about 50 meters per second. If the table is inclined, it can be inclined

between 0 and 35 degrees from horizontal. In this Example 1, the seeds were prepared in an
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Firich mixer available from Eirich Machines, Inc. The table was rotated at from about 20 to
“about 40 rpm, at an incline of about 30 degrees from horizontal. '

The seed raw material was continuously fed to a ball mill, along with a feed of starch and
bentonite, which was added to the ball mill at a rate to maintain a percentage based on the weight
of the seed raw material in the mixer of about 0.50% and 0.70%, respectively. The starch was
added as a binder. Bentonite, which is often used when working with calcined raw materials,
was added as both a binder and plasticizer. In other embodiments, neither bentonite nor other
binder 1s used. In still other embodiments, any suitable binder can be added in an amount of
from about 0.25% to about 1.0% by weight of the seed raw material, or any other amount so as
to assist formation of the seeds. Whether to use a binder at all, or to use more or less binder than
the values reported herein can be determined by one of ordinary skill in the art through routine
experimentation. Suitable binders include but are not limited to a corn starch, polyvinyl alcohol
or sodium silicate solution, or a blend thereof. Liquid binders can be added to the mixer instead
of being milled in the ball mill with the raw material. Various resins or waxes known and
avatlable to those of ordinary skill in the art may also be used as a binder.

The seed raw material (with the starch and bentonite mixed therein) was fed periodically
to the Eirich mixer with continuous stirring. While the seed raw material was being stirred,
water was continuously added to the mixer in an amount sufficient to cause formation of
substantially round and spherical seeds. In this particular example, the water was fresh water,
which was continuously fed to the mixer in an amount sufficient to maintain a percentage based
on the weight of the seed raw material in the mixer from about 18 to about 22 weight %,
although any amount that causes substantially round and spherical seeds to form upon mixing is
sufficient. Those of ordinary skill in the art will understand how to determine a suitable amount
of water to add to the mixer so that substantially round and spherical seeds are formed.

Once substantially round and spherical seeds of approximately a target size are formed,
after about 2 to about 6 minutes of mixing, dry raw material dust was added to the mixer in an
amount of about 10 weight percent of the seed raw material fed to the mixer. Concurrent with
the addition of dry raw material, the speed of the mixer is reduced by one half. Mixing continues
for up to about one minute, and then the mixer is stopped and the seeds are discharged. In the
present example, the target size for each seed included that reported in Table 3, which are
reported in a screen size and micron equivalency. The seeds produced in the Eirich were

screened to the reported size for use as external seeds in the particle bed used in this Example 1.
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The amount of mixing time can vary depending upon a number of factors, including but

not limited to the amount of material in the mixer, speed of operation of the mixer, the amount of

water fed to the mixer, and the desired seed size. Those of ordinary skill in the art can determine

whether the mixing time should be greater than or less than the times described in this Example 1

such that substantially round and spherical seeds of approximately the desired size are formed.

Other high intensity mixers suitable for making seeds of the type and size described herein, or

for making other type and size of seeds, can be employed. Such alternative operating conditions

and mixers can be determined by one of ordinary skill in the art through the exercise of routine

experimentation.

The seeds formed in the mixer were dried for about 15 to about 60 minutes at a
femperature ranging from about 100°C (212 °F) to about 300°C (572 °F). The dried seeds were

used as external seeds to populate the particle bed of the trial fluidizer.

The slurry was fed through the trial fluidizer for a period of about 1.5 to about 2 hours.

The heat exchanger heated the slurry so that the slurry was fed to the pressure nozzle of the

fluidizer at an average temperature (over the 2 hour period) as reported below in Table 4. The

pressure under which the slurry was pumped, the temperatures of the hot air incoming to and

exhausting from the ﬂﬁidizer, and other conditions of the fluidizer are also reported in Table 4.

Table 4

Slurry | Slurry Feed | Slurry Feed | Hot Air Inlet I Hot Air
No. |Pressure (psi) Temp ~ Temp Exhaust

' Temp

| 1 447 155°F 284°F 160°F

68°C 140°C 71°C

2 444 123°F 277°F 131°F

55°C

120°F

50°C 136°C
3 446 113°F 258°F
45°C 126°C

I 149°F

49°c | 47

65°C
| 120°F
49°C

Average Fluidizer Conditions to Produce Samples Nos. 1,2 and 3 I
Bed Temp | Perforated
Plate

AP

4.6

116°F

The velocity of the hot air passing through the particle bed was controlled based on a

visual observation of the particles in the fluidizer, so as to allow the particles to remain in the

particle bed, and not be entrained in the air stream. The depth of the particle bed in each run was

about 4 — 6 inches. The distance from the atomizing nozzles to the particle bed was about

10 — 12 inches.
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When the particles in the fluidizer became substantially round and spherical, and
approximately the target size, the air flow and the slurry feed to the fluidizer was stopped and the
particles were removed and placed in storage containers.

A sample of the particles formed in the fluidizer was taken in order to conduct ICP
chemical analysis, which was conducted according to methods known to those of ordinary skill
in the art, which are generally described above. The results of the ICP analysis are reported
below in Table 5 where “Sample No.” indicates particles made from the correspondingly
numbered Slurry and Seed, and “n/a” indicates that the property was not evaluated. The percent
of alumina in the particles formed in the fluidizer is the sum of: a) the product of the ratio of
coating in the particle multiplied by the alumina content of the slurry providing the coating; and
b) the product of the ratio of the seed in the particle multiplied by the alumina content of the
seed. By knowing the alumina contents of the seed, the slurry used to coat the seed, and the

particle, the ratio of the coating to the seed can be determined for Sample Nos. 2 and 3.

Table 5 -
Properties of Particles Formed in Fluidizer
ple No. 3 l

Sample No. 1 Sample No. 2 Sam

B e e o ——————————— ————

% Moisture 0.33 0.50 I 5.94
LOI before ICP 23.08 - 22.50 20 08

| ICP Chemistry
wt.% I
F6203 5.69 574 7.35 '

CaO 0.021 0030 | 0029
MgO 0.061 0.052 0.066

TiO, 3.53 | 3.58 3.28
K,0 0.001 0.001 0.002
-

Si0, 22.30 20.34 25.02
Al O, 68.12 69.81 63.85
710, 0.09 000 | 0.8
P,0: 0.056 0059 | 0.049
Na,O 0.092 0.092 0.092
% Coating n/a 82.0 86.7
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Portions of each of the particles from the fluidizer (Sample Nos. 1, 2 and 3), were

sintered in a static box kiln operating at a heating rate of about 960°C/hr and providing a hold

time of about 30 minutes at the peak sintering temperature as reported below in Table 6.

The sintered particles were screened to a U.S. Mesh size as reported in Table 6, which
indicates that 90% of the particles fell between 20 and 30 U.S. mesh. Thus, the size of the
particles would be labeled as 20/40 according to API Recommended Practices RP60, Second

Edition, December 1995, for testing proppants. Also as reported in Table 6, bulk density (BD),

apparent specific gravity (ASG), specific gravity (SG), crush and short-term conductivity

evaluations were conducted on samples of the screened sintered particles. Bulk density, ASG,

SG, crush and short term conductivity of a commercially available sample of CARBOProp®

proppant produced by CARBO Ceramics, Inc., New Iberia, LA, which was screened to a U.S.

Mesh size corresponding to that reported in Table 6, were also evaluated. The results of these

evaluations are also reported below in Table 6, where “Sample No.” indicates screened sintered

particles made from the correspondingly numbered Slurry and Seed.

Table 6
Properties of Sintered Particles
Sample No. 1{ Sample No. 2| Sample No. 3] CARBOProp®
Peak Sintering Temp C C)| 1520 1507 1497 -~
Screened to Size

~_(U.S. Mesh) _ i
18 0.0; 0.0 0.0 0.0
) 20 - 5.0 - 5.0 5.0 5.0
25 52.0 52.00 52.0/ 52.0
I L 30 40.0| 40.0 40.00 40.0
- 35 3.0 3.0 3.00 3.0
- 40 000 00 - 00 0.0
- | Pan 0.0 0.0f - 0.0 0.0

Sample Properties| L _
) BD (g/em’)| 169 1730 173 1.83
L ASGl 3.10 i 316, 312 3.41
_ SG(glem’)] 3.09 3.10 3.09] 3.26
- Crush at 10K psi 4.4 6.3 ! 55, 48
___ Conductivity (mD-ft) at L ol

B 2000 pst 128500  10240] 9900 10390
- 4000 psi1 ~10610] 8490 8260 8440
| 6000 psi 84000 6700, 6190/ 6650
8000 psy 5830 31700 4650 5060
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Table 6
Properties of Sintered Particles .
Sample No. 1| Sample No. 2| Sample No. 3] CARBOProp®
10000 pst1 3670 3650 3200 3600

ey g R p—— <ot

12000 psi 24200 2430 2040 2930

The term "bulk density", as used herein, is defined to mean the weight per unit volume,
including in the volume considered, the void spaces between the particles.

The term "apparent specific gravity," (ASG) as used herein, is a number without units,
but 1s defined to be numerically equal to the weight in grams per cubic centimeter of volume,
including void space or open porosity in determining the volume.

The ASG and crush strength were determined using API Recommended Practices RP60,
Second Edition, December 1995, for testing proppants. This text is known and available to those
of ordinary skill in the art. The crush strength is that percentage of the sample that was reduced
to fines at the reported pressure, which is 10,000 psi as reported in Table 6. For the samples
reported 1n Table 6, fines are particles having a size of less than 40 U.S. mesh.

The BD was determined by following ANSI Test method B74.4-1992 (R2002). This text
is known and available to those of ordinary skill in the art.

The specific gravity was determined using a helium gas pycnometer (Micromeretics
AccuPyc 1330) operated according to the procedures of the manufacturer. In contrast to ASG,
the specific gravity excludes void space or open porosity in determining the volume.

Short term conductivity was determined according to API Recommended Practices RP-
61, Second Edition, December 1995, as modified by various improvements adopted by the
industry, which improvements are described in SPE papers 15067, 16453, and 16900. These
texts are known and readily available to those of ordinary skill in the art.

The properties reported in Table 6 demonstrate that substantially round and spherical
particles prepared from a slurry of an alumina-containing raw material and a mullite growth
promoter according to the methods described herein have sufficient bulk densities, specific
gravities, crush strengths and short term conductivities for use in propping a fracture in a
formation. In particular, Sample No. 1 has a better crush strength and short term conductivity,
while having a lower density, as compared to that of the CARBOProp® proppant sample.
Sample Nos. 2 and 3 have comparable crush strengths and short term conductivities as compared

to that of the CARBOProp® proppant sample, and also have a lower density as compared to the
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CARBOProp® proppant. The unique properties of Sample Nos. 1-3 are likely caused at least In
part by an increased mullite content caused by the mullite growth promoter.

When used as a proppant, the particles described herein may be handled in the same
manner as conventional proppants. For example, the particles may be delivered to the well site
in bags or in bulk form along with the other materials used in fracturing treatment. Conventional
equipment and techniques may be used to place the particles in the formation as a proppant. For
example, the particles are mixed with a fracture fluid, which is then injected into a fracture in the
formation.

In an exemplary method of fracturing a subterranean formation, a hydraulic fluid 1s
injected into the formation at a rate and pressure sufficient to open a fracture therein, and a fluid
containing substantially round and spherical sintered particles prepared from a slurry as
described herein and having one or more of the propetties as described herein is injected into the
fracture to prop the fracture in an open condition.

Particles appropriately sized for use as a foundry media, typically smaller than that used
for proppant, can also be produced according to the methods described herein. Particles
prdduced according to the methods described herein are ceramic media, and therefore have a
higher permeability than natural sands currently used in the foundry industfy. Thus, the particles
produced according to the methods described herein can be expected to vent foundry gases better
than sand, thereby reducing gas defects in molds and castings. In addition, ceramic media has a
lower thermal expansion than natural quartz silica sand, which also reduces defects. In -
particular, particles produced according to methods described herein are expected to have a
thermal expansion property even lower than that of conventional ceramic media because of the
enhanced mullite content (and consequently decreased crystalline silica content).

The foregoing description and embodiments are intended to illustrate the invention
without limiting it thereby. It will be understood that various modifications can be made in the

invention without departing from the spirit or scope thereof.
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WHAT IS CLAIMED IS:
1. A method for producing sintered particles comprising:

preparing a slurry having a solids content of from about 40 to about 60% by weight, and
comprising water, a binder, a mullite growth promoter and a raw material having an alumina
content in a range of from about 55 to about 80% by weight;

atomizing the slurry into droplets;

coating seeds comprising alumina with the droplets to form green particles; and

sintering at least 2 portion of the green particles at a temperature of from about 1000°C to
about 1600°C for about 5 minutes to about 90 minutes, to form sintered particles having an
alumina content of greater than about 55% by weight, an iron oxide content in a range of from
~about 2 to about 10% by weight, a specific gravity in a range of from about 2.70 g/cm’ to about
3.50 g/cm’, and a bulk density in a range of from about 1.55 g/cm” to about 1.95 g/cm’,

2. The method of claim 1 wherein the mullite growth promoter comprises iron oxide present

in the raw material in a range of from about 2 to about 10% by weight.

3. The method of claim 1 wherein the mullite growth promoter and raw material comprise
the total solids in the slurry, and the mullite growth promoter comprises iron oxide added to the

raw material in a range of from about 2 to about 10% by weight of the total solids in the slurry.

4, The method of claim 1 wherein the bulk density is from about 1.65 g/ecm” to about 1.80
g/cm’.
J. The method of claim 1 further comprising adding to the slurry at least one of a pH-

adjusting reagent, a dispersant and a defoamer before atomizing the slurry.

6. The method of claim 1 wherein atomizing the slurry comprises feeding the slurry to a
fluidizer operable to atomize the slurry into droplets; and wherein the seeds are positioned 1n a
particle bed in the fluidizer.

7. The method of claim 1 wherein the raw material comprises at least one of calcined

kaolin, calcined bauxite, uncalcined kaolin and uncalcined bauxite.
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8. The method of claim 1 further comprising drying the green particles before sintering.
9. The method of claim 1 wherein the slurry has an alumina content and the seeds have an

alumina content, wherein the slurry alumina content is 10% less than the seed alumina content.

10.  The method of claim 1 wherein the slurry has an alumina content and the seeds have an
alumina content, wherein the slurry alumina content is 10% greater than the seed alumina

content.

11.  The method of claim 1 wherein the slurry has an alumina content from about 60 to about

70% by weight, and an iron oxide content from about 4 to about 10% by weight.

12.  The method of claim 1 wherein the sintered particles have an alumina content from about

60 to about 70% by weight, and an iron oxide content from about 4 to about 10% by weight.

13. A system for producing sintered particles comprising:

a source of raw material having an alumina content in a range of from about 55 to about
80% by weight;

a blunger operable to receive a feed of the raw material, and to prepare a slurry from the
raw material by mixing the raw material, water, and a mullite growth promoter, which mullite
growth promoter is present in the slurry in an amount of from about 2 to about 10% by weight of
the total solids in the slurry;

a heat exchanger operable to heat the slurry to a temperature of from about 25°C to about
90°C;

a fluidizer comprising at least one nozzle and a particle bed, wherein the fluidizer 1s
operable to receive a pressurized feed of the slurry and pump the slurry under pressure through
the at least one nozzle as a spray, and wherein the particle bed is populated with seeds, which
seeds are coated with the slurry spray to form particles; and

a sintering device operable.to receive and sinter at least a portion of the particles formed
by fluidizer, which sintering is performed at a temperature of from about 1000 °C to about 1600

°C for about 5 to about 90 minutes, to form sintered particles having an alumina content of
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oreater than about 55% by weight, an iron oxide content in a range of from about 2 to about 10%
by weight, a specific gravuity in a range of from about 2.70 g/cm3 to about 3.50 g/cm’, and a bulk

density in a range of from about 1.55 g/cm3 to about 1.95 g/cm’.

~14.  The system of claim 13 further comprising at least one of:

a tank operable to receive a feed of the slurry from the blunger, and to mix a binder with

the slurry;
a grinding mill operable to grind particles in the slurry to a target size before the slurry 1s

fed to the fluidizer;

a pump system operable to receive a feed of the slurry from the heat exchanger and to

provide a pressurized feed of the slurry to the fluidizer; and

a drier operable to dry the particles before the particles are sintered.

15.  The system of claim 13 further comprising at least one of:

a first screening unit operable to screen the slurry to a target size before the slurry is fed

to the fluidizer;

a second screening unit operable to receive the particles from the fluidizer and screen the

particles for size prior to sintering; and

a third screening unit operable to receive the sintered particles from the sintering device

and screen the sintered particles for size.

16. A substantially round and spherical sintered particle comprising;

a seed comprising alumina; and

a coating comprising alumina, wherein the coating comprises at least about 80% of the

total volume of the substantially round and spherical sintered particle.

17.  The substantially round and spherical sintered particle of claim 16 wherein:

the coating is formed from a slurry that is sprayed onto the seed, wherein the slurry 18
prepared from a raw material having an iron oxide content in a range of from about 2 to about
10% by weight of total solids in the slurry, and having a first alumina content;

the seed has a second alumina content; and

the first alumina content is at least 10% less than the second alumina content.
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18.  The substantially round and spherical sintered particle of claim 16 wherein:

the coating is formed from a slurry that is sprayed onto the seed, wherein the slurry is
prepared from a raw material having an iron oxide content in a range of from about 2 to about
10% by weight of the total solids in the slurry, and having a first alumina content;

the seed has a second alumina content; and

the first alumina content is at least 10% greater than the second alumina content.

19.  The substantially round and spherical sintered particle of claim 16 wherein the sintered
particle has:
an alumina content of greater than about 55% by weight; and

an iron oxide content in a range of from about 2 to about 10% by weight.

20.  The substantially round and spherical sintered particle of claim 16 wherein the sintered
particle has:

a specific gravity in a range of from about 2.70 g/cm® to about 3.50 g/cm3;

a bulk density in a rangé of from about 1.55 g/cm’ to about 1.95 g/cm’;

a crush strength at 10,000 ps1 of from about 4 percent to about 7 percent; and

a short term conductivity at 10,000 ps1 of from-about 3000 mD-{t to about 3800 mD-1t.

' 21. A method of fracturing a subterranean formation comprising:
injecting a hydraulic fluid into the subterranean formation at a rate and pressure sufficient
to open a fracture therein; and
injecting a fluid containing substantially round and spherical sintered particles into the
fracture, wherein the substantially round and spherical sintered particles:
have an alumina content of greater than about 55% by weight, an iron oxide
content in a range of from about 2 to about 10% by weight, a specific gravity in a range
of from about 2.70 g/em” to about 3.50 g/cm’, and a bulk density in a range of from about
1.55 g/cm’ to about 1.95 g/cm’; and
were formed by preparing a slurry having a solids content of from about 40 to

about 60% by weight, and comprising water, a binder, a mullite growth promoter and a
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raw material having an alumina content in a range of from about 55 to about 80% by
weight; | |

atomizing the slurry into droplets;

coating seeds comprising alumina with the droplets to form green particles; and

sintering at least a portion of the green particles at a temperature of from about

1000°C to about 1600°C for about 5 to about 90 minutes.

22.  The method of claim 21 wherein the slurry has an alumina content and the seeds have a
alumina content, and wherein the slurry alumina content is 10% less than the seed alumina

content.

23.  The method of claim 21 wherein the slurry has an alumina content and the seeds have a
alumina content, and wherein the slurry alumina content is 10% greater than the seed alumina

content.

24.  The method of claim 21 wherein the substantially round and spherical sintered particles
~ have an alumina content from about 60 to about 70% by weight, and an 1ron oxide content from

about 4 to about 10% by weight.

25.  The method of claim 21 wherein the droplets form a coating on the seeds that comprises

at least about 80% of the total volume of the substantially round and spherical sintered particle.
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