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(57) ABSTRACT 

A sintered rod-shaped proppant and anti-flowback agent pos 
sesses high strength and high conductivity. The sintered rods 
comprise between about 0.2% by weight and about 4% by 
weight aluminum titanate. In some embodiments, the sintered 
rods are made by mixing bauxitic and non-bauxitic sources of 
alumina that may also contain several So-called impurities 
(such as TiO), extruding the mixture, and sintering it. The 
starting material may optionally be milled to achieve better 
compacity and crush resistance in the final sintered rod. A 
fracturing fluid may comprise the sintered rods alone or in 
combination with a proppant, preferably a proppant of a 
different shape. 
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METHOD OF MANUFACTURING AND USING 
ROD-SHAPED PROPPANTS AND 
ANT-FLOWBACK ADDITIVES 

RELATED APPLICATION 

0001. This application is a continuation-in-part of appli 
cation Ser. No. 1 1/469,589, filed Sep. 1, 2006, which is incor 
porated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to methods of making 
and using proppants for fractured earth having a high com 
pressive strength and simultaneously a good conductivity. It 
also relates to methods of making and using anti-flowback 
additives for use in fracturing operations. 

BACKGROUND 

0003 Naturally occurring deposits containing oil and 
natural gas have been located throughout the world. Given the 
porous and permeable nature of the Subterranean structure, it 
is possible to bore into the earth and set up a well where oil 
and natural gas are pumped out of the deposit. These wells are 
large, costly structures that are typically fixed at one location. 
As is often the case, a well may initially be very productive, 
with the oil and natural gas being pumpable with relative ease. 
As the oil or natural gas near the well bore is removed from 
the deposit, other oil and natural gas may flow to the area near 
the well bore so that it may be pumped as well. However, as a 
well ages, and sometimes merely as a consequence of the 
Subterranean geology Surrounding the well bore, the more 
remote oil and natural gas may have difficulty flowing to the 
well bore, thereby reducing the productivity of the well. 
0004 To address this problem and to increase the flow of 

oil and natural gas to the wellbore, companies have employed 
the well-known technique of fracturing the Subterranean area 
around the well to create more paths for the oil and natural gas 
to flow toward the well. As described in more detail in the 
literature, this fracturing is accomplished by hydraulically 
injecting a fluid at very high pressure into the area Surround 
ing the well bore. This fluid must then be removed from the 
fracture to the extent possible to ensure that it does not impede 
the flow of oil or natural gas back to the well bore. Once the 
fluid is removed, the fractures have a tendency to collapse due 
to the high compaction pressures experienced at well-depths, 
which can be more than 20,000 feet. To prevent the fractures 
from closing, it is well-known to include a propping agent, 
also known as a proppant, in the fracturing fluid. The goal is 
to be able to remove as much of the injection fluid as possible 
while leaving the proppant behind to keep the fractures open. 
As used in this application, the term “proppant” refers to any 
non-liquid material that is present in a proppant pack and 
provides structural Support in a propped fracture. "Anti-flow 
back additive refers to any material that is present in a 
proppant pack and reduces the flowback of proppant particles 
but still allows for production of oil at sufficient rates. The 
terms “proppant’ and “anti-flowback additive' are not nec 
essarily mutually exclusive, so a single particle type may 
meet both definitions. For example, a particle may provide 
structural Support in a fracture and it may also be shaped to 
have anti-flowback properties, allowing it to meet both defi 
nitions. 
0005. Several properties affect the desirability of a prop 
pant. For example, for use in deep wells or wells whose 
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formation forces are high, proppants must be capable of with 
standing high compressive forces, often greater than 10,000 
pounds per square inch (psi). Proppants able to withstand 
these forces (e.g., up to and greater than 10,000 psi) are 
referred to as high strength proppants. If forces in a fracture 
are too high for a given proppant, the proppant will crush and 
collapse, and then no longer have a Sufficient permeability to 
allow the proper flow of oil or natural gas. Other applications, 
Such as for use in shallower wells, do not demand the same 
strength proppant, allowing intermediate strength proppants 
to Suffice. These intermediate strength proppants are typically 
used where the compressive forces are between 5,000 and 
10,000 psi. Still other proppants can be used for applications 
where the compressive forces are low. For example, sand is 
often used as a proppant at low compressive forces. 
0006. In addition to the strength of the proppant, one must 
consider how the proppant will pack with other proppant 
particles and the Surrounding geological features, as the 
nature of the packing can impact the flow of the oil and natural 
gas through the fractures. For example, if the proppant par 
ticles become too tightly packed, they may actually inhibit the 
flow of the oil or natural gas rather than increase it. 
0007. The nature of the packing also has an effect on the 
overall turbulence generated through the fractures. Too much 
turbulence can increase the flowback of the proppant particles 
from the fractures toward the well bore. This may undesirably 
decrease the flow of oil and natural gas, contaminate the well, 
cause abrasion to the equipment in the well, and increase the 
production cost as the proppants that flow back toward the 
well must be removed from the oil and gas. 
0008. The useful life of the well may also be shortened if 
the proppant particles break down. For this reason, proppants 
have conventionally been designed to minimize breaking. For 
example, U.S. Pat. No. 3,497,008 to Graham et al. discloses a 
preferred proppant composition of a hard glass that has 
decreased surface flaws to prevent failure at those flaws. It 
also discloses that the hard glass should have a good resis 
tance to impact abrasion, which serves to prevent Surface 
flaws from occurring in the first place. These features have 
conventionally been deemed necessary to avoid breaking, 
which creates undesirable fines within the fracture. 
0009. The shape of the proppant has a significant impact 
on how it packs with other proppant particles and the Sur 
rounding area. Thus, the shape of the proppant can signifi 
cantly alter the permeability and conductivity of a proppant 
pack in a fracture. Different shapes of the same material offer 
different strengths and resistance to closure stress. It is desir 
able to engineer the shape of the proppant to provide high 
strength and a packing tendency that will increase the flow of 
oil or natural gas. The optimum shape may differ for different 
depths, closure stresses, geologies of the Surrounding earth, 
and materials to be extracted. 

0010. The conventional wisdom in the industry is that 
spherical pellets of uniform size are the most effective prop 
pant body shape to maximize the permeability of the fracture. 
See, e.g., U.S. Pat. No. 6,753.299 to Lunghofer et al. Indeed, 
the American Petroleum Institute's (API's) description of 
the proppant qualification process has a section dedicated to 
the evaluation of roundness and sphericity as measured on the 
Krumbein scale. However, other shapes have been Suggested 
in the art. For example, previously-mentioned U.S. Pat. No. 
3,497,008 to Graham et al. discloses the use of “particles 
having linear, parallel, opposite Surface elements including 
cylinders, rods, paralellepipeds, prisms, cubes, plates, and 
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various other Solids of both regular and irregular configura 
tions.” (Col. 3, lines 34-37.) According to that patent, the 
disclosed shape configuration has several advantages when 
used as a proppant, including increased conductivity over 
spherical particles (col. 4, lines 29-35), greater load bearing 
capacity for the same diameter as a spherical particle (col. 4. 
lines 36-38), a higher resistance to being embedded in the 
fracture wall (col. 4, lines 45-47), and a lower settling rate 
(col. 4, lines 58-60). 
0011. Despite this disclosure of the potential advantages 
ofusing rod-like particles for proppants, the industry had not 
embraced the Suggestion. The applicants are not aware of any 
rod-like particles on the market that are used as proppants or 
anti-flowback additives. Indeed, more recent patents cast 
doubt on the effectiveness of using rod-like shapes. For 
example, U.S. Pat. No. 6,059,034 to Rickards et al. discloses 
the mixing of rod-like fibrous materials with another prop 
pant material to prevent proppant movement and flowback. 
According to that patent, “in practice this method has proven 
to have several drawbacks, including reduction in fracture 
conductivity at effective concentrations of fibrous materials, 
and an effective life of only about two years due to slight 
solubility of commonly used fiber materials in brine. In addi 
tion, fiber proppant material used in the technique may be 
incompatible with some common well-treating acids, such as 
hydrofluoric acid.” (Col. 2, lines 36-43.) Although the rod 
like fibrous materials are used in conjunction with another 
proppant, the patent Suggests that rod-like particles in a frac 
turing fluid are undesirable. 
0012 Another property that impacts a proppant's utility is 
how quickly it settles both in the injection fluid and once it is 
in the fracture. A proppant that quickly settles may not reach 
the desired propping location in the fracture, resulting in a low 
level of proppants in the desired fracture locations, such as 
high or deep enough in the fracture to maximize the presence 
of the proppant in the pay Zone (i.e., the Zone in which oil or 
natural gas flows back to the well). This can cause reduced 
efficacy of the fracturing operation. Ideally, a proppant dis 
perses equally throughout all portions of the fracture. Gravity 
works against this ideal, pulling particles toward the bottom 
of the fracture. However, proppants with properly engineered 
densities and shapes may be slow to settle, thereby increasing 
the functional propped area of the fracture. How quickly a 
proppant settles is determined in large part by its specific 
gravity. Engineering the specific gravity of the proppant for 
various applications is desirable because an optimized spe 
cific gravity allows a proppant user to better place the prop 
pant within the fracture. 
0013 Yet another attribute to consider in designing a prop 
pant is its acid-tolerance, as acids are often used in oil and 
natural gas wells and may undesirably alter the properties of 
the proppant. For example, hydrofluoric acid is commonly 
used to treat oil wells, making a proppant's resistance to that 
acid of high importance. 
0014 Still another property to consider for a proppant is 

its surface texture. A Surface texture that enhances, or at least 
does not inhibit, the conductivity of the oil orgas through the 
fractures is desirable. Smoother surfaces offer certain advan 
tages over rough Surfaces, such as reduced tool wear and a 
better conductivity, but porous surfaces may still be desirable 
for some applications where a reduced density may be useful. 
00.15 All of these properties, some of which can at times 
conflict with each other, must be weighed in determining the 
right proppant for a particular situation. Because stimulation 
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of a well through fracturing is by far the most expensive 
operation over the life of the well, one must also consider the 
economics. Proppants are typically used in large quantities, 
making them a large part of the cost. 
0016. Attempts have been made to optimize proppants and 
methods of using them. Suggested materials for proppants 
include Sand, glass beads, ceramic pellets, and portions of 
walnuts. The preferred material disclosed in previously-men 
tioned U.S. Pat. No. 3,497,008 is a hard glass, but it also 
mentions that sintered alumina, Steatite, and mullite could be 
used. Conventional belief is that alumina adds strength to a 
proppant, so many early proppants were made of high-alu 
mina materials, such as bauxite. The strength of these high 
alumina materials is believed to be due to the mechanical 
properties of the dense ceramic materials therein. See, e.g., 
U.S. Pat. Nos. 4,068,718 and 4,427,068, both of which dis 
close proppants made with bauxite. 
0017 Bauxite is a natural mineral comprising various 
amounts of four primary oxides: alumina (Al2O, typically 
from about 80% to about 90% by weight), silica (SiO, typi 
cally from about 1% to about 12% by weight), iron oxide 
(Fe2O, typically from about 1% to about 15% by weight), 
and titania (TiO, typically from about 1% to about 5% by 
weight). After calcining or sintering, bauxite is known to have 
a higher toughness but a lower hardness than technical grade 
alumina-based ceramics. Since toughness is a primary 
mechanical characteristic to consider in improving the crush 
resistance or compressive strength of ceramics, bauxite is of 
interest for use in proppants. The microstructure of bauxite is 
characterized primarily by three phases: 1) a matrix of fine 
alumina crystal; 2) a titania phase where titania is complexed 
with alumina to form aluminum titanate (Al2TiOs); and 3) a 
mullite phase (3Al-O, 2SiO). For the first two phases a 
partial Substitution of aluminum by iron atoms is possible. To 
achieve good mechanical characteristics as a proppant, baux 
ite with lower levels of silica and iron oxide are preferred. 
0018 For example, previously-mentioned U.S. Pat. No. 
4.427.068 discloses a spherical proppant comprising a clay 
containing silica that adds a glassy phase to the proppant, 
thereby weakening the proppant. Furthermore, the silica of 
that patent is so-called “free” silica. In general, high amounts 
of silica reduce the strength of the final proppant. In particu 
lar, it is believed that proppants containing more than 2% 
silica by weight will have reduced strength over those with 
lower silica contents. Other so-called impurities are also 
believed to reduce the strength of the proppant. 
0019 Early high strength proppants were made using 
tabular alumina which was a relatively expensive component. 
For this reason, the industry shifted from using tabular alu 
mina to other alumina Sources, such as bauxite. By the late 
1970's, the development focus in the industry shifted from 
high strength proppants to intermediate or lower strength, 
lower density proppants that were easier to transport and use, 
and were less expensive. Over the next 20 years, the industry 
focused on commercialization of lowerdensity proppants and 
they became commonly used. The primary method of reduc 
ing the density of proppants is to replace at least a portion of 
the higher density alumina with lower density silica. Accord 
ing to U.S. Pat. No. 6,753,299, “the original bauxite based 
proppants of the early 1970's contained >80% alumina 
(Cooke). Subsequent generations of proppants contained an 
alumina content of 70% (Fitzgibbons), 40% to 60% (Lung 
hofer), and later 30% to <40% (Rumpf, Fitzgibbons).” Thus, 
as to both product development and proppant use, there was a 
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retreat in the industry from proppants manufactured from 
high-alumina materials such as bauxite. 
0020. Today, as resources become more scarce, the search 
for oil and gas involves penetration into deeper geological 
formations, and the recovery of the raw materials becomes 
increasingly difficult. Therefore, there is a need for proppants 
that have an excellent conductivity and permeability even 
under extreme conditions. There is also need for improved 
anti-flowback additives that will reduce the cost of production 
and increase the useful life of the well. 

SUMMARY OF THE INVENTION 

0021. A method is provided for making a proppant or 
anti-flowback additive. The method comprises providing a 
composition comprising at least about 90% by weight alu 
mina and between about 0.15% and about 3.5% by weight 
TiO2; milling the composition; forming at least one rod from 
the milled composition; and sintering the at least one rod. 
0022. Another method is provided for making a proppant 
or anti-flowback additive. The method comprises forming a 
rod-shaped article from a milled composition, where the 
milled composition comprises at least about 90% by weight 
alumina and between about 0.15% and about 3.5% by weight 
TiO. The article is also sintered. 
0023. Another method for making a proppantor anti-flow 
back additive comprises sintering a rod-shaped article made 
from a milled composition comprising at least about 90% by 
weight alumina and between about 0.15% and about 3.5% by 
weight TiO2. 
0024. Another method of making a proppant or anti-flow 
back additive comprises sintering a rod-shaped article formed 
from a milled composition, the milled composition compris 
ing at least about 80% technical grade alumina by weight and 
between about 0.1% by weight and about 20% by weight of 
material containing at least one other oxide. 
0025. A method is provided for fracturing subterranean 
formations. The method comprises injecting a fluid contain 
ing a sintered rod-shaped article made from a milled compo 
sition, where the milled composition comprises at least about 
90% by weight alumina and between about 0.15% and about 
3.5% by weight TiO2. 
0026. Another method of fracturing subterranean forma 
tions comprises injecting a fluid containing a sintered rod 
shaped article formed from a milled composition, the milled 
composition comprising at least about 80% technical grade 
alumina by weight and between about 0.1% by weight and 
about 20% by weight of material containing at least one other 
oxide. 
0027. The foregoing background and summary are not 
intended to be comprehensive, but instead serve to help arti 
sans of ordinary skill understand the following implementa 
tions consistent with the invention set forth in the appended 
claims. In addition, the foregoing background and Summary 
are not intended to provide any limitations on the claimed 
invention. 

DESCRIPTION OF THE INVENTION 

0028. Reference will now be made in detail to embodi 
ments of the present invention. A high strength proppant and 
anti-flowback additive having a rod shape is found to achieve 
superior conductivity and other benefits when used in hydrau 
lic fracturing of subterranean formations Surrounding oil and/ 
or gas wells under relatively high closing pressures. 
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0029. A high strength proppant in accordance with one 
embodiment of the present invention is a solid rod-shaped 
particle prepared by sintering an alumina-containing mate 
rial. Such as, for example, technical grade alumina, bauxite, or 
any other suitable combination of oxides thereof. The rod 
shaped particle may have a solid trunk bounded by two sub 
stantially parallel planes. In one preferred embodiment of the 
present invention, the two Substantially parallel planes may 
be substantially circular, thereby creating a cylindrical trunk. 
Other suitable shapes may be also be used as the bounding 
planes. It is preferable that the bounding plane shapes have a 
minimum number of angles, such as circles or ovals or other 
symmetrical or asymmetrical shapes with rounded edges, 
Such as egg curves, because angular particles tend to pack 
more tightly together and concentrate the pressure on the 
contact points between the particles because of their sharp 
edges. This increased pressure can lead to an increased like 
lihood that the proppants will undesirably break into fine 
particles. Angular shapes, such as triangles, squares, rect 
angles, etc., where one or more of the corners is rounded may 
also be used as the bounding planes without departing from 
the spirit of the present invention. The rod bounded by these 
different shapes may take on trunks of different shapes, for 
example, in the shape of a triangular prism, without departing 
from the spirit of the present invention. 
0030 The sintered rod is found to exhibit superior hard 
ness and toughness. As known in the art, increased alumina 
(Al2O) content in the sintered product results in increased 
hardness and toughness. Sintered rods consistent with one 
embodiment of the present invention may have a high alu 
mina content, for example, greater than about 80% alumina 
by weight. In some embodiments, the alumina content may be 
increased to greater than about 90% by weight. It may further 
be preferable that the alumina content be greater than about 
92% by weight, with the optimum hardness and toughness 
being achieved between about 92% and about 96% alumina 
by weight. 
0031. It has also been found that the presence of aluminum 
titanate (Al-TiOs) in the sintered rod results in improved 
hardness and toughness. The sintered rod may contain 
between about 0.2% and about 4% aluminum titanate, pref 
erably between about 0.5% and about 3%, and most prefer 
ably between about 1% and about 2.5%. In one embodiment, 
the aluminum titanate is formed during sintering when the 
pre-sintered material includes a small percentage of TiO. 
The TiO, may be contributed by non-bauxitic sources or, 
preferably, bauxite. In one embodiment, the pre-sintered mix 
ture may comprise by weight between about 0.15% and about 
3.5% TiO, preferably between about 0.3% and about 2.7% 
TiO, and most preferably between about 0.4% and about 
2.3% TiO. During the sintering process, which is preferably 
conducted at a temperature from 1300° C. to 1500° C., the 
TiO forms a complex with the alumina to form the aluminum 
titanate phase. 
0032. The sintered rod may also be formulated to restrict 

its SiO2 content to a specific low level (e.g., less than about 
4% by weight, and preferably no more than about 2% by 
weight). When the level is silica is greater than 4%, silica 
bridges the alumina crystals during the sintering step and 
makes the ceramic material more fragile and breakable. By 
limiting the SiO content of the proppant, the sintered rod 
formulation ensures optimum strength from a high percent 
age of alumina (e.g., greater than 92%) reinforced by the 
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formation of aluminum titanate while at the same time mini 
mizing the weakening effects of SiO. 
0033. Iron oxide, commonly found in bauxite, can also 
weaken the proppant. The sintered rod should contain no 
more than 10% by weight iron oxide. Where a substantial 
portion of the mixture (e.g., over 80% by weight) to be sin 
tered is compromised of an alumina material that contains 
iron oxide (e.g., bauxite) that material should comprise iron 
oxide in amounts not to exceed about 10% by weight, and 
preferably no more than 8% by weight. This will help ensure 
that the sintered rod has superior strength throughout while 
still being able to break into substantially uniform pieces 
under high closing pressure as will be further discussed 
below. It may also limit the production of excessive undesir 
able fines at high closing pressures. 
0034. The high percentage of alumina in the sintered rods 
may come from a number of bauxitic and non-bauxitic 
Sources. For example, a high-quality bauxite containing a 
high level of alumina (e.g., 85% or more) may be used as the 
primary Source of alumina for the final composition. In addi 
tion to containing alumina, bauxite typically also contains 
additional oxides, such as SiO, TiO, FeO, ZrO, MgO. As 
mentioned above, excessive amounts of certain of these 
oxides can weaken the sintered rod. Only bauxite that will not 
contribute excessive amounts of undesirable impurities to the 
mixture, based upon the amount of bauxite present in the 
mixture, should be used. Suitable bauxite may come from, for 
example, the Weipa mine in Australia, or mines in Brazil, 
China, or Guinea. Since bauxite may not have a high enough 
alumina content to achieve the desired high alumina content 
in the final product, a non-bauxitic source of alumina, Such as 
“technical grade alumina” or “pure alumina” may be used to 
Supplement the alumina in the bauxite. Technical grade alu 
mina contains, for example, 98%-99% alumina with only a 
Small amount of impurities. 
0035. In an alternative method of making a suitable sin 
tered rod, a non-bauxitic source Such as technical grade alu 
mina may be used as the primary source for the alumina 
contained in the final sintered rod. A relatively small percent 
age of bauxite may be used as a Supplemental source of 
alumina, and may contribute a beneficial amount of TiO2 to 
provide the desired aluminum titanate in the final sintered 
rod. Because the bauxite is used in Smaller amounts in this 
embodiment, a bauxite containing higher levels of impurities 
may be used, so long as the overall amount of the impurities 
is relatively low in the final sintered product. 
0036. The alumina-containing material (e.g., bauxite) 
may optionally be sized using various milling or grinding 
techniques, including both attrition grinding and autogenous 
grinding (i.e., grinding without a grinding medium), and may 
be ground by either a dry or wet grinding process. The grind 
ing may be accomplished in a single step or may involve 
multiple grinding steps. 
0037 Proper sizing prior to forming the sintered rods can 
increase the compacity of the feed and ultimately result in a 
stronger proppant or anti-flowback additive. In one embodi 
ment, a jet mill may be used to prepare a first batch of particles 
having a first particle size distribution. In a jet mill, the par 
ticles are introduced into a stream of fluid, generally air, 
which circulates the particles and induces collisions between 
the particles. Using known techniques, the forces in the jet 
mill can alter the particle size distribution of the particles to 
achieve a desired distribution. For example, one may vary the 
type offluid used in the mill, the shape of the milling chamber, 
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the pressure inside the mill, the number and configuration of 
fluid nozzles on the mill, and whether there is a classifier that 
removes particles of a desired size while leaving others in the 
mill for additional milling. The exact configuration will vary 
based on the properties of the feed material and the desired 
output properties. The appropriate configuration for a given 
application can be readily determined by those skilled in the 
art. 

0038. After the first batch of particles having the first 
particle size distribution is prepared, a second batch of par 
ticles may be jet milled to a second particle size distribution. 
The first and second batch particle size distributions and 
milling conditions, and the conditions under which they are 
combined, are selected to form the desired final particle size 
distribution of the combined batches prior to sintering. Using 
this technique, a bi-modal particle size distribution may be 
obtained. The advantage of preparing a bi-modal feed is that 
it may contain additional fine particles to pack between the 
coarser particles, leading to increased compacity and density 
prior to sintering. Those skilled in the art will appreciate that 
one need not stop at two batches with different particle size 
distributions, but could combine three or more batches to 
achieve multi-modal particle size distributions prior to sinter 
ing. The batches of particles can be combined using any 
mixing technique known in the art for mixing dry powders, 
Such as employing intensive mixers (e.g., Eirich mixers), 
which can quickly produce a homogeneous powder blend. 
Using this approach, it has surprisingly been discovered that 
the resultant sintered rod achieves better compacity and crush 
resistance. 

0039. In another embodiment, the alumina-containing 
material may optionally be sized in a ball mill. Similar to jet 
milling multiple batches to different particle sizes and mixing 
them, ball milling may result in a multi-modal particle size 
distribution, which can improve the compacity of the powder. 
However, in contrast to a jet milling process, acceptable 
results may be achieved in a single ball-milled batch of par 
ticles (i.e., there is no requirement to prepare multiple batches 
and mix them). Ofcourse, there is no technical reason to avoid 
combining multiple ball-milled batches, and one embodi 
ment consistent with the present invention involves ball mill 
ing multiple batches and mixing them to form a powder with 
a desired multi-modal particle size distribution. In another 
embodiment, batches with two different particle size distri 
butions can be simultaneously milled in the ball mill, result 
ing in a powder with a multi-modal particle size distribution. 
0040 Regarding the mechanics of the ball milling process, 
a ball mill contains a chamber in which the alumina-contain 
ing material and a collection ofballs collide with each other to 
alter the material's particle size. The chamber and balls are 
typically made of metal. Such as aluminum or steel. The 
appropriate configuration for the ball mill (e.g., the size and 
weight of the metal balls, the milling time, the rotation speed, 
etc.) can be readily determined by those skilled in the art. The 
ball milling process can be either a batch process or a con 
tinuous process. Various additives may also be used to 
increase the yields or efficiency of the milling. The additives 
may act as Surface tension modifiers, which may increase the 
dispersion of fine particles and reduce the chance that the 
particles adhere to the walls and ball media. Suitable additives 
are known to those skilled in the art, and include aqueous 
Solutions of modified hydroxylated amines and cement 
admixtures. In one embodiment, the ball mill is configured 
with an air classifier to reintroduce coarserparticles back into 
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the mill for a more accurate and controlled milling process. 
Like the jet milling embodiment described above, ball milling 
has surprisingly been discovered to result in a proppant or 
anti-flowback additive with improved compacity and crush 
resistance. 

0041 While various particle sizes and size distributions 
may be useful in preparing proppants and anti-flowback addi 
tives, the pre-milled alumina-containing material may have at 
least 95% of its particles smaller than 500 microns as mea 
Sured by sieving or a Microtrac particle size analyzer, and 
may have all of its particles smaller than 500 microns. After 
milling, in certain embodiments the material has a d50 of less 
than 10 microns, and may have a d50 of less than 5 microns, 
less than 3 microns, or even less than 1.5 microns. In one 
embodiment, the powder has a d50 from 1.5 microns to 2 
microns, and ratio of the d90 to the d10 from 4 to 8. The d10, 
d50, and d90 may be measured using a laser microsizer, Such 
as the Malvern Mastersizer 2000. The milled material may 
also have substantially all of its particles smaller than 30 
microns. A broad particle size distribution is preferred to a 
narrow one, as it is believed that the broader distribution 
results in an increase of the compacity of the material and the 
strength of the final sintered rod. 
0042. The sintered rod in accordance with one embodi 
ment of the present invention may be prepared by first mixing 
the desired alumina-containing materials with at least one 
binding agent and/or solvent. The binding agent and/or sol 
vent is one of those well known in the industry. Some possible 
binding agents include, for example, methyl cellulose, poly 
vinylbutyrals, emulsified acrylates, polyvinyl alcohols, poly 
vinyl pyrrolidones, polyacrylics, starch, silicon binders, poly 
acrylates, silicates, polyethylene imine, lignoSulfonates, 
alginates, etc. Some possible solvents may include, for 
example, water, alcohols, ketones, aromatic compounds, 
hydrocarbons, etc. Other additives well known in the industry 
may be added as well. For example, lubricants may be added, 
Such as ammonium Stearates, wax emulsions, elieic acid, 
Manhattan fish oil, Stearic acid, wax, palmitic acid, linoleic 
acid, myristic acid, and lauric acid. Plasticizers may also be 
used, including polyethylene glycol, octyl phthalates, and 
ethylene glycol. The mixture may then be extruded, for 
example, through a die, to form a rod having a cross-section 
of a desired shape, such as a Substantially circular shape or 
any other Suitable shape. The process of extrusion may be 
performed using extrusion methods known in the industry. 
For example, the extrusion process may be a batch process, 
Such as by forming the rods using a piston press, or may be a 
continuous process using an extruder containing one or more 
screws. Loomis manufactures a piston press that may be used 
to batch produce the rods, while Dorst and ECT both make 
extruders that contain one or more screws that may be used in 
the continuous extrusion production method. Other suitable 
equipment and manufacturers will be readily ascertainable to 
those of skill in the art. 

0043. The extruded rod is then dried, for example, at about 
50 degrees Celsius or any other effective temperature, and 
reduced to the desired rod length, as needed. Any suitable 
drying process known to the industry may be used. For 
example, the rods may be dried using electric orgas driers. In 
Some embodiments, the drying process may be performed by 
microwave, with a continuous drying process being pre 
ferred. The reduction to the desired length may be achieved 
through cutting using, for example, a rotating blade, a cross 
cutter, a strand cutter, a longitudinal cutter, a cutting mill, a 
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beating mill, a roller, or any other Suitable reducing mecha 
nism. In one embodiment of the invention the reduction to the 
desired length occurs as a result of the drying process, form 
ing a mixture of rods having a broad length distribution, and 
no cutting step is required. The length reduction occurs dur 
ing the drying as a result of the mechanical properties of the 
extruded rod. In this embodiment, the manufacturing process 
is simplified and lower in cost as waste levels are reduced, 
cutting equipment need not be purchased nor maintained, and 
less energy will be consumed in the process. In another 
embodiment, where a narrow length distribution is desired, 
the rods having the desired length are obtained by any one of 
various selection methods known to those skilled in the art, 
including visual or mechanical inspection, or sieving. How 
ever, classical sieving methods tend to break the weaker rods. 
This is not necessarily a disadvantage, as only the stronger 
rods are selected by sieving. The appropriate selection 
method will need to be determined on a case-by-case basis, 
and will depend on the goal of the selection process. 
0044. The formed rod is then sintered at about 1,300 
degrees Celsius to about 1,700 degrees Celsius to form the 
sintered rod suitable for use as a proppant or anti-flowback 
additive. In some embodiments, the sintering temperature is 
preferably between about 1,400 degrees Celsius to about 
1,600 degrees Celsius. The sintering equipment may be any 
Suitable equipment known in the industry, including, for 
example, rotary or vertical furnaces, or tunnel or pendular 
sintering equipment. 
0045. The sintered rods may optionally be coated with one 
or more coatings. Applying Such a coating can provide vari 
ous advantages, including the ability to control the dispersion 
of fines that may be generated when the rods break under 
injection or closure pressures. Many coatings have been Sug 
gested in the art, with U.S. Pat. No. 5,420,174 to Dewprashad 
providing the following non-exhaustive list of natural and 
synthetic coatings: “natural rubber, elastomers such as butyl 
rubber, and polyurethane rubber, various starches, petroleum 
pitch, tar, and asphalt, organic semisolid silicon polymers 
Such as dimethyl and methylphenyl silicones, polyhydrocar 
bons such as polyethylene, polyproplylene, polyisobutylene, 
cellulose and nitrocellulose lacquers, vinyl resins such as 
polyvinylacetate, phenolformaldehyde resins, urea formalde 
hyde resins, acrylic ester resins such as polymerized esters 
resins of methyl, ethyl and butyl esters of acrylic and alpha 
methylacrylic acids, epoxy resins, melamine resins, drying 
oils, mineral and petroleum waxes. Additional coatings 
include urethane resins, phenolic resins, epoxide phenolic 
resins, polyepoxide phenolic resins, novolac epoxy resins, 
and formaldehyde phenolic resins. One or more of these 
coatings can be applied to the sintered rods using any known 
method, including both batch and on-the-fly mixing. 
0046. In one embodiment of the present invention, the 
sintered rod has parallel bounding planes that are substan 
tially circular, where the Substantially circular planes have an 
average diameter of between about 0.5 mm and about 2 mm. 
In some embodiments, the preferred diameters may be 
between about 0.5 mm and about 1.5 mm. Sintered rods 
having a length of up to about 20mm, preferably up to 10mm, 
may be suitable for use as proppants or anti-flowback addi 
tives in accordance with embodiments of the present inven 
tion. In some embodiments, the preferred rod length may be 
between about 1 mm and about 5 mm, or more preferably 
between about 2 mm and about 4 mm. 
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0047. In some embodiments, the diameter of the substan 
tially circular planes may correspond with diameters speci 
fied in the API standard for spherical proppants. In one 
embodiment, the preferred rod length may be the naturally 
Sustainable length limited by the drying process, for example, 
the length at which the rod will not break during the drying 
process. As discussed above, this approach can provide a 
useful proppant or anti-flowback additive without the step of 
cutting it to a particular length, thereby simplifying and low 
ering the cost of the manufacturing process, reducing waste 
produced during the cutting step, simplifying logistics due to 
the reduced need to produce, store, package, and ship prop 
pants and anti-flowback additives of different sizes, and sim 
plifying the planning of the fracturing job as there is no need 
to determine the needed length of the proppant or anti-flow 
back additive for a particular job. 
0048 Depending on the requirements for a particular frac 
ture or proppant pack, the fracturing fluid may include either 
a narrow or broad length distribution of the rods before clo 
Sure. To create a narrow length distribution, rods may be cut 
as described above to ensure a more uniform length distribu 
tion. More varied lengths may exist in a fracturing fluid with 
a broader length distribution before closure. While prior to 
closure a collection of sintered rods with a broad length 
distribution may have different physical properties from a 
collection having a narrow length distribution, after closure 
both collections of sintered rods may behave similarly in the 
fracture. This is primarily because the sintered rods in accor 
dance with an embodiment of the present invention have the 
unique ability to break into substantially uniform rods of 
Smaller sizes under a closing pressure. This unique breaking 
property is discussed in more detail below. However, as a 
brief example, in a pack formed from a fracturing fluid of 
sintered rods having varied lengths, the longer rods will break 
first under lower closing pressure (e.g., 2,000 psi) into inter 
mediate and Smaller rods, which may breakagain into Smaller 
pieces at higher closing pressure (e.g., 5,000 psi). In this way, 
the pack made from fracturing fluid of varied length sintered 
rods may ultimately achieve Substantially uniform lengths at 
certain higher closing pressures. As used herein, rods having 
“substantially uniform length' are rods that have the same 
length, plus or minus 20%. Preferably, these rods will have 
the same length, plus or minus 10%. 
0049. Although the sintered rods will break to the appro 
priate size in the fracture, it has been discovered that shorter 
sintered rods with a narrow length distribution may perform 
better than longer rods that break to the same size. Thus, for 
Some fracturing applications it may be desirable to determine 
an optimum length and prepare the sintered rod accordingly. 
Achieving the desired length distribution may be accom 
plished by a) cutting the material after extrusion, Such as by 
using a rotating knife next to the extrusion die; b) cutting the 
material before or after drying, Such as by using a combina 
tion of mesh and knives, with the mesh being placed after the 
knives to sieve the rods using known sieving techniques, 
including the use of bouncing rubber balls on top of the mesh 
to aid in sieving; c) cutting the material after sintering, Such as 
by using an Eirich mixer or a ball mill; or d) any of the other 
various methods for sizing known to those skilled in the art. 
0050. A sintered rod having the above dimensions may 
have a length to width ratio (this term is also intended to 
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encompass the length to diameter ratio, if the rod has a cir 
cular cross-section) of about 1.5:1 to about 20:1. In some 
embodiments, it may be desirable that the length to width 
ratio be between about 1.5:1 to about 10:1, more preferably 
between about 1.5:1 and about 7:1. It may be further prefer 
able to restrict the length to width ratio from about 2:1 to 
about 4:1 in some embodiments. It is desirable that the sin 
tered rod have a length to width ratio of greater than 1:1 
because the elongated shape introduces more disorder into 
the proppant pack, which increases Void spaces between the 
proppants and in turn increases the conductivity of the prop 
pant pack. As an example, an experiment was conducted in 
which equal volumes of a spherical proppant of the prior art 
and a rod-shaped proppant of the present invention, each with 
a bulk density of about 2.01 g/cm were placed in separate 
Erlenmeyer flasks. Distilled water was introduced into each 
flask until the proppants were submerged in water. The water 
volume needed to penetrate the voids was then measured. The 
volume of water poured into the flask represents the void 
volume. For the spherical proppant, 5.8 mils of water was 
necessary to fill the void volume. For the rod-shaped prop 
pant, 10.7 mls of water was necessary—almost double that of 
the spherical proppant. This comparison demonstrates that 
for the same Volume of proppant, the rod-shaped proppant 
may have significantly more Void Volume than the same Vol 
ume of a spherical proppant. 
0051. In another experiment, approximately 32.9 g each of 
two spherical proppants and one rod-shaped proppant consis 
tent with the present invention were placed in separate Erlen 
meyer flasks each filled with 50 mls of distilled water. The 
rod-shaped proppant had a broad length distribution and an 
average width or diameter of between about 1.1 mm and 
about 1.3 mm. All three of the proppants had a bulk density 
between about 2.00 g/cm and about 2.01 g/cm. The flasks 
were shaken slightly, but only to the extent necessary to 
provide a level surface on the top of the proppant. The volume 
level of the proppants was then measured, as was the level of 
the water. From this information, the void volume within the 
proppant was calculated using the following equations: 

V, V, propants. A tiquid where 

A liquid tiquidfinal liquid initial 

0.052 The void volumes of the two spherical proppants 
were measured to be about 33% and about 38%, while the 
void volume of the rod-shaped proppant was found to be 
about 50%. This further demonstrates that for the same mass 
of proppant, a rod-shaped proppant consistent with the 
present invention may exhibit more Void Volume in the prop 
pant pack, leading to a larger space for oil or natural gas to 
flow to the well bore. The flasks were then shaken and tapped 
for approximately 2 minutes with the goal of packing the 
proppant particles more tightly. The same levels were mea 
Sured, and the Void volume in the spherical proppants did not 
change in any significant manner. As expected, the Void Vol 
ume in the rod-shaped proppant decreased somewhat, but it 
still contained a void volume of about 44%. This packed void 
volume was still higher than that of either of the spherical 
proppants. Table 1 below provides the data from these experi 
mentS. 



US 2010/0O87341 A1 

TABLE 1. 

Proppant Tapped? Weight Vinitial Vfinal Veropean Void 

Spherical 1 NO 32.7 g 50 ml 60 ml 16 ml 6 ml 
Spherical 1 YES 32.7 g 50 ml 60 ml 16 ml 6 ml 
Spherical 2 NO 32.9 g 50 ml 60 ml 15 ml 5 ml 
Spherical 2 YES 32.9 g 50 ml 60 ml 15 ml 5 ml 
Rod-shaped NO 32.9 g 50 ml 59 ml 18 ml 9 ml 
Rod-shaped YES 32.9 g 50 ml 59 ml 16 ml 7 ml 

0053. The desirable properties of sintered rods made in 
accordance with the present invention are believed to be asso 
ciated, at least in part, with their relatively high apparent 
specific gravity. While “specific gravity” is known in the art to 
refer to the weight per unit volume of a material as compared 
to the weight per unit volume of water at a given temperature, 
“apparent specific gravity” as used in this application refers to 
the weight per unit volume of a material including only the 
material itself and its internal porosity as compared to the 
weight per unit volume of water. Thus, in the apparent specific 
gravity computation first the weight of the material being 
measured is determined. Then the volume of the material, 
including only the Volume of the material and its internal 
pores, is determined. For some materials, this step is easily 
accomplished by placing the material in water and measuring 
the volume of the displaced water. Indeed, under certain 
circumstances water may appropriately be used for applica 
tions that compare one proppant to another, such as in the void 
volume experiments described above. For proppants of this 
type, however, water may permeate and fill in the interior 
pores, giving inaccurate absolute results such as those desired 
when computing apparent specific gravity. Consequently, it is 
necessary to measure the displacement in mercury or some 
similar fluid that will not permeate the material and fill its 
internal pores. The weight per unit volume measured in this 
manner is then compared to the weight per unit Volume of 
water at a given temperature. The specific temperature used in 
accordance with this application is room temperature, or 
about 25 degrees Celsius. 
0054. A sintered rod prepared as described above may 
have an apparent specific gravity of up to about 3.98. In some 
embodiments, it may be desirable that the apparent specific 
gravity of the sintered rods be between about 3.0 and about 
3.98. It may be further preferable that the apparent specific 
gravity be between about 3.2 and about 3.95 in some embodi 
ments. The specific range chosen may be based on a variety of 
factors including, for example, the intended use, which may 
involve considerations such as fracture depth, the type of 
carrier fluid, etc. The sintered rod may also have a bulk 
density of about 1.5 g/cm to about 2.5 g/cm. In some 
embodiments, the bulk density may preferably be between 
about 1.7 g/cm to about 2.3 g/cm. Bulk density as used in 
this application and understood within the art refers to the 
mass of a particular volume of sintered rods divided by the 
volume occupied by the sintered rods where the mass has 
been compacted. This is sometimes referred to as “packed' or 
"tapped' bulk density. The measurement method of the 
“packed' or "tapped' bulk density is that set forth by the 
Federation of European Producers of Abrasives (FEPA) as 
standard number 44-D. The volume used for the calculation 
of bulk density includes both the space between the sintered 
rods and the pore spaces (both interior and exterior) of the 
sintered rods. 
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% voids 

38% 
38% 
33% 
33% 
SO% 
44% 

0055. It is known within the art that proppants having a 
high apparent specific gravity and high alumina content 
exhibit Superior crush resistance. Crush resistance as used in 
this application is measured according to procedures promul 
gated by the API for measuring proppant crush. Specifically, 
a certain Volume of the sintered rods of a particular dimension 
range (i.e., 1.1 mm-1.3 mm in diameter and 2 mm-14 mm in 
length) is loaded into a crush cell with a floating piston. For a 
desired stress level, the piston presses onto the sintered rods at 
the required stress level (e.g., 20,000 psi) for a set period of 
time (e.g., two minutes). The weight percentage of crushed 
materials, for example, gathered by sieving the fines through 
a sieve of a desired size (e.g., less than about 1 mm), is 
measured. 

0056 Results of tests using API crush resistance proce 
dures indicate the sintered rods consistent with the present 
invention exhibit high crush resistance up to 20,000 psi. At 
10,000 psi only between about 5% by weight and about 9% by 
weight were crushed. At 15,000 psi between about 9% by 
weight and about 19% by weight were crushed. When the 
optional milling step is used, it is believed that in some 
embodiments only about 7% to about 15% of the particles 
may be crushed at 15,000 psi, in other embodiments only 
about 7% to about 13% may be crushed, still others may have 
only about 8% to about 12% crushed, and in other embodi 
ments only about 9% to about 11% of the particles may be 
crushed, with all percentages being given by weight. For 
example, in a sample of sintered rods consistent with one 
embodiment of the invention, only about 12% by weight were 
crushed at 15,000 psi. The variation in the crush resistance at 
a given pressure is due, at least in part, to variations in the 
lengths of the rods, the diameters of the rods, the feed mate 
rial, any impurities in the feed, the sintering temperature, and 
the sintering time. 
0057. Because crush resistance alone is generally insuffi 
cient to illustrate the potential conductivity that is essential to 
a proppant, a conductivity test according to the API Recom 
mended Practice 61 for measuring conductivity was also con 
ducted. In a particular test, a quantity of sintered rods in 
accordance with one embodiment of the present invention 
was placed and leveled in a test cell between Ohio sandstone 
rocks. Ohio Sandstone has a static elastic modulus of approxi 
mately 4 million psi and a permeability of 0.1 mD. Heated 
steel plates provided the desired temperature simulation for 
the test. A thermocouple was inserted into the middle portion 
of the rod pack to record the temperature. A servo-controlled 
loading ram provided a closing pressure on the proppant 
between the Ohio sandstone rocks. The test cell was initially 
set at 80° F. and 1,000 psi. The cell was then heated to 250° F. 
and held for 4 hours before the stress was increased to 2,000 
psi over 10 minutes. After 50 hours at 2,000 psi, measure 
ments were made, and then the stress level was raised to 3,000 
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psi. The same procedures were applied and Subsequent mea 
surements were made at 5,000 psi, 7,500 psi, and 10,000 psi 
over a total of 254 hours. 
0058 Measurements were taken of the pressure drop in 
the middle of the sintered rod pack to enable calculation of the 
permeability at a particular stress condition according to Dar 
cy's Law. Specifically, permeability is part of the proportion 
ality constant in Darcy's Law, which relates flow rate and 
fluid physical properties (e.g., viscosity) to the stress level 
applied to a pack of sintered rods. Permeability is a property 
specifically relating to a pack of sintered rods, not the fluid. 
Conductivity, on the other hand, describes the ease with 
which fluid moves through pore spaces in a pack of sintered 
rods. Conductivity depends on the intrinsic permeability of a 
sintered rod pack as well as the degree of Saturation. In par 
ticular, conductivity expresses the amount of water that will 
flow through a cross-sectional area of a sintered rod pack 
under the desired stress level. 
0059 Specifically, to measure conductivity, a 70 mbar full 
range differential pressure transducer was started. When the 
differential pressure appeared to be stable, a tared volumetric 
cylinder was placed at the outlet and a stopwatch was started. 
The output from the differential pressure transducer was fed 
to a data collector, which recorded the output every second. 
Fluid was collected for 5 to 10 minutes and then the flow rate 
was determined by weighing the collected effluent. The mean 
value of the differential pressure was retrieved from a multi 
meter, as were the peak high and low values. If the difference 
between the high and low values was greater than 5% of the 
mean, the data was disregarded. Temperature was recorded at 
the start and end of the flow test period. Viscosity of the fluid 
was obtained using the measured temperature and Viscosity 
tables. At least three permeability determinations were made 
at each stageusing Darcy's Law. The standard deviation of the 
determined permeabilities had to be less than 1% of the mean 
value before the test was accepted. 
0060. The following table summarizes the results of the 
above conductivity test conducted on sintered rods consistent 
with the present invention, as well as high Strength and inter 
mediate strength spherical particles. The rods were between 
about 0.9 mm and 1.1 mm in diameter, and had a narrow 
length distribution centered at 10 mm. 

TABLE 2 

Conductivity 

High Intermediate 
Pressure (psi) Rods Strength Spherical Strength Spherical 

SOOO 3.1875 6048 54.87 
7500 11405 4293 3589 
1OOOO 4390 2651 2113 
12SOO 751 1746 1314 
1SOOO 2O7 1181 936 

0061 All measures except pressure are in mD-ft. 
0062. When the optional milling step is employed, the 
conductivity of the rods increases to about 5200 ml)-ft at 
10,000 psi and about 3600 ml)-ft at 12,500 psi. The surpris 
ingly Superior conductivity and permeability of the rod 
shaped proppants at high closure pressure as compared to 
spherical proppants that are currently being used in the indus 
try was found to be largely attributable to the proppant’s 
unique rod shape and its unexpected breaking behavior under 
closing pressure. Particularly, unlike a sphere, which has a 
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single load bearing point at which the closing pressure con 
Verges, often leading to crushing, a rod has a much broader 
area of contact in a multi-layered pack under pressure, allow 
ing it to distribute the pressure more evenly and thereby 
reducing crushing and embedment at comparable closing 
pressures. 

0063. It is known that crushing of the current spherical 
proppants leads to the creation of fines. Essentially the 
spheres break under pressure into very minute, dust-like 
pieces that have a tendency to create densely packed fine 
layers that significantly reduce both permeability and con 
ductivity. Additionally, the fines tend to have sharp edges, 
which when in contact with Surrounding intact spheres, con 
centrate the compression forces onto other spheres at the 
sharp contact points and contribute to the destruction of the 
Surrounding spheres in the proppant pack. 
0064. The sintered rods, besides being more resistant to 
crushing under comparable closing pressures due to their 
unique shape, also exhibit the Surprising property of being 
able to break into generally uniform sized smaller rods when 
breakage does occur. This behavior is in contrast to the failure 
of spherical particles, described above, which typically dis 
integrate when they fail and create a large amount of fines. 
Instead of creating dust-like fines, the rod-shaped proppants 
break into Smaller rod-shaped proppants. The breaking 
behavior of the sintered rods is attributable, at least in part, to 
the specific composition of a large amount of alumina with a 
Small amount of other synergistic oxides in the sintered rod 
formulation. For example, a small percentage of TiO2 in the 
sintered rod composition, preferably contributed by bauxite, 
allows for the formation of aluminum titanate (Al-TiOs) dur 
ing the sintering process, which provides extra strength to the 
sintered rod proppant or anti-flowback additive. In one 
embodiment, the sintered rod may contain between about 
0.2% and about 4% aluminum titanate by weight, preferably 
between about 0.5% and about 3% by weight, and more 
preferably between about 1% and about 2.5% by weight. In 
Some embodiments the bauxite before sintering may com 
prise by weight between about 0.5% and about 4% TiO, 
preferably between about 1% and about 3% TiO, and more 
preferably between about 2% and about 3% TiO. 
0065. The rods also maintain their unique rod shape as 
they break into smaller rods, thereby maintaining their effi 
cacy as a proppant. In one experiment, two collections of 100 
g of sintered rods, one having a broad length distribution and 
the other having a narrow one, were tested according to API 
Procedure 60 at 22,000 psi. As used in this application, a 
narrow length distribution is one where at least about 60% of 
the rods have lengths within about 1 mm of the mean. All 
other distributions are considered broad. After the experi 
ment, the sintered rods of both sizes were examined and 
found to have reached a very narrow length distribution cen 
tered around 4 mm. Even at this high pressure numerous rods 
were still intact. 

0066. The manner in which the sintered rods break has a 
number of advantages. The smaller rods do not behave like 
fines that settle into dense packs between still-intact spherical 
proppants. Thus, there is little to no reduction in conductivity 
or destruction of neighboring proppants as occurs with fines 
in spherical proppant packs. It is also believed that the Smaller 
rod pieces that result from breaking of a larger sintered rod 
exhibit the same or similar beneficial properties as the larger 
sintered rod. The smaller rods remain superior in their load 
carrying capability and resistance to embedment. Moreover, 
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to the extent fines are generated, they are believed to be less 
destructive to the proppant pack than the fines generated 
when other proppants, such as spherical proppants, break 
down. This further maintains permeability and conductivity. 
In view of these advantages, a pack of sintered rods may 
therefore exhibit Superior longevity, conductivity, and perme 
ability over a pack of sintered spheres under similarly high 
closure pressure, even when the closing pressure causes 
breakage of the sintered rods. As discussed above, in some 
applications better performance may be achieved by using 
shorter rods with a narrow length distribution. 
0067. It is also observed that the sintered rod reduces the 
non-Darcy flow effect (a characterization of fluid flow that 
accounts for the turbulence generated as the oil or natural gas 
flows through the proppant pack). Non-Darcy flow reduces 
well production significantly and strips the deposited prop 
pants from the fracture, causing them to flow back to the well 
bore with the natural gas or oil. In particular, the non-Darcy 
flow effect is mainly experienced in high flow-rate gas and 
volatile oil wells. The effectarises from the fact that fluid flow 
near the well bore has a turbulence component due to a 
significant pressure drop along the fracture and the conver 
gence of flow at the well bore, which results in high flow 
Velocities. This effect is particularly significant in natural gas 
wells due to the highly expandable and less viscous nature of 
natural gas. The non-Darcy flow effect is expressed as: 

where p is the pressure drop in the fracture, 1 is the length of 
the fracture, L is the viscosity of the gas, V is the velocity of the 
gas, k is the permeability of the fracture, B is the turbulence 
coefficient in the fracture, and p is the density of the natural 
gas/oil. 
0068 A comparison was performed with regard to three 
different possible proppant shapes to determine the effect of 
shape on the turbulence coefficient B. It was found that an 
elongated shape, such as the sintered rod of the present inven 
tion, is associated with a much reduced B as compared to a 
spherical or irregular shape. Therefore, rod-shaped proppants 
would be subject to less stripping due to the non-Darcy flow 
effect and result in less proppant flowing back to the well 
bore. 

0069 Reducing flow back to the well has a number of 
advantages. For example, less flowback reduces the abrasive 
wear on expensive well equipment, reduces the cost of clean 
up, and ensures that more of the proppant stays in the pack, 
providing a longer useful life for the well and a better return 
on investment. 
0070 Although rod-shaped proppants may be used by 
themselves in a fracture, they may have additional utility 
when used in conjunction with another type of proppant, Such 
as a spherical proppant. A mixture containing 10% of a rod 
shaped proppant consistent with the present invention (hav 
ing a diameter of between about 1.1 mm and 1.3 mm and 
length of about 10 mm to about 20 mm) and 90% of a spheri 
cal proppant (having a diameter of 0.7 mm) was tested 
according to API test 60 to determine the effect of the com 
bination under pressure. At 15,000 psi, the rods were smaller 
but were still present in rod-shaped form (i.e., they cracked 
into Smaller rod-shaped proppants rather than disintegrating 
into fines). Surprisingly, many of the rods remained relatively 
long, up to 15 to 17 mm. 
0071. In view of the above, sintered rods in accordance 
with the present invention possess a unique combination of 
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properties that make them an excellent proppant or anti 
flowback additive. Specifically, the high alumina content of 
the sintered rod ensures Superior crush resistance, permeabil 
ity, and conductivity at high closure pressures. Moreover, the 
proppant's unique shape enhances crush resistance, perme 
ability, and conductivity by allowing even distribution of 
pressure throughout the proppant pack. In addition, the prop 
pant's unique breaking behavior prevents deterioration of the 
pack and lowers the reduction in the pack's efficiency as 
compared to spherical proppants. The unique rod shape has 
the added benefit of reducing the non-Darcy flow effect in the 
well, thereby minimizing equipment wear and tear, maintain 
ing consistent production of gas or oil, and reducing the cost 
involved in clean up of the flowback. When used in combi 
nation with other types of proppants, the presence of the 
rod-shaped proppant consistent with the present invention 
provides the unique advantages of increasing the Void Vol 
ume, decreasing proppant flowback, reducing the amount of 
fines generated at high pressures, and increasing the strength 
of intermediate and high Strength proppants. Consequently, 
the rod-shaped material in accordance with the present inven 
tion may be used separately as a proppant, as a proppant in 
combination with other proppants, or as an anti-flowback 
additive when mixed in certain ratios with other proppants. 
0072 The preceding description is merely exemplary of 
various embodiments of the present invention. Those skilled 
in the art will recognize that various modifications may be 
made to the disclosed embodiments that would still be within 
the scope of the invention. For example, it is envisioned that 
sintered rod-shaped proppants or anti-flowback additives 
may contain an alumina content from about 40% to about 
80% by weight, or may be formed using kaolin or bauxitic 
kaolin as a component, in addition to those listed above. The 
scope of the invention is intended to be limited only by the 
appended claims. 

1-106. (canceled) 
107. A method of promoting flow in a well bore in a 

Subterranean formation by fracturing the Subterranean forma 
tion, the method comprising injecting a fluid into the Subter 
ranean formation, the fluid containing comprising a sintered 
rod-shaped article made from a milled composition compris 
ing at least about 90% by weight alumina and between about 
0.15% and about 3.5% by weight TiO, 

108. The method of claim 107 wherein the milled compo 
sition comprises between about 0.3% by weight and about 
2.7% by weight TiO, 

109. The method of claim 108 wherein the milled compo 
sition comprises between about 0.4% by weight and about 
2.3% by weight TiO, 

110. The method of claim 107 wherein the sintered article 
comprises between about 0.2% by weight and about 4% by 
weight aluminum titanate. 

111. The method of claim 110 wherein the sintered article 
comprises between about 0.5% by weight and about 3% by 
weight aluminum titanate. 

112. The method of claim 111 wherein the sintered article 
comprises between about 1% by weight and about 2.5% by 
weight aluminum titanate. 

113. The method of claim 107 wherein the milled compo 
sition has been jet milled. 

114. The method of claim 107 wherein the milled compo 
sition has a multi-modal particle size distribution. 

115. The method of claim 107 wherein the milled compo 
sition has been ball milled. 
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116. The method of claim 107 wherein the milled compo 
sition has a d50 less than 10 microns. 

117. The method of claim 116 wherein the milled compo 
sition has a d50 less than 5 microns. 

118. The method of claim 117 wherein the milled compo 
sition has a d50 less than 3 microns. 

119. The method of claim 118 wherein the milled compo 
sition has a d50 less than 1.5 microns. 

120. The method of claim 107 wherein the milled compo 
sition has 95 weight percent of its particles smaller than 30 
microns. 

121. The method of claim 120 wherein the milled compo 
sition has 100% of its particles smaller than 30 microns. 

122. The method of claim 107 wherein the sintered article 
has an average length of less than 15 mm. 

123. The method of claim 107 wherein the sintered article 
has an average length of less than 10 mm. 

124. The method of claim 107 wherein the sintered article 
has an average length of less than 5 mm. 

125. The method of claim 107 wherein the sintered article 
has an average length of about 4 mm. 

126. The method of claim 107 wherein the fluid comprises 
a second proppant. 

127. The method of claim 126 wherein from about 7% by 
weight and about 13% by weight of the sintered articles are 
crushed at 15,000 psi. 

128. The method of claim 127 wherein from about 8% by 
weight to about 12% by weight of the sintered articles are 
crushed at 15,000 psi. 

129. The method of claim 128 wherein from about 9% by 
weight to about 11% by weight of the sintered articles are 
crushed at 15,000 psi. 

130. A method of promoting flow in a well bore in a 
Subterranean formation by fracturing the Subterranean forma 
tion, the method comprising injecting a fluid into the Subter 
ranean formation, the fluid comprising a sintered rod-shaped 
article formed from a milled composition, the milled compo 
sition comprising at least about 80% technical grade alumina 
by weight and between about 0.1% by weight and about 20% 
by weight of material containing at least one other oxide. 

131. The method of claim 130 wherein the sintered article 
comprises between about 0.2% by weight and about 4% by 
weight aluminum titanate. 

132. The method of claim 131 wherein the sintered article 
comprises between about 0.5% by weight and about 3% by 
weight aluminum titanate. 

133. The method of claim 132 wherein the sintered article 
comprises between about 1% by weight and about 2.5% by 
weight aluminum titanate. 

134. The method of claim 130 wherein theat least one other 
oxide is selected from the group consisting of MgO, Fe2O, 
SiO, ZrO, and TiO, 
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135. The method of claim 130 wherein the material con 
taining at least one other oxide comprises bauxite. 

136. The method of claim 130 wherein the milled compo 
sition comprises at least 90% technical grade alumina by 
weight and between about 0.1% by weight and about 10% by 
weight bauxite. 

137. The method of claim 136 wherein the milled compo 
sition comprises at least 95% technical grade alumina by 
weight and between about 0.1% by weight and about 5% by 
weight bauxite. 

138. The method of claim 130 wherein the milled compo 
sition has been jet milled. 

139. The method of claim 130 wherein the milled compo 
sition has a multi-modal particle size distribution. 

140. The method of claim 130 wherein the milled compo 
sition has been ball milled. 

141. The method of claim 130 wherein the milled compo 
sition has a d50 less than 10 microns. 

142. The method of claim 141 wherein the milled compo 
sition has a d50 less than 5 microns. 

143. The method of claim 142 wherein the milled compo 
sition has a d50 less than 3 microns. 

144. The method of claim 143 wherein the milled compo 
sition has a d50 less than 1.5 microns. 

145. The method of claim 130 wherein the milled compo 
sition has 95 weight percent of its particles smaller than 30 
microns. 

146. The method of claim 145 wherein the milled compo 
sition has 100% of its particles smaller than 30 microns. 

147. The method of claim 130 wherein the sintered article 
has an average length of less than 15 mm. 

148. The method of claim 130 wherein the sintered article 
has an average length of less than 10 mm. 

149. The method of claim 130 wherein the sintered article 
has an average length of less than 5 mm. 

150. The method of claim 130 wherein the sintered article 
has an average length of about 4 mm. 

151. The method of claim 130 wherein more than one 
sintered article is injected. 

152. The method of claim 151 wherein from about 7% by 
weight and about 13% by weight of the sintered articles are 
crushed at 15,000 psi. 

153. The method of claim 152 wherein from about 8% by 
weight to about 12% by weight of the sintered articles are 
crushed at 15,000 psi. 

154. The method of claim 153 wherein from about 9% by 
weight to about 11% by weight of the sintered articles are 
crushed at 15,000 psi. 

c c c c c 


