
WO 2010/059322PCT/US2009/061055 HEAT STABLE FORMED CERAMIC, APPARATUS AND
METHOD OF USING THE SAME  5 PRIORITY CLAIM [0001]This application claims
priority to and the benefit of USSN 12/277,056, filed November 24, 2008.
FIELD OF THE INVENTION 10[0002]This invention pertains to ceramic
components, methods, and thermal reactor apparatus using the same,
demonstrating improved physical and chemical stability in high temperature
applications, facilitating improved process reliability and equipment
durability. In some embodiments, the components may have particular utility
in reactors such as may be used for thermally cracking or converting
hydrocarbons, or for performing other high 15  temperature chemical
reactions. The invention includes refractory grade ceramic components that
demonstrate improved strength, toughness, chemical stability, and thermal
stability at high temperatures, such as above 1500C, as compared to prior
art refractory grade ceramics. BACKGROUND OF THE INVENTION
[0003]Conventional steam crackers are a common tool for cracking volatile
20hydrocarbons, such as ethane, propane, naphtha, and gas oil. Similarly,
other thermal or pyrolysis reactors, including reverse flow and other
regenerative reactors, are also known for cracking hydrocarbons and/or
executing thermal conversions and chemistry processes, including some
processes that may be performed at temperatures higher than can suitably be
performed in conventional steam crackers. Higher temperature reactions and
processes 25typically require more complex, costly, and specialized
equipment to tolerate the intense heat 



and physical stress conditions, with equipment temperature, strength, and
toughness limitations commonly defining upper limits for many of the
processes and facilities. [0004]In an exemplary thermal processing example,
the known art discloses that to efficiently obtain relatively high yields
of acetylene from thermal processing of methane 30  feed, such as in excess
of 75 wt%, reactor temperatures are required to be in excess of 1500C and
preferably in excess of 1600C, with relatively short contact times
(generally <0.1 seconds). It is known that acetylene may be thermally
manufactured from methane in relatively small amounts or batches, using
high temperature and short contact time in cyclical processes, yielding a
mixture of acetylene, CO, and H2. Methane cracking processes,  WO
2010/059322PCT/US2009/061055 however, have been inefficient compared to
other commercial processes for generation of acetylene and as compared to
other cracking processes such as conventional steam cracking to produce
olefins. Commercially, acetylene is typically generated by cracking feeds
other than methane. The high temperature processes (e.g., >1500C) have
traditionally not scaled well and are generally only useful for relatively
high-cost, specialty applications. Processes such as thermally cracking
methane to acetylene have largely been commercially unattractive due to
thermal, chemical, and mechanical degradation of the reactor and related
equipment. In addition to physical temperature limitations for reactor
materials, many prior art reactor materials that are inert at lower
temperatures may become susceptible to chemistry alterations 10 at high
temperature, leading to premature equipment degradation and/or process
interference, such as by generation of contaminants. Although regenerative
pyrolysis reactors are generally known in the art as capable of converting
or cracking hydrocarbons, they have not achieved commercial or widespread
use, due at least in part to the fact that they have not been successfully
scaled well to a commercially economical size or commercially useful life
span. 15 These drawbacks have resulted in use of compromised or alternative
solutions, such as in the above example, commercial acetylene production is
primarily accomplished via processing higher weight hydrocarbons such as
ethane, propane, naphthas, and gas-oils at lower temperatures, such as by
conventional steam crackers. 100051Further complicating the material
stability and reliability issue has been exposure 20 to large, cyclic
temperature swings encountered during many pyrolysis processes. Such
temperature changes and product flow direction changes can impose severe
physical strength and toughness demands upon the refractory materials at
high temperature. Material life expectancy at high temperature can be
severely limited or precluded. Such physical demands have also typically
limited manufacturing and use of refractory materials to relatively simple
25 shapes and components, such as bricks, tiles, spheres, and similar
simple monoliths. Reactor component functions and shapes have been limited
for high severity services. For example, a deferred combustion,
regenerative reactor process was proposed in a U.S. patent application
filed December 21, 2006, serial number 11/643,541, entitled "Methane
Conversion to Higher Hydrocarbons," related primarily to methane feedstocks
for pyrolysis systems. Although the 30  disclosed process of the '541
application effectively controls the location of combustion within the
reactor, the internal reactor components must still contend with the
severely high temperatures, temperature changes, and physical stresses
incurred during methane pyrolysis, particularly for a commercially
desirable reactor life term. The refractory material  WO
2010/059322PCT/US2009/061055 comprising the reactive regions may typically
be a ceramic or related refractory material. In some embodiments, however,
the disclosed processes and apparatus may utilize relatively complex shaped
refractory components, such as a thin-walled honeycomb monolith used to
conduct process fluids through the reactor. Such reactors and reactor
component geometries may demand materials that have strength, toughness,
chemical inertness, and other required properties that exceed the
capabilities of previously identified or known refractory materials under
such temperature and stress conditions. 



[00061For further example, the "Wulff' process represents one of the more
preferred commercial processes for generation of acetylene. Wulff discloses
a cyclic, regenerative io furnace, preferably including stacks of Hasche
tiles (see US 2,319,679) as the heat exchange medium. However, such
materials have demonstrated insufficient strength, toughness, and/or
chemical inertness, and are not amenable to use as certain desirable
reactor components, such as for use as reactor fluid conduits, to
facilitate large-scale commercialization. Although some of the "Wulff' art
disclose use of various refractory materials, a commercially useful 15
process for methane cracking or other extreme high-temperature processes
(e.g., >1500C, >1600C, and even >1700C) has not previously been achieved
utilizing such materials. The aforementioned practical obstacles have
impeded large scale implementation of the technologies. Materials
availability for high temperature, high-stress applications is one of the
most critical issues in design and operation of large-scale, commercial,
high-productivity, 20thermal reactors. [00071Due to high temperatures
involved in cyclic pyrolysis reactors, generally only ceramic components
have the potential to meet the materials characteristics needed in such
aggressive applications. The American Society for Testing and Materials
(ASTM) defines a ceramic article as "an article having a glazed or unglazed
body of crystalline or partly 25  crystalline structure, or of glass, which
body is produced from essentially inorganic, nonmetallic substances and
either is formed from a molten mass which solidifies on cooling, or is
formed and simultaneously or subsequently matured by the action of the
heat." Ceramics components generally can be categorized in three material
categories: engineering grade, insulation grade, and refractory grade.
30[0008]The term "engineering grade" has been applied to ceramic materials
which typically have very low porosity, high density, relatively high
thermal conductivity, and comprise a complete component or a lining.
Examples include dense forms of aluminum oxide (Al203), silicon nitride
(Si3N4), silicon carbide (SiC), silicon aluminum oxynitride  WO
2010/059322PCT/US2009/061055 



(SIALON), zirconium oxide (Zr02), transformation-toughened zirconia (TTZ),
transformation-toughened alumina (TTA), and aluminum nitride (AN). These
materials usually possess high strength and toughness, which have been
dramatically improved to the degree that ceramics are now available that
can compete with metals in applications  5 previously thought impossible
for ceramics. Strength is a measurement of the resistance to formation of a
crack or structural damage in the material when a load is applied.
Toughness is a measurement of the resistance of the material to propagation
of a crack or extension of damage to the point of failure. For instance,
engineering grade Al201 and SiC are commercially available with a strength
of over 345 MPa, and Si3N4 and TTZ are available io with strengths above
690 MPa (100 kpsi). Some TTZ materials have toughness around 15 MPa.m'2,
which is an order of magnitude higher than that of conventional ceramics.
Even though engineering grade ceramics have superior strength and toughness
at relatively low temperatures, they are relatively poor in thermal shock
resistance (both strength and toughness) and many grades, such as but not
limited to borides, carbides, and nitrides are not 15chemically stable at
high temperature. Many are also not suitable for use at the high
temperatures encountered with some pyrolysis reactions. 100091The second
category of ceramic materials is insulation grade ceramics, which are
typified by relatively high porosity. Many may have fibrous crystalline
grain structures and are more porous than engineering grade ceramics, have
lower density, and have lower  20 thermal conductivity than engineering
grade ceramics. Insulating monolithic ceramics and composite ceramics are
often fabricated into various forms such as rigid boards, cylinders,
papers, felts, textiles, blankets, and moldables. Many are primarily used
for thermal insulation at elevated temperatures, such as up to 1700C. A
broad range of porosities and pore sizes can be produced, depending on the
intended application, but in general, insulation  25 grade ceramics tend to
be relatively porous as compared to engineering grade ceramics. Porous
ceramics have many open or closed internal pores that provide the thermal
barrier properties. Often, quite porous ceramics, such as those having
porosity of greater than 50 vol.% and commonly even in excess of 90 vol.%,
are used for thermal insulation where extremely low thermal conductivity
(<0.08 W/m.K) is required. However, insulation grade  30 ceramics typically
lack the structural strength and functional toughness needed for the
internal components of many pyrolysis reactors and processes. Insulation
grade ceramics typically are recognized as having a flexural strength or
toughness of less than about 4 Kpsi  WO 20101059322PC T/US2009/061055 (27.6
MPa) and often of less than even 1 Kpsi (6.9 MPa). Also, the insulation
properties of porous ceramics may tend to degrade as the pores may fill
with coke accumulation. [0010]The third generally recognized category of
ceramic materials is refractory grade ceramics. Many refractory grade
ceramics typically have porosity, strength, and toughness properties
intermediate to such properties in engineering grade and insulation grade.
Refractory grade ceramics typically have thermal shock resistance
properties similar to some insulation grade ceramics but higher than
engineering grade ceramics. Conversely, refractory grade ceramics typically
lack the strength and toughness of engineering grades ceramics, but which
properties exceed those of insulation grade ceramics. However, typically as
strength 



1()increases, thermal shock resistance and related properties are
compromised. [0011]All relevant properties must be considered when
selecting a ceramic for a particular application. Other relevant ceramic
properties or characteristics include but are not limited to maximum use
temperature, thermal conductivity, modulus of rupture, modulus of
elasticity, electrical resistance, average grain size, density, porosity,
and purity. The 15 maximum use temperature is the highest temperature to
which refractory ceramics can be exposed without degradation. Thermal
conductivity is the linear heat transfer per unit area for a given applied
temperature gradient. The modulus of rupture (MOR) or cross-break strength
is the maximum flexural strength that refractory ceramics can withstand
before failure or fracture occurs. Young's modulus or the modulus of
elasticity is a material 20 constant that indicates the variation of strain
produced under an applied tensile load. Average grain size measures the
size of individual grains or crystals within the microstructure of a
polycrystalline ceramic material. Density is the mass per unit of bulk
volume. Purity is the percentage, by weight, of major constituents.
[0012]As compared to insulation grade ceramics, refractory grade ceramics
tend to be 25 stronger across broader temperature ranges. Refractory grade
ceramics also generally tend to be more resistant to thermal shock than
engineering grade ceramics. However, while some refractory grade ceramics
tend to be somewhat inert or chemically stable at elevated temperatures,
some refractory grade ceramics become chemically and/or structurally
unstable at elevated temperatures, rendering them unsuitable for
applications exposed to chemical 30  reactions. Exemplary chemically and/or
thermally unstable ceramics include certain silicas, aluminas, borides,
carbides, and nitrides. Also, some refractory grade ceramics are known to
possess lower thermal conductivities and coefficients of expansion than
certain other refractory or engineering grade ceramics. Refractory grade
ceramics are also known to  WO 2010/059322PCT/US2009/061055 undergo
alterations in crystalline structure at elevated temperatures. Such
alterations can result in changes in bulk volume which can result in
production of stress fractures and/or cleavage planes which can reduce the
material's strength. Some exemplary, common high temperature refractory
grade materials include but are not limited to magnesia (MgO), lime (CaO),
and zirconia (Zr02). [0013]Some engineering grade alumina or zirconia
ceramics may provide superior flexural strength, but their thermal shock
resistance is poor. Some advanced engineering ceramics, such as SiC and
Si31\14, also provide superior strength, but their thermal shock 



resistance in grossly inadequate. Moreover, these silicon based ceramics
can not be used at I()high temperatures (i.e. >1500C) due to high
temperature oxidation issue. On the other end of the spectrum lie the
insulation grade ceramics. These ceramics offer excellent thermal shock
resistance, but they fall quite short of the required strength performance.
[0014]The reviewed art is void of teaching how to prepare or select a
material having a range of properties that are suitable for use in
constructing a furnace for performing 15  substantially continuous,
cyclical, high temperature pyrolysis chemistry. Also, materials testing
methods commonly applied to metals and polymers are frequently less useful
for testing ceramics. The available tests provide only a limited picture of
the total performance limits of any particular ceramic. Further
complicating the ceramic material selection process is the complicating
fact that, like metals and polymers, the performance of a ceramic is also a
20  function of temperature, with temperature-dependent changes in
properties such as brittleness, elastic, plastic and viscoplastic
deformation, hardness, fatigue, corrosion resistance, and creep resistance.
Other important performance factors include but are not limited to thermal
shock resistance, thermal expansion, elastic modulus, thermal conductivity,
strength, and fracture toughness. 25[0015]The identified prior art
pertaining to refractory materials for high-severity hydrocarbon pyrolysis
dates primarily to the 1960's and earlier. However, that art merely
occasionally provides generalized lists of some exemplary materials such as
ceramics, alumina, silicon carbide, and zircon as reactor materials. These
sparse, non-specific disclosures left the art largely incapable of
providing a large-scale, commercially useful 30  reactor or reactor
process. The teachings of the art was only effective for enabling
relatively small scale specialty applications that see vastly inferior use
as compared to large scale processes such as hydrocarbon steam cracking.
The identified art is void of teaching or providing a refractory ceramic
material that has the complex set of properties that are  WO
2010/059322PCT/1JS2009/061055 required for extended use in the reactive or
other most-demanding regions of a high-severity (> 1500C) pyrolysis reactor
for the commercial production of acetylene and/or olefins. The studied art
does not teach preferred crystalline structure or composition for
particular reactor furnace uses, or for complex reactor component shapes
and/or functions. Multi-modal  5 ceramics are also known in the art, as are
ceramic compositions utilizing nanoparticles. However, specific
formulations or teachings for refractory materials having particular
utility in high temperature (>1500C), high stress, chemically active,
thermal reactor applications have not been identified or located in the
known art. The studied art is believed to be similarly deficient at
teaching materials suitable for complex, irregular, or functionally-shaped
reactor components. The art needs a material (e.g., ceramic) that can
endure prolonged exposure to high severity temperatures, substantial
temperature swing cycles, cyclic flows of combustion and reaction
materials, and concurrently provide the needed structural integrity,
crystalline stability, relatively high heat transfer capability, and
chemical inertness in the presence of high temperature chemical reactions
that is required for large  15 scale, high productivity applications. Lack
of materials availability and selection criteria for identifying the
materials for use in the reactive and most severe temperature regions of a
reactor system is one of the most critical remaining issues in design and
large-scale commercial operation of such reactors and processes. SUMMARY OF
THE INVENTION 



20100161The invention includes, but is not limited to a formed ceramic
component and a pyrolysis reactor, including but not limited to processes
related thereto. The unique combination of multimodal grains, composition
of the grains, and taught porosity range disclosed herein is believed to
provide an inventive material or component that differs from anything
previously known or taught in the art. Though not necessarily required as a
25 limitation, it is further believed that such herein described materials
or components will demonstrate a flexural strength of at least 6 kpsi. It
is further believed that such herein described material or component will
demonstrate a normalized thermal shock resistance rating of at least four,
as described below. It is believed that the disclosed combination of the
components and related physical properties has been lacking in various
pyrolysis industries 30and has particular utility and application therein,
as well as in other areas of technology. 100171In one aspect, the invention
includes a heat stable, formed ceramic component that includes a multimodal
grain distribution including (i) at least 50 wt% of coarse grains including
stabilized zirconia, the coarse grains comprising a D50 grain size in the
range of  WO 2010/059322PCT/US2009/061055 from 5 to 800 um, based upon the
total weight of the component; and (ii) at least 1 wt% of fine grains
comprising a D50 average grain size not greater than one-fourth the D50
grain size of the coarse grain, dispersed within the coarse grains, based
upon the total weight of the component; wherein after sintering, the
component has porosity at ambient temperature in the 5 range of from 5 to
45 vol.%, based on the formed volume of the component. In another aspect,
the fine grains include at least one of (i) a stabilized zirconia, (ii) a
stabilizer, and (iii) mixtures thereof [0018]In some embodiments, the
inventive formed ceramic components include a flexural strength (modulus of
rupture, MOR) of at least 6 kpsi and a normalized thermal 10  shock
resistance rating of at least four (4). In other embodiments, the inventive
formed ceramic components may include an MOR of at least 6 kpsi, while
still other embodiments may include an MOR of at least 10 kpsi. The
inventive components may also include a normalized thermal shock resistance
rating of at least four (4) and preferably at least five (5).  [0019] In
other aspects the invention includes a theimal pyrolysis reactor for
pyrolyzing a 15  feedstock, such as but not limited to a hydrocarbon, such
as but not limited to an alkane, an alkene, an aromatic, and/or coal, the
reactor comprising: a multimodal ceramic component including at least a
fine grain mode and a coarse grain mode, the coarse grain mode comprising
stabilized zirconia and the fine grain mode comprising a stabilized
zirconia and/or a stabilizer, such as but not limited to a metal oxide
stabilizer; wherein after sintering, the 20  component includes (i)
porosity at ambient temperature in the range of 5 to 45 vol.%, based on the
volume of the component. In some embodiments the reactor includes a
multimodal ceramic component that comprises a flexural strength of at least
6 kpsi, and a normalized thermal shock resistance rating of at least four.
In some aspects, the multimodal ceramic component comprises; (i) at least
50 wt% of the coarse grains including stabilized zirconia, 



25the coarse grains including a D50 grain size in the size range of from 5
to 800 ktm, based upon the total weight of the component; and (ii) at least
1 wt% of a fine grains including stabilized zirconia, the fine grains
including a D50 grain size in the range of 0.01 to 44 um dispersed within
the coarse grain mode, based upon the total weight of the component.
[0020]In other embodiments, the invention includes a process for the
manufacture of a 30  hydrocarbon pyrolysis product from a hydrocarbon feed
using a regenerative pyrolysis reactor system, comprising the steps of: (a)
heating a pyrolysis reactor comprising a bi-modal stabilized zirconia
ceramic component to a temperature of at least 1500C to create a heated
reactive region, wherein after exposing the component to a temperature of
at least 1500C for  WO 2010/059322PCT/US2009/061055  two hours the
component has a bulk porosity measured at ambient temperature in the range
of from 5 to 45 vol.%, based on the bulk volume of the component; (b)
feeding a hydrocarbon feed to the heated pyrolysis reactor to pyrolyze the
hydrocarbon feed and create a pyrolyzed hydrocarbon feed; and (c) quenching
the pyrolyzed hydrocarbon feed to produce the 5hydrocarbon pyrolysis
product. [0021]In yet other embodiments, the invention includes a process
for preparing a thermal reactor comprising the steps of: (a) preparing a
ceramic component comprising bimodal, stabilized zirconia; and (b)
sintering the ceramic component at a temperature of at least 1500C; (c)
providing the sintered ceramic component in a reactive region of a thermal
10 reactor; wherein after the sintering, the ceramic component reactive
region component comprises a bulk porosity measured at ambient temperature
in the range of from 5 to 45 vol.%, based on the bulk volume of the
component, and preferably include a flexural strength (modulus of rupture,
MOR) of at least 6 kpsi and preferably include a normalized thermal shock
resistance rating of at least four. More preferably, the normalized thermal
shock 15resistance rating is at least five. More preferably, the MOR is at
least 10 kpsi. BRIEF DESCRIPTION OF THE DRAWINGS  [0022]Figure 1
illustrates an SEM photograph of a sintered (Fig. la) and annealed (Fig. 



lb) exemplary, multimodal ceramic component according to the present
invention. 100231Figure 2 illustrates an SEM photograph of a sintered (Fig.
2a) and annealed (Fig. 20 2b) comparative, monomodal ceramic component not
according to the present invention. [0024]Figure 3 illustrates an SEM
photograph of a sintered (Fig. 3a) and annealed (Fig. 3b) exemplary,
multimodal ceramic component according to the present invention.
[0025]Figure 4 provides photographic examples of stress cracking of various
ceramic samples, each graded and ranked with a qualitative value from 1 to
5 to illustrate 25corresponding normalized thermal shock resistance.
DETAILED DESCRIPTION  [0026]The present invention relates to components,
apparatus, and processes related to heat stable ceramics and uses for the
same. In one aspect, the invention relates to components, apparatus, and
processes having particular application for use with high  30 temperature
(e.g., >1500C) reactors, and in another more particular aspect having
application for use with pyrolysis reactors for performing high temperature
chemistry, conversions, cracking, and/or thermal pyrolysis of feeds such as
but not limited to hydrocarbons. The inventive aspects include ceramic
components and apparatus using the  WO 2010/059322PCT/US2009/061055  same
that may have chemical and/or physical performance properties that exceed
one or more of such properties of prior art engineering grade, insulation
grade, and/or refractory grade ceramic components. In still other
embodiments, the inventive components, materials, apparatus, and processes
may have particular utility that facilitates large-scale  5
commercialization of high temperature pyrolysis conversion processes.
Exemplary suitable processes may include but are not limited to
high-temperature pyrolysis reactor conversion of methane feed to acetylene
or olefins, and coal gasification processes. Exemplary suitable apparatus
may include but are not limited to pyrolysis reactors, reverse flow
reactors, regenerative reactors, deferred combustion reactors, gasification
reactors, and steam cracking 



10 reactors or furnaces. Exemplary inventive components may include but are
not limited to reactor components, parts, or apparatus that feature
engineered or otherwise particularly designed shapes, functions,
configurations, intricacies, or irregular geometries that may be exposed to
high temperatures (e.g., >1500C). [0027]Various chemical and thermal
processing apparatus and methods that operate at 15 temperatures in excess
of 1500C are known and described in the art. However, due to the severe
temperature and corresponding physical, chemical and thermal stress imposed
upon such equipment and materials, many of such previously known processes
and apparatus only enjoy limited commercialization, limited economy of
scale, relatively high cost, and compromised life expectancy. 20[00281The
present invention pertains to improved ceramic materials, apparatus and
processes that may expand or improve upon one or more aspects of the
previously known materials, apparatus, and processes. For example, in some
aspects the subject invention may provide for improved combinations of
flexural strength, normalized thermal shock resistance, and chemical
stability at high temperature, as compared to such collective properties of
25 previous components. Such improvements may thereby facilitate improved
component life expectancy, strength, manufacturing options and function.
Such improvements may in turn be able to lead to improved process and
apparatus economics and large-scale commercialization of processes and
apparatus that were previously technically and/or economically
disadvantaged. The inventive materials and components may also facilitate
30manufacture or use of relatively intricate components, such as but not
limited to thin-walled honeycomb monoliths, and which may facilitate
corresponding process improvements. 100291In one aspect, the invention
provides for ceramic components that may have improved combinations of
strength, toughness, thermal shock resistance, and/or chemical  WO
2010/059322PCT/US2009/061055 stability as compared to known prior art
ceramics. Such improved combination of properties may be attributable at
least in part to one or more of the combination of various factors, such as
but not limited to, the multimodal particle sizes and distribution,
particle arrangement, particle material selection, degree of stabilization,
manufacturing methods and techniques used, resultant porosity, sintering,
and/or the presence or absence of various secondary components such as
oxides and metals. The inventive ceramic components may be provided, for
example, in one or more regenerative reactor beds that are useful for
carrying out a high temperature chemical reaction. The inventive ceramic
components may be used in construction of one or more reactor embodiments,
components, or regions of the reactor 10 system, and may be of
substantially any suitable geometry, form or shape, such as but not limited
to spheres, beads, honeycomb materials, tubes, extruded monoliths, bricks,
tiles, and other molded or formed components that are exposed to the
extreme temperatures. The improved strength and inertness properties of the
materials of the subject invention may provide for a wider range of
component geometries and function than was previously 15available in the
art. In one aspect the inventive components may comprise zirconia (Zr02).
[0030] Zirconia is a crystalline material that undergoes a change at
different temperatures in the way its atoms are stacked (polymorphic
transformation). Pure zirconia has a monoclinic crystal structure between
room temperature and about 950C. Above about 950C, zirconia converts to a
tetragonal crystal structure. This transformation is 



20 accompanied by greater than one percent volumetric shrinkage during
heating and equivalent expansion during cooling. At a still higher
temperature the pure zirconia changes from tetragonal to a cubic structure.
These volumetric changes associated with alterations in crystalline
structure can produce crystalline fractures or cleavages along grain
boundaries. In pure polycrystalline zirconia, this tetragonal-monoclinic
transition results in a reduction in 25strength and potential catastrophic
failure of the component. [0031]Additionally, if desired for some
embodiments, the reactor system may also comprise other refractory
materials in addition to the zirconia ceramic components of the subject
invention, such as in reactor regions that are not exposed to the most
severe temperatures, e.g., materials such as glass or ceramic beads or
spheres, metal beads or 30  spheres, ceramics, ceramic or metal honeycomb
materials, ceramic tubes, extruded monoliths, and the like, provided they
are competent to maintain integrity, functionality, and withstand long term
exposure to the relevant temperatures and stresses experienced in the
respective reactor region.  WO 2010/059322PCT/US2009/061055 [00321Chemical
addition of at least one mole percent (one weight percent) of one or more
of CaO, MgO, Y203, Ce02 or mixtures thereof to the zirconia, based upon the
total weight of the coarse grain stabilized zirconia and such additive, may
result in formation of a cubic crystal structure that is more
crystalline-stable over the complete temperature range and  5 does not
undergo a phase transformation. Such zirconia, including at least one mole
percent of one or more of CaO, MgO, Y203, Ce02 or mixtures thereof added to
the zirconia, based upon the total weight of coarse grain zirconia and such
additive shall be referred to in this specification and the claims appended
hereto as "stabilized zirconia." CaO, MgO, Y203, Ce02 or mixtures thereof
are referred to herein as "stabilizers." A stabilized zirconia thereby  10
includes at least one mole percent of stabilizer, in other embodiments at
least two mole percent of stabilizer, and in other embodiments a stabilized
zirconia may include at least four mole percent of such stabilizer. For
example, addition of about 16-27 mole percent CaO into Zr02 (zirconia)
generally fully stabilizes the zirconia and makes the structure cubic over
the relevant, broad temperature range. Other stabilizers require varying
percentages of stabilizer  15 to fully stabilize a zirconia. For further
example, about 7 mole percent of Y203 into the Zr02 provides a cubic
crystalline structure that is stable over the relevant temperature range,
such as up to 2260C. As a still further example, the critical concentration
of MgO is about 12 mole percent. In yet another example, a stabilized
zirconia may include a fraction of a percent of at least one of such
stabilizer and another fraction of a percent of another of such 



20stabilizer, such that the combined fractions make up at least one mole
percent of the total weight of the zirconia and such additive.
[00331Zirconia containing sufficient stabilizer to render complete or
substantially complete crystallization shift to cubic structure or a
zirconia having an excessive amount of stabilizer is considered a "fully
stabilized zirconia." In contrast, addition of less stabilizer  25 than the
amount required to create a fully cubic-crystalline Zirconia structure
renders the zirconia structure a mixture of cubic and monoclinic phases
and/or cubic and tetragonal crystal phases. Zirconia containing such
limited amount of stabilizer additive such that there remains at least more
than an incidental amount of monoclinic and/or tetragonal crystals, is
referred to as "partially stabilized zirconia." The term partially
stabilized zirconia is thus  30 defined to include substantially any
stabilized zirconia that has at least one mole percent of stabilizer but an
insufficient amount of stabilizer to render a fully cubic-crystalline
zirconia over the relevant, broad temperature range.  WO
2010/059322PCT/1JS2009/061055 [0034]The exact division between fully and
partially stabilized can be a relative term, as depicted in phase diagrams
of the mixed components as a function of temperature, and is sometimes
difficult to precisely discern due to factors such as incomplete stabilizer
dispersion or mixing, or the presence of other non-stabilizing
contaminants. For purposes of this  5 invention, it may be considered that
as the percentage of stabilizer increases from roughly none present toward
an increasing stabilizer presence and corresponding increased stabilization
toward full stabilization, the key strength and toughness properties
generally tend to improve through the partial stabilization range. However,
at some point approaching substantially complete cubic crystallization or
full stabilization, these important strength and 10 toughness properties
may tend to degrade somewhat across a broad temperature spectrum as
compared to such properties in a partially stabilized zirconia that has a
mixture of cubic, monoclinic, and/or tetragonal crystals. However,
depending upon the application, the fully or more-fully stabilized zirconia
may still be useful for the intended application, while for many other
applications the generally still tougher and more fracture-resistant
partially stabilized 15zirconia will be preferable. In addition to degree
of stabilization, the stabilized zirconia's performance may also be
affected to varying degrees by other factors, such as particle/grain size,
particle/grain distribution, packing density, processing additives, and
other factors. As used herein, the term "particle" generally may be used
interchangeably with the term "grain," as the term particle typically
references the feed materials prior to sintering, while the term grain
typically references the particles after sintering, although such term
distinction is not 



necessary to describe the invention, as both terms generally refer to
analogous elements. [0035]The detailed compositional ranges of fully
stabilized zirconia and partially stabilized zirconia in given chemical
additions of CaO, MgO, Y201 or Ce02 to the Zr02 are known to a skilled
artisan in the ceramics field and provided in the American Ceramic  25
Society monograph entitled "Phase Diagrams for Ceramists," by Levin et.al.
For substantially all stabilizer-zirconia compositions, it is generally
appreciated that fully stabilized zirconia has relatively low fracture
toughness and relatively less resistance to impact as compared to partially
stabilized zirconia, such that for many applications partially stabilized
zirconia may be preferable to fully stabilized zirconia. By adding less
CaO, MgO,  30 Y203 or Ce02 or other stabilizer to the zirconia compound
than the amount of stabilizer required to completely stabilize all of the
zirconia (e.g., the Zr02) crystals, and also preferably by careful control
of particle sizing, distribution, and processing, mixtures of the  WO
2010/059322PCT/US2009/061055 stabilized cubic phase and the unstable
monoclinic phase that have very high fracture toughness are achieved. This
is referred to herein as a partially stabilized zirconia. [0036] Two key
materials properties are identified as having significant importance with
regard to high-severity performance of ceramics in thermal process reactors
and their  5 corresponding suitability for application in large scale
thermal processes; namely, thermal shock resistance and mechanical flexural
strength. Other properties, such as chemical stability at high temperature
and toughness are also important and must be considered when selecting an
appropriate ceramic materials or components for an application.
[0037]Thermal shock resistance of a ceramic component can be defined as the
maximum  10 change in temperature that the material can withstand without
failure or excessive damage. Thermal shock resistance is an evaluated
parameter but not a material property. Description of thermal shock
resistance may depend upon the type of thermal cycle, component geometry,
and strength as well as on material properties or factors. Simplified
mathematical expressions relying upon a variety of assumptions can be used
to describe material 15 performance under a set of conditions.
Alternatively, much more complex analyses may be performed using numerical
analysis methods such as finite element and stress-strain analysis.
However, for materials performance comparison purposes a qualitative or
direct comparative analysis is also useful and more practical. Thermal
shock resistance may be evaluated by means of rapid water quench
experiments such as illustrated in ASTM C1525. Thermal  20 shock damage
results in a material from buildup of thermal and physical stresses,
usually during rapid heating or rapid cooling. The major materials factors
describing thermal shock resistance are thermal expansion coefficient (a),
elastic modulus (E), thermal conductivity (k), strength (of), and fracture
toughness (K1c). Thermal shock resistance is increased by decreasing a and
E and by increasing k, af, and Kic. [0038]For example, the ASTM C1525
thermal shock resistance test method builds on the experimental principle
of rapid quenching of a test specimen (e.g., 1"x1"x1/8" square, or 2.54cm x
2.54cm x 0.32cm square) from an elevated temperature (e.g. 1100C) into a
water bath at room temperature. After water quenching, the specimen is
dried and dye-penetrated to investigate both open and closed cracks. For
instance, Zygle water washable dye  30 penetrants may be used. As the
zirconia samples are typically white or yellow, pink dye provides a vivid
depiction of cracks and helps differentiate cracks from background or grain
boundaries. Methods for determining the cumulative or total crack length
per unit area in each specimen are known in the art and may be determined
by scanning software 



WO 2010/059322PCT/US2009/061055 electronically aggregating the lengths of
all cracks, backed up with visual confirmation by the technician. The
electronic scanner resolution or magnification is generally not critical,
e.g., from as low as from 50x to as high as 1000x. The tester need only be
able to differentiate actual cracks from mere grain boundaries. As with any
specified parameter, the value  5 determined must be made over a large
enough region to provide a statistically sound representation of the entire
sample. The total crack length per unit area may be determined over a
sufficiently large area or by aggregating and averaging a number of smaller
regions that collectively represent a statistically sound region. A whole
component may be studied or one or more regions may be evaluated. The
studied or relevant region(s) or the whole component may be considered a
"component" for purposes herein. [0039]Utilizing propensity of cracks
observed in a test specimen, the thermal shock resistance for a particular
region or component may be normalized and qualitatively scored, such as
from 1 (the least resistance) to 5 (the most resistance) as summarized
hereunder: 1: Open cracks and many closed cracks. 152: Many closed cracks.
3: Some closed cracks. 4: Little closed cracks. 5: No cracks. [0040]The
appearance of various degrees of cracking in rapidly quenched zirconia
specimens or components and their corresponding qualitative, normalized
thermal shock resistance (NTSR) value from 1 to 5 are illustrated in Figure
4. A rating of 1 is least acceptable while a rating of 5 is most
acceptable. The herein disclosed inventive compositions will typically
produce a normalized NTSR rating of 3, 4, and 5. To quantify propensity of
cracks observed in a thermal shock resistance test specimen, dye penetrated
25 samples were optically scanned and subjected to an image analysis
computer software program. For example, a total crack length per unit area
of the test specimen may be measured by use of commercially available image
analysis software, e.g., Clemex Vision PE, as reported in Table 1, and
corresponding generally with the illustrative images of Figure 4. (Other
image analysis software applications are also available to similarly
measure the total 30crack length of the specimen.) 



WO 2010/059322PCT/US2009/061055 TABLE 1 Illustrative examples of normalized
thermal shock resistance (NTSR) index or rating, ranked from 1 to 5. NTSR
Index Measured total crack length per unit area (ernicitt) Criteria of
total crack lens:tth (ctulein) 1 81.2 >50 2 25.6 >20 - <50 3 



16.5 > 5 - <20 4 3.5 >1 - <5 5 0.01 <1  5[0041]The stabilized refractory
grade zirconia of this invention preferably demonstrates  a total crack
length per unit area after quenching a test specimen of the inventive
material from 1100C into a water bath at room temperature that is not
greater than 5 cm/cm2; that is, it preferably has a NTSR of at least 4.
Still more preferably, the stabilized refractory grade zirconia of this
invention demonstrates a total crack length per unit area after quenching a
10 test specimen of the stabilized refractory grade zirconia at 1100C into
a water bath at room temperature that is preferably not greater than 1
cm/cm2; that is, more preferably has a NTSR of 5. However, for some less
demanding applications, the inventive components may demonstrate crack
lengths in excess of 5 cm/cm2, but preferably not greater than 20 cmicm2,
thus demonstrating a corresponding NTSR of 3 or higher. The intended
application  15 determines the range of acceptable crack length. An NTSR of
at least 3 may be acceptable for some applications while a rating of 4 or 5
is likely most preferred for the more demanding conditions and commercial
duration. A rating of 3 or less often may be presumed unacceptable for use
with many cyclic high thermal stress applications. However, the inventive
components have routinely demonstrated crack lengths of less than 5 cm/cm2.
20 [0042] As set forth in ASTM C 1525-04, the effect of the thermal shock
can be assessed by measuring the reduction in flexural strength (MOR)
produced by rapid quenching of test specimens heated across a range of
temperatures. For purposes of the stabilized zirconia of this invention,
regarding quantitative measurement of thermal shock resistance, a critical
temperature interval may be deteimined by a reduction in the mean flexural
strength of a  25 determined amount, such as for example, at least 30%.
However, the test does not determine thermal stresses developed as a result
of a steady state temperature differences within a ceramic body or of
thermal expansion mismatch between joined bodies. Further, unless the test
is repeated several times, the test is limited in its ability to
quantitatively determine the resistance of a ceramic material to repeated
or cyclic shocks. Thus, it is preferred that the test  



WO 2010/059322PCT/US2009/061055 be repeated to analyze the effect of cyclic
temperature shocks, such as may be experienced in a regenerative reactor.
[0043]Flexural strength can be measured by 3-point bending tests as
illustrated in ASTM F417. The test specimen, a small bar of square cross
section, rests on two cylindrical  5 supports in a compression test
machine. It is bent by the application of force, at mid-span, to the
opposite face of the bar from that resting on the two supports. The bending
force is applied by a third cylinder (identical to the other two) at a
prescribed constant rate until the specimen breaks. The breaking rod, the
dimensions of the specimen, and the test span are used to calculate
flexural strength. 10[0044]In some embodiments the present invention may
include heat stable, formed ceramic components that may be useful such as
in a thermal or pyrolysis reactor. In other embodiments, the invention may
include a thermal pyrolysis reactor comprising components that may be
useful within the high temperature regions of such reactors. Aspects of the
invention may be used for construction of various components of a reactor,
such as but not  15 limited to, components in a reactor's "heat core" or
reactive region, insulation, and/or as functional components in the
process, such as flow conduits, mixers, heat sinks, or quenching
components, depending upon the particular process and apparatus employed.
For example, in one aspect, the inventive components may be useful to
define the flow-path for the reactants, mix the reactants, and store and
release reaction heat that enables and is produced or  20 consumed by the
pyrolysis reactions. For purposes of the claimed invention, the reactive
region includes at least a high temperature or high heat-exposed portion of
the reactor and typically may include those components that are associated
with the flow and interaction of reactants into and within the reactor,
mixing and combustion of the reactants, storage and release of the produced
heat for consumption in facilitating the pyrolysis reaction, movement  25
of the pyrolysis feed and generated products through and from within the
reactor, and with quenching the reaction products. In other embodiments,
the invention may include reactor refractory or pyrolysis components whose
primary function is merely to isolate, insulate, or otherwise confine the
generated heat, and/or which provide mechanical support for those regions
of the reactor that are directly involved in or proximate to the reaction
heat.  30 100451 As a ceramic material is heated, its density typically
increases as a result of pore shrinkage due to the sintering effect caused
by the heat. Sintering may result in some of the ceramic crystals or
components therein melting or undergoing other high temperature fusion or
shrinkage, resulting in a slight decrease in bulk volume, but with an
increase in component  WO 2010/059322PCT/US2009/061055 strength. Thus, as a
ceramic is heated, its modulus of rupture mechanical flexural strength
(MOR) may typically also correspondingly increase slightly. However, when
the hot ceramic is subjected to relatively quick cooling, such as via water
quenching, stress fractures may be introduced thereby causing a weakening
or reduction in the mechanical flexural strength.  5 The combination of the
multimodal grains and the porosity remaining after sintering results in a
lattice type structure that provides the improved strength, heat stress
dissipation and handling characteristics, and cyclic thermal stress
resilience. 100461There are at least two determinations of mechanical
flexural strength (MOR) that 



arc of interest in determining the suitability of a particular ceramic with
regard to the present  10 invention. One is the MOR measured after
sintering at high temperature (e.g., .1500C) and initial quenching to
ambient conditions. Another MOR of interest (also measured at ambient
temperature) is the MOR of the sintered component after further heating and
quenching, such as via cyclic reheating and quenching. The subject
inventive components demonstrate substantial retention of the claimed MOR
and thermal shock resistance properties after both  15 initial sintering
and further thermal processing (e.g. "annealing", as further described
below). Generally, the properties after further thermal processing
(annealing) are not greater than ten percent less than such properties
after initial sintering, and frequently not less than three percent less,
or in some embodiments substantially the same or even higher strength and
thermal shock resistance properties after annealing. However, for
consistency and clarity 20 purposes herein, the claimed MOR and thermal
shock properties refers to those properties determined after initial
sintering, unless stated otherwise. ASTM 1505 describes the process for MOR
determination. [0047]Exposure of the sintered component to temperatures in
excess of 1500C, such as in excess of 1600C or at least 1800C, may further
process the component in a manner somewhat analogous to annealing. Such
further thermal processing or "annealing" may generally further improve the
strength and thermal shock resistance of the inventive components and
reactors over mere sintering. Examples and figures are provided below and
herewith that illustrate exemplary sintered components and the same
components after exposure to higher temperature for periodic durations,
thereby simulating the resulting  30 components during commercial use.
Thus, in another aspect, after such "annealing" the sintered component such
as through commercial use or simulated commercial use at an exemplary
temperature of at least 1800C for two hours, the formed ceramic component
demonstrates a retained porosity at ambient temperature in the range of
from 5 to 45 vol.%  WO 2010/059322PCT/US2009/061055  based upon the formed
volume of said component. Such components also demonstrate a flexural
strength (MOR) of at least 6 kpsi, preferably at least 10 kpsi, and provide
a thermal shock resistance rating of at least four (4), preferably at least
five (5). The MOR flexural strength of the multimodal zirconia ceramic used
for reactor components according to this invention should be greater than
or equal to about 6 kpsi (41.3 IV1Pa) after initial sintering to at least
1500C, such as, for example, for at least 10 minutes, and subsequent
quenching to ambient temperature. Also, the MOR is preferably greater than
or equal to about 6 kpsi (41.3 MPa) when the sintered component is further
thermally conditioned, such as by reheating and quenching (e.g., annealed)
to simulated operating conditions. For example, the thermal 10 conditioning
may entail reheating the component to a temperature in a range such as from
1500C to 1800C or perhaps even up to 2000C. Surprisingly, many of the
inventive components routinely demonstrate a MOR of at least 6 kpsi (41.3
MPa) after further thermal processing. The combination of a normalized
thermal shock resistance of four, with such MOR strength is recognized
herein as a minimal MOR and shock resistance properties that 15  are
necessary across the required broad reactor temperature spectrum to provide
for long-term commercial utilization of high temperature pyrolysis
chemistry processes, over a desired life cycle of the reactor component.
[0048]A commercially sized reactor according to this invention may
typically include numerous ceramic components arranged, stacked, or
otherwise positioned within the reactor 20 core and should retain
mechanical integrity to accommodate such arrangement over repeated
heat/quench cycles for a commercially acceptable life, such as at least one
year, preferably at least two years, and more preferably at least five
years. Thus, the MOR after initial sintering should be greater than or
equal to about 6 kpsi, (41.3 MPa), or more preferably greater than or equal
to about 8 kpsi (55.1 MPa) and even more preferably greater than or equal
to about 25  10 kpsi (69 MPa). Some embodiments, however, will demonstrate
MOR of in excess of 30 kpsi (206 MPa), while still other embodiments may
demonstrate an MOR of in excess of 100 kpsi (690 MPa), each while retaining
a normalized thermal shock resistance rating of at least four and
preferably at least five. 



[0049]With regard to MOR retention, e.g., that of retained strength after
subjecting a 30  sintered component to cyclic reheating and quenching to
simulate operating conditions (e.g., referred to herein merely as
"annealing" for brevity), the preferred apparatus and components according
to the present invention also includes an MOR that is at least 70% of the
component's initial MOR flexural strength after sintering, when measured
after two hours of  WO 2010/059322PCT/US2009/061055 annealing. The
annealing may be performed at any desired temperature in excess of 1500C,
preferably at a temperature and time duration that simulated operating
conditions, but typically may be executed at a temperature in a range of
from 1500C to 2000C, such as for two hours, as demonstrated in the examples
provided herein. If desired, the effect of long  5 duration MOR changes may
also be evaluated to determine commercial suitability, such as the MOR
after, say for example, one month of cyclic processing (annealing). Other
preferred embodiments may include a retained MOR after annealing that is at
least 75% of the component's MOR after initial sintering. In still more
preferred embodiments, the retained MOR should be at least 80% of the
initial MOR. Depending upon the particular application,  10 stresses,
pressures, and temperatures of interest, after sufficient number of thermal
cycles and stress changes, as the strength (and/or thermal shock
resistance) of the components or apparatus degrades to reach a determine
level of retained strength (and/or shock resistance), the component could
then be evaluated for replacement. The components and apparatus of the
subject invention, however, are anticipated to provide life duration for
the relevant 15components and apparatus beyond the level that was
previously available in the art. [0050] In one aspect, this invention
includes a regenerative thermal pyrolysis reactor apparatus or components
for pyrolyzing a hydrocarbon feedstock (e.g., petroleum liquids, gas, or
coal). The term hydrocarbon feedstock may be defined broadly to include
virtually any hydrocarbonaccous feed and may also include substantially
carbonaceous feeds such as  20 graphite or coke. Exemplary hydrocarbon
pyrolysis feedstocks that may have particular applicability for use in the
present invention typically comprises one or more hydrocarbons such as
methane, ethane, propane, butane, naphthas, gas oils, condensates,
kerosene, heating oil, diesel, hydrocrackate, Fischer-Tropsch liquids,
distillate, heavy gas oil, steam cracked gas oil and residues, crude oil,
crude oil fractions, atmospheric pipestill bottoms, vacuum pipestill  25
streams including bottoms, heavy non-virgin hydrocarbon streams from
refineries, vacuum gas oils, low sulfur waxy residue, heavy waxes, coal,
graphite, coke, tar, atmospheric residue, and heavy residue and hydrocarbon
feeds. Undesirable solids and non-volatiles contained in the feedstreams
may optionally be removed by one or more separation techniques, prior to
feeding a volatizable fraction into the reactor. 30100511This invention
includes but is not limited to use of components, apparatus, reactors, and
methods disclosed in various, previous patent applications, the entirety of
each of which are included herein by reference, including (i) US
application serial number 60/753,961, filed December 23, 2005, titled
"Controlled Combustion for Regenerative  



WO 2010/059322PCT/US2009/061055 Reactors," (ii) US application serial
number 11/639,691, filed December 15, 2006, titled "Controlled Combustion
for Regenerative Reactors;" (iii) US application serial number 11/643,541,
filed December 21, 2006, titled "Methane Conversion to Higher Hydrocarbons;
" and (iv) US patent application serial number 12/119,762, filed May 13,
2008, titled 5 "Pyrolysis Reactor Conversion of Hydrocarbon Feedstocks Into
Higher Value Hydrocarbons." These patent applications teach and disclose
various apparatus and methods for pyrolyzing hydrocarbon feeds in reverse
flow regenerative pyrolysis reactors, including deferred combustion and
controlled heat positioning processes. The inventions disclosed in this
present invention may be suitable for use with but not limited to reactors
as disclosed in 10 these previous applications. In some embodiments, the
inventive components and reactors may comprise reverse flow regenerative
pyrolysis reactor systems, including but not limited such systems that may
utilize deferred combustion in a reverse flow reactor to heat the reactor
core. The term "pyrolysis" as used herein may be defined to include the use
of thermal energy, whether produced directly, such as by furnace or
indirectly such as by 15 exothermic reaction, combustion, or heat transfer
from a heated media, to cause the molecular conversion, reforming,
degrading, gasification, or cracking of a hydrocarbon feedstock into a
product stream, and may optionally include supplementation by one or more
of catalysis, hydrogenation, diluents, and/or stripping agents. 100521In
one embodiment, the invention includes a reactor apparatus and process 20
providing that the requisite high heat may be achieved by creating a
high-temperature region or "heat bubble" in a reactor core, such as via a
two-step process wherein heat is (1) added to the bed via in-situ thermal
reaction (e.g., combustion), and then (2) removed from the bed via in-situ
endothermic pyrolysis reaction. The inventive components provide the
strength, thermal shock resistance, and chemical stability required to
enable commercialization of such 25 apparatus and processes to operate at
temperatures of at least 1500C, and even in some embodiments in excess of
I600C, in still other embodiments in excess of at least 1700C, and in even
other embodiments at temperatures in excess of 2000C. The inventive
components, apparatus, and process provides for a large-scale, cyclic,
reverse-flow reactor system that is useful and operable on a commercially
desirable scale and life cycle. 30 [0053] In some embodiments, reactor
components may comprise one or more reactor monoliths, such as a novel
design or fimction, or such as may be known in the art. An exemplary
embodiment may include flow channels for conducting or transmitting at
least one of a pyrolysis reactant, a pyrolysis feed, and a pyrolysis
product through the monolith. The  WO 2010/059322PCT/US2009/061055 term
"monolith" as used herein is defined broadly, including but not limited to
an apparatus or conductive media typically having multiple substantially
parallel flow channels through the apparatus for conducting a fluid, such
as a gas, along such channels (e.g., a ceramic honeycomb such as commonly
used for catalyst support, heat exchange, or in a catalytic 5converter).
[0054]The stabilized ceramic components and materials of the present
invention comprise stabilized zirconia and are preferably stabilized by at
least one stabilization component/material that includes at least one of
CaO, MgO, Y203, Ce02, and mixtures 



thereof. Preferably, the stabilized ceramic comprises at least one weight
percent of the  10 stabilization component, based upon the total weight of
the stabilized zirconia. In other embodiments, the stabilized ceramic may
further comprise (in addition to the above stabilizer) one or more oxides
selected from the group consisting of Al, Si, Mg, Ca, Y Fe, Mn, Ni, Co, Cr,
Ti, Hf, V, Nb, Ta, Mo, W, Sc, La, and Ce, and mixtures thereof The oxides
may be merely incidentally present, such as via contamination, or may be
purposefully added  15 such as to improve certain properties or uses, e.g.,
such as processability during manufacture; or may be generated and
deposited as a bi-product from the thermal process and other materials
present. In most embodiments, the stabilized zirconia may be considered a
refractory grade zirconia. In many embodiments, at least some of the
stabilized zirconia is a partially stabilized zirconia. Many embodiments
will include use of a partially stabilized  20 refractory grade zirconia.
In some embodiments, the stabilized zirconia may include a mixture of both
partially stabilized zirconia and fully stabilized zirconia. In still other
embodiments, the stabilized zirconia may include a stabilized zirconia and
separately a stabilizer, such as addition of at least one weight percent of
stabilizer, such as mixture of stabilized zirconia and a neat stabilizer.
25[0055]In one aspect, the invention includes a heat stable, formed ceramic
component, the  component comprising, a multimodal grain distribution
including (i) at least 50 wt% of coarse grains including stabilized
zirconia, the coarse grains comprising a D50 grain size in the range of
from 5 to 800 him, based upon the total weight of the component; and (ii)
at least 1 wt% of fine grains comprising a D50 average grain size not
greater than one-fourth the D50  30 grain size of the coarse grain,
dispersed within the coarse grains, based upon total weight of the
component; wherein after sintering, the component has porosity at ambient
temperature in the range of from 5 to 45 vol.% based on the volume of the
component. In another aspect,  WO 2010/059322PCT/I1S2009/061055 the fine
grains include at least one of (i) a stabilized zirconia, (ii) a
stabilizer, and (iii) mixtures thereof. [00561Grain size, also called
particle size or grain size, refers to the diameter or  geometric size of
individual grains of the matrix comprising a multimodal grain distribution.
The terms grain, grit, and particle may be used interchangeably. The term
"multimodal" is defined herein as including at least two modes or groups of
particle sizes within the component matrix, including bimodal, trimodal,
and other mixed modes of particle sizes. Grains are distinct from
crystallites and from the various crystals that constitute a particle or
grain, although a grain may be comprised of a single crystal. A single
grain can comprise 10 one or several crystallites. A crystallite can
comprise one or several crystals, a crystal being a solid-state matter that
has uniform structure. A grain or particle is the individual ceramic or
stabilizer granular material that forms the solid matrix for the ceramic
component. The grains or particles are sintered and joined together at
grain boundaries to create a formed ceramic component. Dynamic light
scattering and laser light diffraction analysis using a is unified scatter
technique (Microtrae 3500) can be used to determine average particle size
and particle size distribution. Microtrac(r) instruments can measure
particle size ranging from 0.024 to 2800 um and provide good
instrument-to-instrument agreement, sample-to-sample agreement, instrument
internal repeatability and particle distribution breadth. 100571The "D50"
or average particle size measured by a laser light diffraction method is 20
one type of average particle size represented as D50 or mean diameter. The
D50 average particle size is a value determined by using a particle size
distribution measuring device and represents a particle sample cut diameter
which is the 50% volume or weight fraction value after determining the
minimum and maximum sizes contributing to the integrated volume of a
specific peak of a particle size distribution. Similarly D90, DIO, D99
respectively 



25 corresponds to the 90, 10 and 99% volume or weight fractions of the
particle size distribution. The average (D50) or any other particle size
cut value can be determined by microscopy methods such as optical
microscopy (OM), scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). The average particle size values measured by
microscopy methods also can be converted to D50 values by methods known in
the field. 30 [00581 The particle size distribution of the coarse grains
alternatively can be determined by a sieve classification method. In this
case mesh size can be used as a measurement of particle size and is
obtained by sieving various sized particles through one or more screens
(mesh). A mesh number indicates the number of openings in a screen per
square inch. A  WO 2010/059322PCT/US20091061055 mesh size of 100 would use
a screen that has 10 wires per linear inch in both a horizontal and
vertical orientation yielding 100 openings per square inch. A "+" before
the mesh size (particle size) indicates that particles are retained on and
are larger than the sieve. A "-" before the mesh size (particle size)
indicates the particles pass through and are smaller than  5 the sieve. For
example, -170 mesh indicates the particles pass through and are smaller
than the openings of a 170 mesh (88 pm) sieve. The volume or weight
fraction of the particles that pass through the mesh is expressed as
particle pass percent. In this method, the D50 average particle size is
determined by a cut diameter for which the efficiency and the penetration
is 50% or where half the volume or weight of size particles are captured
and half penetrate the lomesh. Sieve classification, however, tends to be
more accurate with larger sized particles and may be difficult with small
particles, such as less than 40 pm. [00591As a non-limiting example, a
particle size distribution of coarse stabilized zirconia grains (H. C.
Starck's Ampere 827.054 Grade, 93/7 zirconia/yttria, agglomerated and
sintered) used for producing a bi-modal ceramic composition of the instant
invention is 15summarized in Table 2. The D50 average particle size of this
exemplary coarse stabilized zirconia grains is 37 t.m. TABLE 2 Particle
Size US Standard Sieve Size 



Particle pass % -88.0 pm -170 mesh 100% less than -63.0 kim -230 mesh 90 %
-37.0 pm -400 mesh 50 % -20.0 p.m -635 mesh 10 %  100601As another
non-limiting example, a particle size distribution of fine stabilized 20
zirconia grains (Tosoh TZ8Y Grade, 8 mol.% yttria stabilized zirconia) used
for producing a bi-modal ceramic composition of the instant invention is
summarized in Table 3. The D50 average particle size of this exemplary fine
stabilized zirconia grains is 0.58 um. 



WO 2010/059322PCT/US2009/061055 TABLE 3 Particle Diameter Frequency (%) 4.0
pm 0.0% 3.0 pm 2.6% 2.0 urn 6.9% 1.0 pm 21.9% 0.9 gm 5.6% 0.8m 



2.5% 0.7 pm 4.2% 0.6 um 4.7% 0.5 pm 6.7% 0.4 pm 7.7% 0.3 pm 11.4% 0.2 pm
11.6 % 0.1 pm 1 12.9% 



0.01 um 1.3 %  [00611The zirconia ceramic composition of the inventive
composition comprises a  5 multimodal (e.g., bimodal, trimodal, etc.) grain
distribution suitably designed for close packing, and corresponding high
density, optimized porosity, improved MOR flexural strength, and thermal
shock resistance. The inventive multimodal composition includes a
stabilized zirconia ceramic coarse grain mode, and often preferably a
partially stabilized zirconia. In many embodiments, the fine grain mode is
also comprised of stabilized zirconia,  10 and often preferably a fully
stabilized zirconia. In still other embodiments, the fine grain mode may be
comprised of a partially stabilized zirconia, or, in many aspects the fine
grain mode may be comprised merely of a stabilizer material, such as a
metal oxide. Thus, the component matrix comprises a multimodal grain
distribution comprising zirconia in at least the coarse mode. The coarse
mode generally comprises the mode providing the largest mass 15percent of
the component. (In an analogous view, the coarse mode might generally be
recognized as the continuous phase of an emulsion.) [0062]The multimodal
grain distribution facilitates closely packing the component grains
which provides density and commensurate MOR strength. However,
simultaneously the multimodal distribution according to this invention
provides matrix porosity within a 20determined range. The porosity feature
of the matrix provides some microscopic flexibility  WO
2010/059322PCT/US2009/061055 among the particles while also permitting
dissipation of stress concentrations (particularly with respect to
arresting crack propagation), including thermal stress concentrations, and
also provides high surface area for improved heat absorption and
dissipation, as compared to typically less-porous high-density
high-strength ceramics. The porosity feature is attributed  5 with
providing improved thermal stress crack resistance by inhibiting crack
formation and arresting crack propagation, thereby providing enhanced
service life in high temperature, cyclic thermal applications. The closely
packed grain distribution is also maintained after sintering. E.g., after
exposing the component to a sintering temperature of at least 1500C for at
least ten minutes. In some embodiments, the microstructure of the
stabilized refractory tograde zirconia may also include a selected range or
level of porosity (say for example, 5-45 



vol.% porosity, or 10-30 vol.% porosity). Porosity is thus believed to
provide the overall improved thermal stress performance and help impart
superior physical and mechanical properties and thermal shock resistance
desired in many cyclic pyrolysis applications. [0063]More particularly, the
advantageous properties and/or characteristics of the 15 multimodal
ceramics are based in part on the close packing of the ceramic grains,
wherein one mode of bimodal grain distribution includes a D50 coarse grain
particle size in the range of from 5 to 800 gm; and the other mode of grain
distribution includes a D50 fine grain particle size in the range of not
larger than one-fourth (1/4) of the D50 grain size of the coarse grain. The
fine grains are substantially evenly disbursed within the coarse grains. In
one 20 embodiment, for example, the fine grains may include a D50 size
value that ranges from 0.01 to 100 gm. In other embodiments, for example,
the fine mode grains may include a D50 size value that ranges from 0.05 to
44 um, while in still other embodiments the fine mode grains include a D50
size value that ranges from 0.05 to 5 gm. For example, in one embodiment,
the coarse grain mode includes a D50 size that ranges from 20 to 200 gm,
while the  25 corresponding fine grain mode may range from 0.05 to 5.0 gm.
In still other embodiments, the small grain mode may include a D50 average
size diameter that is not greater than one-eight the D50 size of the
corresponding coarse grain mode. In some embodiments the D50 size of the
fine mode grains may not exceed one tenth the D50 size of the coarse mode
grains (e.g., not larger than one order of magnitude smaller than the
coarse grain mode), while in  30 other embodiments the D50 size of the fine
grain mode will generally be less than about two orders of magnitude than
the coarse grain mode (e.g., the fine grains are not larger than about 100
times smaller than the D50 diameter of the coarse grains). WO
2010/059322PCT/US2009/061055 [0064]The close packing of grains in a
multimodal particle distribution facilitates  enhanced sintering among the
coarse grits as compared to sintering of only a monomodal coarse grain
embodiment, and facilitates increased density with corresponding requisite
porosity. The limitation on size of fine grits versus size of the coarse
grits provides a range of formed ceramic component properties that may be
preferred for use in components or reactors used at commercial scale size
applications for performing high temperature thermal or pyrolysis
processes. The porosity of the ceramic matrix of the formed ceramic
component measured at ambient temperature, after sintering, is in the range
of from 5 to 45 v-ol.%, based on the bulk volume of the formed component
(e.g., based upon the volume of the ceramic 10 matrix and interstitial or
intragranular pore space of the formed ceramic component.) The relevant
porosity refers to the free volume or pore space within the regions
occupied by the ceramic matrix portions of the component and does not
necessarily include the non-matrix occupying regions of the component such
as the through-bores, channels, intricate offsets, etc. For example, in a
ceramic tube, the porosity determination only pertains to the solid or
15circular-cross-sectioned portions of the tube and does not include the
through-bore channel. [0065] The porosity created in or among the closely
packed grains is preferably substantially uniformly dispersed in the
zirconia ceramic composition. This optimum porosity range is also at least
in part responsible for improved thermal shock resistance of the zirconia
ceramic composition, such as by arresting stress crack propagation and
facilitating 20 some elastic deformation of the matrix structure. Fine
grits fit within the gaps between coarse grits and provide close packing
and corresponding high packing density. Fine grits at the tangent between
coarse grits may enhance adherent bonding after sintering the multimodal
mix. The resulting adherent bonding between coarse grits is also at least
partly responsible for high density and improved flexural strength of the
ceramic composition. 25 [0066] The stabilized zirconia matrix comprising a
multimodal grain distribution includes a specified porosity, preferably
within a specified range, such as from 5 to 45 vol.%. The zirconia ceramic
composition of this instant invention can be characterized by porosity in
the range of from 5 to 45 vol.%, or preferably in the range of from 10 to
40 vol.%, or more preferably in the range of from 10 to 30 vol.% based on
the bulk volume of said the formed 30 ceramic component. The pores
comprising the porosity may or may not be interconnected but are preferably
substantially uniformly distributed in the matrix as discrete pores. The
porosity is measured at ambient temperatures after exposing said stabilized
zirconia matrix to a typical sintering temperature of at least 1500C. Some
embodiments may be sintered from  



WO 2010/059322PCT/US2009/061055 one to six hours, such as about two hours.
Porosity describes the fraction of void space in the material and is
defined by the fraction of the volume of void space over the total or bulk
volume of material. Microscopy methods such as optical microscopy (OM) and
scanning electron microscopy (SEM) in combination with image analysis
software are used to  5 determine porosity in this invention. Alternatively
other methods can be employed to measure porosity, including water
saturation method, mercury intrusion porosimetry, and nitrogen gas
adsorption. Techniques for porosity determination of ceramic components are
generally known in the art. [0067]In one non-limiting exemplary form, a
multimodal (e.g., bimodal) grain  10 distribution of partially stabilized
zirconia particles with a coarse grain size distribution of 21 to 65 um and
a fine grain size distribution of 0.05 to 2 urn and are utilized. In still
yet another exemplary embodiment, a bimodal distribution of stabilized
zirconia particles with a coarse grain size distribution of 30 to 120 ,um
and a fine grain size distribution of 0.1 to 5 um are utilized. In still
yet another exemplary form, a bimodal distribution of stabilized zirconia
1.5 particles with a coarse grain size distribution of 40 to 200 um and a
fine grain size distribution of 0.1 to 10 um are utilized. In still yet
another exemplary form, a bimodal distribution of stabilized zirconia
particles with a coarse grain size distribution of 100 to 500 urn and a
fine grain size distribution of 1 to 20 um are utilized. 100681For example,
in various multimodal combinations for various embodiments, the  20 D50
lower limit of the fine grain stabilized zirconia may be 0.01 or 0.05 or
0.5 or 1 or 5 um in diameter. A practical D50 lower limit on the fine grain
stabilized zirconia grains for many embodiments may be about 0.1 um. Grains
smaller than 0.1 um may tend to be of limited usefulness in many
applications due to the fact that such small grains may not distribute
evenly and tend to melt together and combine into sintered grains that are
of about the same size as do grains that are at least 0.1 urn. The
stabilized zirconia and stabilizer grains that are of at least about 0.1,um
in diameter typically do not change size during or after sintering, whereas
the nanoparticles may tend to combine into larger particles. For at least
these reasons, the fine grain mode of many embodiments of the subject
invention might not include nanoparticle D50 size grit, unless such mode is
purposefully introduced into and mixed with  30 the coarse and fine grain
modes as a third or other mode. Commonly, nanoparticle modes of zirconia or
stabilizer may generally only be considered as the fine grain mode of the
multimode structure when such grains are of sufficient presence to combine
with each other  WO 2010/059322PCT/US2009/061055 to provide a fine grain
mode after sintering that provides mode grains of at least 0.1 um after
sintering. The D50 upper limit of the fine grain stabilized zirconia may be
100 or 44 or 20 or 15 or 10 or 5 or 1 um in diameter. The D50 lower limit
of the coarse grain stabilized zirconia may be 5 or 20 or 25 or 30 or 40 or
100 um in diameter. The D50 upper limit of the coarse 5grain stabilized
zirconia may be 800 or 500 or 200 or 100 or 50 um in diameter. [0069]In
still yet another exemplary form, the D50 average particle size of the
coarse grains may be about 30 um and the D50 average particle size of the
fine grains is about 0.3      In another non-limiting exemplary form, the
D50 average particle size of the coarse grains is about 50 um and the D50
average particle size of the fine grains is about 0.5 i_tm. In 



10 yet another non-limiting exemplary form, the D50 average particle size
of the coarse grains is about 100 um and the average particle size of the
fine grains is about 1.0 urn. In yet another non-limiting exemplary form,
the D50 average particle size of the coarse grains is about 500 um and the
D50 average particle size of the fine grains is about 5.0 um. [00701A
non-limiting example of a multimodal (bimodal) grain distribution includes
15 about 1 to 20 wt% of fine grain particles and about 80 to 99 wt% of
coarse grain particles. Another suitable, non-limiting example of a bimodal
grain distribution includes 85 to 99 wt% of coarse grains, such as with the
average particle size of about 30 um, and 1 to 15 wt% of fine grains, such
as with a D50 average particle size of about 0.3 um. Yet another suitable,
non-limiting example of a bimodal grain distribution includes 94 to 99 wt%
of coarse grains,  20 such as with the average particle size of about 30
um, and 1 to 6 wt% of fine grains, such as with a D50 average particle size
of about 0.3 um. Another non-limiting example of a bimodal grain
distribution includes at least 94 to 97 wt% of coarse grains with the
average particle size of about 30 um, and 3 to 6 wt% fine grains with the
average particle size of about 0.3 um. Another non-limiting example of an
exemplary bimodal grain distribution  25 includes 88 wt% coarse grain with
a D50 average particle size of 50 pm, and 12 wt% fine grain particles with
a D50 average particle size of 0.5 ,um. Still another non-limiting example
of a bimodal grit includes 85 wt% of coarse grain with an average particle
size of 100 um, and 15 wt% of fine grain with an average particle size of
1.0 um. The wt% of the fine grain size distribution may be, for example,
from Ito 20 wt% or Ito 15% wt% or 2 to 12% or 3 to 306% with the remaining
grains constituting the coarse grit or other mode size distributions, such
as intermediate distributions. Such exemplary multimodal zirconia particle
mixes may  WO 2010/059322PCT/US2009/061055 provide an optimum density and
porosity combination after sintering the stabilized zirconia matrix
comprising the bimodal grain distribution, for various applications.
[0071]The particles in the stabilized zirconia matrix comprising the
multimodal grain distribution can be substantially any shape. In many
embodiments, a preferred shape may be  5 those particle shapes that are
substantially spherical or more spherical in dimensions than nonspherical.
Some non-limiting acceptable examples include spherical, ellipsoidal,
polyhedral, distorted spherical, distorted ellipsoidal, distorted
polyhedral shaped, angular, rectangular, tetrahedral, quadrilateral,
elongated, etc. The shape of fine grain particles may generally be of less
importance than the shape of coarse grain particles. Spherical coarse  to
grain is particularly beneficial providing close packing, density, optimum
porosity, and flowability during powder processing and fabrication. A
preferred spherical shape of the coarse grain can be characterized by an
aspect ratio less of than 2.5, or preferably less than 2.0, or more
preferably less than 1.5. Grains with generally smoother surfaces may also
be preferred as compared to grains having highly irregular surface shapes.
1510072]Spherical shape refers to a symmetrical geometrical object where
the set of all points in three dimensional space (R3) which are at the
distance R from a fixed point of that space, where R is a positive real
number called the radius of the sphere. The aspect ratio of a shape is the
ratio of its longest axis to its shortest axis. The aspect ratio of
symmetrical objects may also be described by the ratio of two measures
(e.g. length and diameter). The 



20 aspect ratio can be measured by microscopy methods such as optical
microscopy (OM), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM), in combination with image analysis software,
wherein a two-dimensional shape is projected. The ratio of the longer
dimension to its shorter dimension is the aspect ratio. [0073]The coarse
grain in the stabilized zirconia matrix comprising a multimodal grain  25
distribution can be either single crystalline or polycrystalline.
Polycrystalline coarse grain is made of many smaller crystallites with
varying orientation. Various types of coarse grain can be utilized which
include but are not limited to agglomerated and sintered, fused and
crushed, and spherodized. In one form, the coarse grain is agglomerated and
sintered powder which is produced by spray drying of a suspension
consisting of fine powders and organic binder and  30 subsequent sintering.
In another form, the coarse grain is fused and crushed, which is produced
by fusing in arc furnaces and crushing of the cold block. In still another
form of the disclosure, the coarse grain is spherodized, which is produced
by atomization of agglomerates using a plasma flames to fabricate
substantially spherical shaped particles.  WO 2010/059322PCT/US2009/061055
[0074]The inventive multimodal, ceramic components include a substantially
uniformly distributed porosity, preferably within the range of from about 5
vol.% to about 45 vol.%. A desired porosity value with that range may be
defined and may be provided for during manufacture or preparation of the
fotined ceramic composition by controlling certain  5 manufacturing or
preparation properties, such as but not limited to grain size, mixing
methods and energy, extrusion or pressing forces applied to the formed
component, sintering temperature and time, etc. For example, preparation of
the formed ceramic component prior to sintering may utilize a lower
extrusion pressure or compaction pressure than is traditionally utilized in
manufacture of engineering grade or even some refractory grade  10
ceramics, whereby grain compaction is controlled to avoid over-compaction.
The preparation properties and methods may be adjusted to yield a formed
ceramic component or reactor that includes the desired porosity. [0075]In
addition to the above listed compounds or elements used to stabilize the
zirconia grains (e.g., at least one mole percent of one or more of CaO,
MgO, Y201, Ce02 or  15 mixtures thereof), the stabilized zirconia ceramic
composition or formed components according to the present invention can
further comprise oxides selected from the group of metals consisting of Al,
Si, Mg, Ca, Y, Fe, Mn, Ni, Co, Cr, Ti, Hf, V, Nb, Ta, Mo, W, Sc, La, and Ce
and mixtures thereof. Non-limiting examples of such oxides may include but
are not limited to Al203, Si02, MgO, CaO, Y203, Fc203, MnO, NiO, CoO,
Cr203, Ti02, Hf02, V205, 20 Nb205, Ta205, M003, W03, SC203, La203 and Cc02.
These metals and oxides may be present from one or more sources, such as in
the form of an impurity, a selected additive, a component of the zirconia
or another additive, and/or reprecipitated or otherwise derived during
processing and sintering. The volume of oxides in the stabilized zirconia
formed component may range from virtually none present up to 10 vol.%, or
in some embodiments 



25from 0.01 to 5 vol.%, or in still other embodiments from 0.1 to 3 vol.%
based on the volume of the stabilized zirconia, formed component. [0076]The
multimodal stabilized zirconia ceramic compositions, formed ceramic
components, and reactors of the instant disclosure possess enhanced thermal
and mechanical properties as compared to previously known ceramic
components and reactors. The thermal  30 shock resistance was determined by
the rapid water quenching test as described in the earlier section of the
disclosure. The normalized thermal shock resistance of the refractory grade
stabilized zirconia of the instant disclosure is at least four and
preferably at least five, on the herein disclosed normalized scale. The
provided porosity range, the substantially uniform  WO
2010/059322PCT/US2009/061055 distribution of the porosity, and coarse grain
grains help serve to arrest stress crack propagation and at least in part
contribute to such performance properties. [0077]The stabilized zirconia
ceramic compositions, components, and reactors of the present invention
possess flexural strength of at least 6 kpsi, or preferably at least 10
kpsi. In 5 many embodiments, the inventive ceramic components may include a
flexural strength of at least 6 kpsi with a corresponding normalized
thermal shock resistance of at least four. The closely packed grains
provided by the bimodal or other multimodal grain distribution as described
in the earlier paragraphs at least partially contribute to imparting such
attribute. [0078]The superior thermal shock resistance, relative chemical
inertness, improved 10 flexural strength, and high temperature withstanding
capability of the inventive zirconia ceramic compositions, components, and
reactors of the present disclosure renders them relatively heat stable and
structurally sound under cyclical thermal conditions at temperatures of
1500C and higher, such as up to 1700C, 1800C, or in some embodiments, up to
2000C, particularly as compared to prior art refractory and thermal
components and reactors. is Such attributes and properties may provide for
components and reactors that can replace conventional refractories, and
also facilitate uses of components, reactors, and processes in relatively
large scale commercial applications that were previously not achievable. In
particular, the heat stable, formed ceramic components, reactors, and
processes comprising the prescribed multimodal, stabilized zirconia matrix
may find particular application in refining, petrochemical, chemical
processing, and other high temperature thermal applications. A
non-limiting, exemplary list of suitable uses includes key components of
pyrolysis, reverse flow, regenerative, or other thermal reactors, including
for example, thin-walled honeycomb monoliths, and complex-shaped mixers. It
is believed that the improved combination of properties provided according
to the present disclosure may facilitate 25commercial service periods of
greater than 1 year, for example even up to about 10 years. 



[0079] In one form, the multimodal stabilized zirconia ceramic composition
disclosed herein may be prepared or made by application of conventional
ceramic powder processing technique such as mixing, milling, pressing or
extruding, sintering and cooling, employing as starting materials a
suitable ceramic powder and a binder powder in the required volume 30
ratio. Certain of the process steps may be controlled or adjusted, as
discussed previously herein, to facilitate manufacture of the desired
porosity range and performance properties. For example, the two or more
modes of powders, oxides, and/or stabilizers may be milled in a ball mill
in the presence of an organic liquid such as ethanol or heptane for a time
sufficient  WO 2010/059322PCT/1JS2009/061055 to substantially disperse the
powders in each other. Excessive binder powder and liquids may be removed
and the milled powder dried, placed in a die or form, and pressed,
extruded, formed, caste or otherwise formed into a desired shape, such as
may be referred to as a "green body." The resulting green body is then
sintered at temperatures of at least 1500C and  5 commonly up to about
1800C, such as for at least ten minutes, and often for times typically
ranging from about 10 minutes to about two hours and in some applications
even up to 4 hours. The sintering operation may be performed in an
oxidizing atmosphere, an inert atmosphere, or under vacuum. For example,
the oxidizing atmosphere can be air or oxygen, the inert atmosphere can be
argon, and a reducing atmosphere can be hydrogen. The  10 sintering
atmosphere, temperature, and kiln environment may also introduce oxides (as
discussed previously herein) into the component, either desirably or
undesirably, as a contaminant or desired/permitted constituent of the
ceramic component. Thereafter, the sintered body is allowed to cool,
typically to ambient conditions. The cooling rate may also be controlled to
provide a desired set of performance properties in the particular
component. 15For example, slower cooling may provide for growth of larger
ceramic crystals or grain- bodies and quicker cooling may provide for more
granular type texture. [0080]In other aspects, the invention includes a
thermal pyrolysis reactor for pyrolyzing a feedstock, such as but not
limited to a hydrocarbon, such as but not limited to an alkane, an alkene,
an aromatic, and/or coal, the reactor comprising: a multimodal ceramic
component  20 including at least a fine grain mode and a coarse grain mode,
the coarse grain mode comprising stabilized zirconia and the fine grain
mode comprising at least one of a stabilized zirconia and a stabilizer,
such as but not limited to a metal oxide stabilizer, such as but not
limited to an yttria oxide stabilizer, wherein after sintering, the
component includes (i) porosity at ambient temperature in the range of 5 to
45 vol.%, based on the volume of the  25 component. Preferably, the
multimodal component also comprises a flexural strength of at least 6 kpsi
and a normalized thermal shock resistance rating of at least four. In many
preferred embodiments, the reactor includes a multimodal component
comprising (i) at least 50 wt% of the coarse grains including stabilized
zirconia, the coarse grains including a D50 grain size in the size range of
from 5 to 800 pun, based upon the total weight of the  30 component; and
(ii) at least 1 wt% of a fine grains including stabilized zirconia, the
fine grains including a D50 grain size in the range of 0.01 to 100 nm, or
preferably 0.01 to 44 nm, dispersed within the coarse grain mode, based
upon the total weight of the component.  



WO 2010/059322PCT/US2009/061055 [0081]In other embodiments, the invention
includes a process for the manufacture of a hydrocarbon pyrolysis product
from a hydrocarbon feed using a regenerative pyrolysis reactor, the process
comprising the steps of: (a) providing a pyrolysis reactor with a reactive
region that comprises a multimodal stabilized ceramic component, wherein
the ceramic component has porosity at ambient temperature in the range of
from 5 to 45 vol.%, based on the volume of the component, and comprises a
flexural strength of at least 6 kpsi, and a normalized thermal shock
resistance rating of at least four; (b) heating the reactive region to a
temperature of at least 1500C to create a heated reactive region; (c)
feeding a hydrocarbon feed to the heated pyrolysis reactor to pyrolyze the
hydrocarbon feed and create a pyrolyzed 10 hydrocarbon feed; and (d)
quenching the pyrolyzed hydrocarbon feed to produce the hydrocarbon
pyrolysis product. [0082]In yet other embodiments, the invention includes a
process for preparing a thermal reactor comprising the steps of: (a)
preparing a ceramic component comprising bimodal, stabilized zirconia; and
(b) sintering the ceramic component at a temperature of at least 15 1500C;
(c) providing the sintered ceramic component in a reactive region of a
thermal reactor; wherein after the sintering, the ceramic component
reactive region component comprises a bulk porosity measured at ambient
temperature in the range of from 5 to 45 vol.%, based on the bulk volume of
the component, and preferably including a flexural strength of at least 6
kpsi and preferably including a normalized thermal shock resistance
20rating of at least four. [0083]In one exemplary reactor embodiment,
segregated reactant flow channels may be provided to facilitate deferred
combustion. The flow channels may comprise ceramic components according to
the present invention, such as by relatively thin-walled, honeycomb
monolith type structures. The term "honeycomb monoliths" is defined broadly
and generally, 25  to include but not be limited to extruded, ceramic
structures as are generally known in the reaction industry, such as in
catalytic converters, etc., capable of conveying a fluid through the
framework of channels. The term "honeycomb" is also used broadly herein to
refer to any framework of channels, regardless of cross-sectional geometry,
that includes multiple substantially parallel flow paths or channels and is
not intended to limit the structure or shape 30  to any particular
geometric shape. The channels each may have practically any cross-sectional
shape, although a generally symmetrical cross-sectional shape may be
preferred. Each monolith may include a single channel, a few channels, or
multiple channels, e.g., tens, hundreds, or even thousands of channels,
depending upon the size of the particular monoliths  



WO 2010/059322PCT/US2009/061055 and reactors utilized therein. For example,
in one embodiment, the conduits may have a diameter of only a few
millimeters, and preferably on the order of about one millimeter. A reactor
may comprise a single, multiple, or even numerous monoliths. The monoliths
may be further arranged into cells or groups of monoliths, wherein each of
a group of cells is dedicated to conducting one of the two simultaneously
conveyed materials, while another group of cells conveys the other
material. A preferred monolith arrangement will provide low pressure loss
or drop during reactant or product transference, while providing necessary
product contact time and heat transfer during conductance. The arrangement
preferably also provides adequate mixing of the conveyed materials after
exiting the monoliths, such as in or 10 near the reaction zone. In addition
to providing a flow conduit, the channels also facilitate effective
material isolation barriers (e.g., function such as conduit walls) to
prevent cross flow or mixing between the first and second reactants and
maintain a majority of the reactants effectively separated from each other
until mixing is permitted. Such reactor might be useful, for example, in
pyrolyzing methane to acetylene at temperatures of at least 1500C. Such
15acetylene can then readily be converted to olefin products, such as
ethylene or propylene. [0084] In some embodiments, for example, the
inventive components and/or reactors may provide a conduit packing
arrangement with an average wetted surface area per unit volume that ranges
from about 50 ft-1 to about 3000 ft-1, more preferably from about 100 ft-1
to 2500 ft-', and still more preferably from about 200 ft-1 to 2000 ft-1,
based upon the volume of the 20 first reactor used to convey a reactant.
For a packed bed of spherical packing particles, the relevant surface are
would be determined simply by the sphere diameters. For a reactor bed
comprising honeycomb monolith structures, the relevant wetted area
dimension is simply the wall thickness separating the flow channels.
Preferred wall thickness of some honeycomb monoliths according to the
present invention is less than 2.5 mm, more preferably less than 25 1.0 mm,
down to a probable minimum wall thickness of not less than around 0.1 mm.
These relatively thin walls are enabled by the strength, thermal shock
resistance properties, and relative chemical activity inertness of the
inventive components. The durable, heat resistant stabilized zirconia of
the present invention may be ideal at enabling use of relatively thin but
strong reactor flow channel walls. The relatively high density of the
components also helps 30  mitigate excessive reactant cross-flow through
the conduit or pore walls. The relatively high surface area per unit volume
values facilitated by the high number of relatively small reactant pores or
conduits are likely preferred for many embodiments to aid achieving a
relatively quick change in temperature gradient through a reactor. In some
applications, quick WO 2010/059322PCT/US2009/061055 temperature change is
preferred to permit relatively quick and consistent quenching of the
reaction to prevent creating coke. The relatively high thermal stability,
thermal shock resistance, and heat transfer capability of the inventive
materials enable quick temperature changes without excessive material
failure or degradation due to thermal shock or stress.  5 100851 For
example, in some embodiments, a reactor may be provided with flow channels
and other high temperature-exposed components and packing according to the
present invention that includes a high volumetric heat transfer coefficient
(e.g., greater than or equal to 0.02 cal/cm3sC, preferably greater than
about 0.05 cal/cm3s0C, and most preferably greater than 0.10 cal/cm3sC),
with corresponding low resistance to flow (low pressure drop),  10 have
operating temperature range consistent with the highest temperatures
encountered during regeneration, have high resistance to thermal shock, and
have high bulk heat capacity (e.g., at least about 0.10 cal/cm3C, and
preferably greater than about 0.20 cal/cm3C). As with the high surface area
values, these relatively high volumetric heat transfer coefficient values,
high strength (MOR), and chemical reactivity inertness properties may be
suitable for  15 use in various reactor embodiments to aid in achieving a
relatively quick change in the temperature gradient through the reactor,
These cited values are merely projected averages based upon the prospective
volume of a typical, exemplary reactor such as may be used for conveyance
of a reactant in a process. 100861Other applications, for example, may use
ceramic and reactor components other  20 than those previously described
but still according to the present invention, such as whereby the channel
conduits/flow paths are substantially linear and tubular. Other alternative
embodiments may include more tortuous pathways (e.g. convoluted, complex,
winding and/or twisted but not linear or tubular) through a component, than
the previously described monoliths, including but not limited to
labyrinthine, variegated flow paths, conduits, tubes, 25slots, and/or a
pore structure having channels through a portion(s) of the reactor. 



[00871 Some exemplary conditions may include a residence time from 0.001 to
1.0 seconds and may typically include, for example, a pressure from about 5
to 50 psia (34 to 345 kPa). In some embodiments, the reactor conditions may
be at a vacuum pressure, such as less than 15 psia (103 kPa). For purposes
of this discussion, the term "residency time" refers to  30 the time
exposed to temperatures typically in excess of about 1200C. For example, in
many useful reactors, the residency time at such temperature, and more
preferably at temperatures in excess of 1200C, is preferably less than
about 0.005 seconds, such as within a range of from 0.001 to 0.010 seconds,
or within a range of from 0.001 to about 0.005 seconds.  WO
2010/059322PCT/US2009/061055 However, the total time in the reactor bed
system could be longer, such as on order of 0.030 seconds or greater,
depending upon the quenching process and reactor channel length. The
regenerative pyrolysis reactor system may heat the hydrocarbon feedstock to
temperatures in excess of 1500C, possibly in excess of 1600C, in other
processes in excess of 1700C. In  5 some reactions, it may even be
preferable to heat the feeds for very short time duration, such as less
than 0.1 seconds, to a temperature in excess of 1800C or even in some
instances in excess of 2000C. An exemplary preferred process may pyrolyze
the feed stream within the reactor, such as at temperatures of from about
1500C to about 1900C, and more preferably from about 1600C to about 1700C.
Exemplary residency times preferably may be short,  10 such as less than
0.1 seconds and preferably less than about 5 milliseconds. Some hydrocarbon
conversion processes may be performed in the presence of hydrogen, hydride,
other hydrocarbons, and/or other diluents or stripping agents. [0088]In one
exemplary process, the pyrolysis conversion of methane to acetylene, the
reactor channels may comprise the inventive ceramic components and provide
the necessary  15 heat transfer capacity to create the desired sharp
temperature gradients through the reactor, at the space velocity conditions
of operation. Adequate heat transfer rate is characterized by a heat
transfer parameter ATHT, below about 500C, more preferably below about
100C, and most preferably below about 50C. The parameter ATHT, as used
herein, may be defined as the ratio of the bed-average volumetric heat
transfer rate that is needed for recuperation, to  20 the volumetric heat
transfer coefficient of the bed, 13". The volumetric heat transfer rate
(e.g. cal/cm3 sec) that is sufficient for recuperation is calculated as the
product of the gas flow rate (e.g. gm/sec) with the gas heat capacity (e.g.
ca./gm C) and desired end-to-end temperature change (excluding any
reaction, e.g. C), and then this quantity divided by the volume (e.g. cm3)
of the recuperator zone traversed by the gas. The AT1-11 in channel is
computed using  25 gas, channel with gas, and total recuperator zone with
total gas. The volumetric heat transfer coefficient of the bed, h," is
typically calculated as the product of a area-based coefficient (e.g.
cal/cm2sC) and a specific surface area for heat transfer (a, e.g. cm2/cm3),
often referred to as the wetted area of the packing. Illustrative Example
1: Close Packing of Bimodal Grains  30100891Table 4 depicts an exemplary
multimodal grain distribution including a coarse grain mode of partially
stabilized zirconia and a fine grain mode of more-stabilized zirconia, used
for producing a stabilized zirconia matrix comprising a bimodal grain
distribution. The 



coarse grit (H.C. Starck's AmperiiR 827.054) is an agglomerated and
sintered powder which  WO 2010/059322PC T/US2009/061055 is produced by
spray drying of a suspension consisting of fine powders and organic binder
and subsequent sintering. The fine grit (Tosoh TZ8Y) is produced by a
hydrolysis process, which ensures uniform dispersion of yttria in zirconia
and fine particle size. TABLE 4 Company Grade Chemistry (wt%) Size H.C.
Starck Amperie 827.054 Zr02: Balance, Y203: 7.0-9.0%, Hf02: 2.0%, Al203:
0.2%, Fe203: 0.3%, Si02: 0.5%, Ti02: 0.4% 21-65 urn (Spherical Particle)
Tosoh TZ8Y 



Zr02: Balance, Y203: 13.3%, Al203: 0.1%, Fe203: 0.01%, Si02: 0.02%, Na20:
0.12% 0.05-2.0 um (Crystallite Size)  5 100901In the above example, 97
vol.% of coarse grit of stabilized zirconia powder and 3 vol.% of fine grit
of stabilized zirconia powder were mixed with an organic binder for use in
an extrusion process. The bimodal powder mixture was extruded to fabricate
a green body in the size of about 1.13 mm thickness, 7.9 mm width and 100
mm length. The extruded ti)green body was dried and fired (sintered) at
1500C for 2 hrs in an industrial kiln to fabricate a sintered body.
[0091]Referring to Figure 1, Fig. la illustrates a Scanning Electron
Microscopy (SEM) image of the sintered, formed ceramic component (1500C, 2
hrs) processed according to this invention, wherein the legend bar
represents 50 km). Spherical coarse grains are in the D50 15  average grain
size of about 30 um and fine grains arc in the D50 average grain size of
about 0.3 ktrn. The fine grains are preferentially located at the neck
between coarse grains and provide enhanced bonding between coarse grains.
In this image, porosity appears dark and located at interspaces created
between grains. The resultant sintered, formed ceramic component comprised:
20i) 70% stabilized zirconia matrix comprising a bimodal grain distribution
including 97 vol.% coarse stabilized zirconia with average grain size of
about 30 um; and 3 vol.% fine stabilized zirconia with average grain size
of about 0.3 um 



ii) 30 vol.% porosity iii) Normalized thermal shock resistance rating is 5
25iv) MOR Flexural Strength is 6.0 kpsi [0092]To determine the thermal
stability of the zirconia ceramic composition of this invention, the
sintered body (1500C, 2 hrs) was further processed (e.g., annealed) at
experimentally simulated commercial conditions, to a temperature of 1800C
for 100 hrs in  WO 2010/059322PCT/1JS2009/061055  hydrogen flowing at a
rate of 50 cc/min. A commercial, high temperature, high vacuum furnace
facility was used to conduct this experiment. 100 hrs total annealing
exposure at 1800C was segmented in 5 cycles of 20 hrs each. In each cycle,
the sample body or component was heated to 1800C at a heating rate of
15C/min, held at 1800C for 20 hrs  5 and cooled to 50C (ambient) at a
cooling rate of 15C/min. Five cycles were employed to simulate rapid start
up and shut down processes and to investigate the effect of thermal shock.
Fig. lb of Figure 1 provides an SEM image of the "annealed" body after
heating at 1800C for 100 total hours in flowing hydrogen, wherein the
legend bar represents 50 !..trn. The image discloses spherical coarse grits
that arc still in the D50 average grain size of about 30  10 um, but the
fine grits have combined and become substantially larger and provide
enhanced bonding between coarse grits. Porosity appears dark and uniformly
distributed in the annealed body. The measured porosity of the annealed
body is about 17 vol.%. The normalized thermal shock resistance rating is 5
and the MOR Flexural strength is measured at 6.8 kpsi. Thus, as with the
properties of the sintered component embodiment, the further  15 annealed
component demonstrates grain size and porosity that also provide the
desirable, superior mechanical strength and thermal shock resistance. The
ability of the selected coarse grit mode to maintain its grain size while
exposed to annealing, as compare to the grit size after sintering may help
provide and explain, at least in part, why the thermal shock resistance
remains high after sintering and even after annealing. At least part of
this property 20may be due to the selected D50 size range for the coarse
grit mode. (e.g., Sum to 800 um). The measured properties of the further
annealed embodiment comprised: i) 75% stabilized zirconia matrix ii) 25
vol.% porosity 



iii) Normalized thermal shock resistance rating is 5 25iv) MOR Flexural
Strength is 6.8 kpsi [0093]Note that the MOR actually increased from about
6.0 after sintering to about 6.8 after such annealing, thus demonstrating a
net gain in such strength. The SEM photographs clearly demonstrate the
change in appearance between sintering and annealing. It is recognized
however, that over significantly more extended periods of annealing or use,
such  30 as over several months of use in a commercial reactor, that such
strength may begin to decrease and may actually do so to a point that it
becomes desirable to replace the component. However, it is anticipated that
such occurrence may not happen for many months or even years.  WO
2010/059322PCT/US20091061055 Comparative Example 2: Monomodal Grits
[0094]To illustrate the beneficial effect of the multimodal grit
distribution of this instant  invention, a comparative sample was prepared
using a monomodal grit distribution. A stabilized zirconia (coarse grit)
was obtained from Alfa Aesar (Stock No. 36272; Chemistry ZrO?: Balance,
Y203: 10.0-15.0%, Hf02: 2.0-4.0%; D50 Particle size:-325 mesh, i.e. D50
size of about 44 um) and mixed with organic binder needed for extrusion
process. The mixed powder was extruded to fabricate a green body of 0.36 mm
thickness, 2.6 mm width, and 50 mm length. The extruded green body was
dried and fired at 1500C for 2 hrs in an industrial kiln to fabricate a
sintered body. 10[0095]Referring to Figure 2, Fig. 2a demonstrates an SEM
image of the resulting sintered body (1500C, 2 hrs) processed according to
this example, wherein the legend bar represents 5 !Am. In this image, all
grits are in the D50 average grain size of about 3.0 1..im and porosity
appears dark. The resultant sintered body comprised:                i) 96%
stabilized zirconia ceramics comprising a monomodal grain distribution 15in
average grain size of about 3 pm                ii) 4 vol.% porosity 



iii) Normalized thermal shock resistance = 1                iv) MOR
flexural strength = 40.0 kpsi 100961To determine the thermal stability of
the stabilized zirconia ceramics having 20 monomodal grit distribution, the
sintered body (1500C, 2 hrs) was further annealed at 1700C for 100 hrs in
air. A conventional high temperature box furnace was used for this
experiment. Fig. 2b discloses an SEM image of the component body after
reheating at 1700C for total 100 hrs in air, in a single stage or cycle,
wherein the legend bar represents 50 !Am. The sample was not annealed in
five, 20 hr stages as in Example 1 because the resulting 25 sample of
Example 2 after sintering was a highly dense ceramic and such material is
known to have very low thermal shock resistance and would have been highly
fractured and possibly even destructed beyond measurement usefulness if
exposed to such cyclic annealing. The image in Fig. 2b discloses monomodal
grits that were originally about D50 size of 3.0 um in size that have
significantly grown to D50 size of about 50 pm and very little to no
porosity is 30observed. The substantially densified, stabilized zirconia
ceramic demonstrates excessive grain growth and provides high mechanical
strength, but are low thermal shock resistance,  WO
2010/059322PCT/US2009/061055 rendering this material unusable in cyclic
high temperature pyrolysis reactors. The measured properties of the
annealed embodiment comprised: i) 99.99% stabilized zirconia matrix ii)
0.01 vol.% porosity iii) Normalized thermal shock resistance rating is 1
iv) MOR Flexural Strength is 45.0 kpsi Illustrative Example 3: Close
Packing with Multimodal Grain Distribution  [0097]The same coarse and fine
grit materials of illustrative Example 1, that is, 90 vol.% 



coarse grit of stabilized zirconia powder and 10 vol.% of fine grit of
stabilized zirconia 10 powder, were mixed with organic binder for extrusion
processing. The bimodal powder mixture was extruded to fabricate a green
body in the size of about 0.55 mm thickness, 7.6 mm width, and 50 mm
length. The extruded green body was dried and fired at 1500C for 2 hrs in
an industrial kiln to fabricate a sintered body. [0098]Fig. 3a of Figure 3
illustrates an SEM image of the resulting sintered component 15  (1500C, 2
hrs) processed according to this example, wherein the legend bar represents
10 um. In this image, substantially spherical coarse grits are in the D50
average grain size of about 30 um and the D50 fine grits are in the average
grain size of about 0.3 um. The fine grits are beneficially distributed
throughout the various pores or necks between coarse grits and provide
enhanced bonding between coarse grits while maintaining the desired
porosity and corresponding desirable mechanical properties. In this image,
porosity appears dark and located at interspaces created between coarse
grits. The resultant sintered body comprised:  i) 75 vol.% stabilized
zirconia matrix comprising a bimodal grain distribution including 90 vol.%
coarse stabilized zirconia with average grain size of about 30 um; and 10
vol.% fine stabilized zirconia with average grain size of about 0.3 pim
ii) 25 vol.% porosity  iii) Normalized thermal shock resistance = 5  iv)
MOR flexural strength = 6.3 kpsi [0099]To understand the thermal stability
of the exemplary zirconia component, the sintered body (1500C, 2 hrs) was
further annealed at 1800C for 100 hrs in flowing 30  hydrogen at a rate of
50 cc/min. A high temperature, high vacuum industrial furnace was used for
this experiment. Exposure time of 100 hrs at 1800C was segmented in 5
cycles of 20 hrs, as in Example 1. In each cycle, the sintered body was
heated to 1800C at a heating  WO 2010/059322PCT/US2009/061055 rate of
15C/min, held at 1800C for 20 hrs, and cooled to 50C at a cooling rate of
15C/min. Five such cycles were employed to simulate rapid start up and shut
down processes and to investigate the effect of thermal shock in the
annealed ceramic body. 1001001 Fig. 3b illustrates an SEM image of the
fracture cross section of the component  5 body of Fig. 3a after annealing
at 1800C for total 100 hrs in flowing hydrogen, wherein the legend bar
represents 100 pun. In this image, spherical coarse grits are still in the
average grain size of about 30 um, but fine grits have become substantially
larger, providing enhanced bonding near the convergence points where the
large grains touch and are bonded to adjacent coarse mode grains. The
resulting location of the fine grains after sintering and 



10 even after annealing, serves to preserve porosity in the significant
void areas that are remote to the points of adjacent contact between the
coarse grits. Such resulting matrix construction may thus facilitate
optimization of enhanced flexural strength combined with enhanced thermal
shock resistance. The measured properties of the annealed embodiment
comprised: i) 85% stabilized zirconia matrix 15ii) 15 vol.% porosity iii)
Normalized thermal shock resistance rating is 5 iv) MOR Flexural Strength
is 7.2 kpsi 1001011 The optimum grain size and porosity in the annealed
body provide superior mechanical strength and thermal shock resistance.
Although not shown herein, further 20extended experimentation durations
have demonstrated still further increases in MOR strength with additional
annealing time, while also maintaining desired porosity.  1001021Further,
it is believed that maintaining the proper selection of grain size ratios
between the grit modes may at least in part facilitate maintaining these
properties at high temperature. For example, selection of a fine mode grit
D50 size within a range of not greater than one-fourth the D50 size of the
coarse grain mode may in some embodiments facilitate dispersing the fine
grain mode grains such that when sintered they are predominantly sintered
at or near the points of tangency with respect to the adjacent coarse
grains. It may also be preferable in some embodiments that the fine grain
mode has a D50 average size that is not greater than one-eight the D50 size
of the coarse grain mode. In other 30 embodiments the D50 size of the fine
grain mode may not be larger than one-tenth or one order of magnitude of
the D50 size of the coarse grain mode. In still other embodiments, the D50
size of the fine grain mode may not be larger than two orders of magnitude
(e.g. 0.01) smaller than the D50 size of the coarse grain mode. For similar
reasons, it may be preferable -42-  WO 2010/059322PCT/US2009/061055  that
the shape of at least the coarse grain mode particles, and in some
embodiments also the fine grain mode particles (although typically less
preferable than with the coarse grain mode) be as spherical or
substantially spherical as possible. In many embodiments, it may be
preferable that at least a majority by weight of the coarse grain mode
grains demonstrate a 



5 shape factor of not greater than 2.0 (e.g., the ratio of the length of
the longest 3-d axis of a grain to the length of shortest 3-d axis of such
grain). In still other embodiments, it may be preferable that at least a
majority by weight of the fine mode grains also have a shape factor of not
greater than 2.0, although the shape of the fine grain is typically of
lower significance. [00103] In other embodiments, the present invention
includes a process for the 10 manufacture of a hydrocarbon pyrolysis
product from a hydrocarbon feed using a regenerative pyrolysis reactor
system, comprising the steps of: (a) providing a pyrolysis reactor with a
reactive region that comprises a multimodal stabilized zirconia ceramic
component, wherein the ceramic component has porosity at ambient
temperature in the range of from 5 to 45 vol.% based on the volume of the
component, comprises a flexural strength of  15 at least 6 kpsi, and
includes a normalized thermal shock resistance rating of at least four; (b)
heating the pyrolysis reactor reactive region to a temperature of at least
1500C to create a heated reactive region; (c) feeding a hydrocarbon feed to
the heated reactive region to pyrolyze the hydrocarbon feed and create a
pyrolyzed hydrocarbon feed; and (d) quenching the pyrolyzed hydrocarbon
feed to produce the hydrocarbon pyrolysis product. The process  20 may
optionally include the step of heating the reactor by in-situ thermal
reaction, such as but not limited to deferred combustion, burning,
exotheimic reaction, and direct feed combustion processes, such processes
being generally known in the pyrolysis art. The produced pyrolysis reactor
product may be quenched in another reactor region that comprises the
inventive multimodal stabilized zirconia ceramic component and/or another
quench media.  25 [00104] In another aspect, the invention includes a
process for preparing a thermal reactor comprising the steps of: providing
a sintered multimodal ceramic component in a reactive region of a thermal
reactor, the multimodal ceramic component comprises; (i) at least 50 wt% of
the coarse grains including stabilized zirconia, the coarse grains
including a D50 grain size in the size range of from 5 to 800 Lffl, based
upon the total weight of the component; and (ii)  30 at least 1 wt% of a
fine grains including stabilized zirconia, the fine grains including a D50
grain size in the range of 0.01 to 100 ,um dispersed within the coarse
grain mode, based upon the total weight of the component, the ceramic
component comprises a porosity at ambient temperature in the range of from
5 to 45 vol.%, based on the volume of the component, a  WO
2010/059322PCT/US2009/061055 flexural strength of at least 6 kpsi, and a
normalized thermal shock resistance rating of at least four. The process
may also include the step of providing the sintered ceramic component in a
quenching region of the pyrolysis reactor. Also, the inventive process may
comprise the step of further thermally processing the ceramic component
(either during component fabrication  5 or during actual commercial use) by
heating the ceramic component to a temperature of at least 1500C for at
least two hours, either cyclically or in one stage, such as in air, a
reactive environment, inert environment, or mixtures thereof. 1001051 The
invention further includes a process for forming a ceramic component, such
as but not limited to a pyrolysis reactor component, the process
comprising: (a) preparing a  10 mixture comprising a multimodal grain
distribution including; (i) at least 50 wt% of coarse grain mode including
stabilized zirconia, the coarse grain mode comprising a D50 grain size in
the range of from 5 to 800 um, based upon the total weight of the
component; and (ii) at least 1 wt% of fine grain mode comprise at least one
of a stabilized zirconia and a stabilizer, the fine grain mode comprising a
D50 average grain size not greater than one-fourth the D50  15 grain size
of the coarse grain mode, dispersed within the coarse grains, based upon
the weight of the mixture; (b) forming the mixture into a shape; (c)
sintering the shape; wherein after sintering, the component has porosity at
ambient temperature in the range of from 5 to 45 vol.%, based upon the
formed volume of the component. The prepared mixture of step (a) may be
poured, rolled, pressed, or extruded, etc., into the desired shape or form
using a 20 shaping force. However, care and manufacturing consideration may
need be taken in controlling and limiting (such as by monitoring and
selectively applying) the shaping force, such as by using less force than
may have been applied to form such component using prior art ceramics and
techniques, such that the resulting porosity after sintering is at least
fiver vol.%, and more preferably at least 10 vol.%, while also the porosity
does not exceed a maximum range, such as 45 vol.%, or more preferably not
greater than 30 vol.%. Preferably the porosity is at least within the range
of from 5 to 45 vol.%, or more preferably within a range of 10 to 30 vol.%,
or in some instances even more preferably within a range of 10 to 25 vol.%,
based upon the volume of the ceramic component. "Controlling" the force
means to limit the amount of force applied so as to avoid excessive
compaction or crushing of the  30 multimodal grains, such that the
resulting porosity is lower than the desired lower limit, e.g., 5 vol.%.
Similarly, "controlling" also means to avoid using too little or too low of
a force such that the resulting porosity becomes undesirably vugular or
exceeds the desired maximum porosity limit, e.g., 45 vol.%, for the
particular component being formed. The 



WO 2010/059322PCT/IJS2009/061055 amount of force applied is outcome
determinative and may depend upon factors such as the mixture composition
(multimodal contents) of the formed component, desired resulting porosity,
intended use, etc. The process may further include the step of monitoring
(either directly, indirectly, or by inference, including but not limited to
observation, electronic,  5 optical, analytical, physical, or any other
means for monitoring) the shaping force (e.g., pressure, force, mass, or
resistance, etc.) and controlling a force used in forming the component
(e.g., extrusion, compression, pressing, rolling, etc. used to form the
component) in response to the monitored shaping force. [00106] The process
also may include sintering at a temperature of at least 1500C, such as  10
from 1500C to 1800C, and may also include the step of further sintering or
annealing the sintered component at a temperature of at least 1500C. For
further example, heating to a temperature of at least 1800C for at least
two hours, wherein after such processing the component has porosity at
ambient temperature in the range of from 5 to 45 vol.% based upon the
formed volume of the component, and an MOR of at least 6 kpsi (41 MPa) or
more  15 preferably an MOR of at least 10 kpsi (69 MPa); and normalized
thermal shock resistance rating of at least four or more preferably at
least five. The process of may still further include the step of further
heating the sintered component at a temperature of at least 1500C, or at
least 1600C, or at least 1700C, for at least two hours, wherein after such
further heating the component comprises a porosity at ambient temperature
in the range of from 5 to 45 vol.%, 20 based upon the volume of the
component. [00107] While the present invention has been described and
illustrated with respect to certain embodiments, it is to be understood
that the invention is not limited to the particulars disclosed and extends
to all equivalents within the scope of the claims. Unless otherwise stated,
all percentages, parts, ratios, etc. are by weight. Unless otherwise
stated, a reference to a compound or component includes the compound or
component by itself as well as in combination with other elements,
compounds, or components, such as mixtures of compounds. Further, when an
amount, concentration, or other value or parameter is given as a list of
upper preferable values and lower preferable values, this is to be
understood as specifically disclosing all ranges formed from any pair of an
upper preferred value and a 30lower preferred value, regardless of whether
ranges are separately disclosed.  WO 2010/059322PCT/US2009/061055 CLAIMS
What Is Claimed Is: 1.A heat stable, formed ceramic component, said
component comprising: 5a multimodal grain distribution including; 



(i) at least 50 wt% of coarse grains including stabilized zirconia, said
coarse grains comprising a D50 grain size in the range of from 5 to 800
).11-n, based upon the total weight of said component; and           (ii)
at least 1 wt% of fine grains comprising a D50 average grain size not
greater than toone-fourth the D50 grain size of said coarse grain,
dispersed within said coarse grains, based upon the total weight of said
component;       wherein after sintering, said component has porosity at
ambient temperature in the range of from 5 to 45 vol.%, based on the volume
of said formed component. 2.The component of claim 1, wherein said fine
grains comprise at least one of (i) a 15stabilized zirconia, (ii) a
stabilizer, and (iii) mixtures thereof. 3.The component of claim 1, wherein
said formed ceramic component was sintered at a temperature of at least
1500C. 4.The component of claim 1, wherein said formed ceramic component
comprises a      flexural strength (MOR) of at least 6 kpsi and a
normalized thermal shock resistance rating of 20at least four. 5.The
component of claim 1, wherein said (MOR) flexural strength is at least 10
kpsi. 6.The component of claim 1, wherein said normalized thermal shock
resistance rating is at least four. 7.The component of claim 1, wherein
said fine grain mode comprises a D50 grain size 



25of from 0.01 L1111 to 100 )..an. 8.The component of claim 1, wherein
after annealing said sintered component at a  temperature of at least 1800C
for two hours said component includes porosity at ambient temperature in
the range of from 5 to 45 vol.% based upon the volume of said component, a
MOR of at least 6 kpsi, and a normalized thermal shock resistance rating of
at least four.  30 9. The component of claim 1, wherein said coarse grain
stabilized zirconia is stabilized by at least 1 wt% of a stabilizer that
includes at least one of CaO, MgO, Y203, Ce02, and mixtures thereof, based
upon the weight of said coarse grain stabilized zirconia.  10.The component
of claim 1, wherein the shape of at least a majority by weight of said
coarse grains have a shape factor of not greater than 2.5. 11.The component
of claim 1, wherein said multimodal grain distribution further comprises;
(iii) at least 5 wt% of an intermediate grain mode of stabilized zirconia
including a D50 grain size intermediate the D50 grain size of each of said
coarse grain mode and said fine grain mode, based upon the total weight of
said component. 12.The component of claim 2, wherein said stabilizer
comprises Y203. 13.The component according to any of the preceding claims,
the component being included in a thermal pyrolysis reactor for pyrolyzing
a feedstock. 14.The component of any of the preceding claims, wherein said
coarse grain mode stabilized zirconia comprises partially stabilized
zirconia. 15.The component of claim 2, wherein said stabilized zirconia of
said fine grain 



mode comprises fully stabilized zirconia. 16.The component of claim 13,
wherein the reactor is utilized for manufacturing a hydrocarbon pyrolysis
product from a hydrocarbon feed using the thermal pyrolysis reactor. 17.The
component according to any of the preceding claims made by a process
comprising: (a) preparing a mixture comprising a multimodal grain
distribution including;       (i) at least 50 wt% of coarse grain mode
including stabilized zirconia, said coarse grain mode comprising a D50
grain size in the range of from 5 to 800 pm, based upon the total weight of
said component; and       (ii) at least 1 wt% of fine grain mode comprise
at least one of a stabilized zirconia and a stabilizer, said fine grain
mode comprising a D50 average grain size not greater than one-fourth the
D50 grain size of said coarse grain mode, dispersed within said coarse
grains, based upon the weight of said mixture; (b) forming said mixture
into a shape; (c) sintering said shape;       wherein after sintering, said
component has porosity at ambient temperature in the range of from 5 to 45
vol.%, based upon the formed volume of said component. 


