WD 2011/ 062775PCT/ US2010/ 055423 POROUS PYROLYSI S REACTOR MATERI ALS AND
METHODS CROSS REFERENCE RELATED APPLI CATI ON [0001] This application clains
priority woamigs2Beri al No. 12/623046, filed 5Novenber POT/URRQO/ 05803 EP
10150598.0, filed January 13, 2010, the disclosures of which are

i ncorporated by reference in their entireties. FIELD OF THE | NVENTI ON

[ 0002] Thi s i nve@OROUSPFYROLYSIEREACIOR VM ARERTARSSANDEVIEIU$QODENd appar at us
useful in pyrolysis reactors such as may be used for pyrolyzing or cracking
hydrocarbons I n one non- 10 I|n1t|ng exanple, the invention relates to
advanceR@5H 1 5 i Al 12 ﬂ~10>pparatus and net hods suitable
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react or _apparat us that are resistant to thermal stress cracki ng, and

pyr ol ysiRCORHEd By efPisace Mdhaihpmiiretiss. BACKGROUND OF THE | NVENTI ON

[0003]Cﬁﬂﬁf@}bﬁggﬂEqéﬁgﬁﬁfﬂﬁﬁkerS are a common tool for cracking volatile
hydr o propane, naphtha, and gas oil. Oher higher
severi t yoa02¢r melhiorinyzyitioh peitsing éaadwanscdnmatalato mestefdy) arfdodpparaekusedul in

hydr ocar bons .and/ or executin th?{ﬂﬁﬁyprocesses I.ncl udi ng sonme processes

conduct SYrOAYSis EATRISAVER BEMAY §Rase ORI 71 EBIN Y BRCAFRATP o I REE Pop-
CO”W@”tUEMQﬁ %%ﬁ gkﬁﬁﬁQKﬁQénmﬁbﬂﬂﬁE§qOt&hﬁR&MERﬁhﬁ &ﬁ@%&h&&:%ﬂﬂ&@ﬂ?”t
and processes her tenperature reactions (e.g 500C) and processes
typlcalmeﬁaqulmeiMEMEﬂsammb@xi&m053hy maddngﬂednahﬂmed&emuuwnentaﬂm@}
tolerate tqﬁllntengg heat dgq%sicglﬂ %ﬁss COﬂdIHIOﬂS t nom .cal
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%re resistant to thermal stress cracking, and pyrolysis methods using the same.

15 BACKGROUND OF THE INVENTION

[0003] Conventional steam crackers are a common tool for cracking volatile
hydrocarbons, such as ethane, propane, naphtha, and gas oil. Other higher severity thermal or
pyrolysis reactors are also useful for cracking hydrocarbons and/or executing thermal
processes, including some processes conducted at temperatures higher than can suitably be
20 performed in conventional steam crackers. Compared to conventional cracking equipment
and processes, higher temperature reactions (e.g., >1500°C) and processes typically require
more complex, costly, and specialized equipment to tolerate the intense heat and physical
stress conditions. Economical operation of high severity hydrocarbon cracking processes and
equipment requires satisfying numerous competing operational and engineering challenges.
25 Properties such as melt temperature, reaction environment non-inertness, component strength,
and toughness limitations commonly define limits for many processes. The high
temperatures and process stresses can exceed the long term viability of most conventional
apparatus, including conventional refractory ceramics.  Although high temperature
regenerative pyrolysis reactors are generally known in the art as capable of converting or
30  cracking hydrocarbons, they have not achieved widespread commercial use, due significantly
to the fact that they have not been successfully scaled to a commercially economical size or
useful life span as compared to less severe alternatives, such as steam cracking.
[0004] In high thermal stress applications, many ceramic materials are subject to

progressive failure due to onset mechanical and chemical changes within the ceramic matrix.
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25 Properties such as nelt tenperature, reaction environment
non-inertness, conponent strength, and toughness limtations conmonly
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stresses can exceed the long termviability of nobst conventional apparatus,
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reactors., [0006] A simlar, recently recogni.zed prqbl.em particul ar .to high
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corrosion,"” Ttgi S hioqh Lenper at ur e hl){drocar on- flel ated corrosion , 2 -
30 ydrocarbon pyrolysis pertains to carburization within the céramic ¢omponent, which can
produce carbide-oxide conversion chemistry in many ceramic materials, such as some
zirconia oxides, that also leads to progressive component degradation, herein considered a

type of "ceramic corrosion."  This high temperature hydrocarbon-related corrosion
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WO 2011/ 062775PCT/ US2010/ 055423 nechani sm was not previously identified,
under st ood, or recognized as a concern with high tenperature hydrocarbon
pyr ol ysi swoghngeessam cs. Carburization is a heat activaCeaSprionssg3in
which a material, such as a ceramc or netal, is heated to tenperature
below its nelting point, in the presence of another material that |iberates
car bon agechdni§evagelol yrelengpidssiicdy uidaiodd drecaaaclons. cohbanlwillehighed
carbon can perneate the exposed surface and near-surface interior of the
cer ani c [&RREsAtETC groqagboamyrelysip aping spes. | arbpagatian iy e §remstivdcdpioscssr  at
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useful in pxrglé;'ng hydr ocarbon feedstock in a pyrolysis reactor, in sone
enbodi méngs~d P ébnerative pyrolysis reactor and in other enbodi nents a
reverse §doay t VPR HORRR akl N&dS SACkaic TBRpbOMERNtthMertREChi aloill$ hfhSt ant
to carbon depositioh, carbi de-oxide |nteracplons, and associ ated ceram c
cor r osi parngaationeprtadiabiion andhe oxide-eatbideecosmp@mnawhde alay palvednge mesbamsmnt t o

mcro-fracture .growth and 30 propagation.. I n one .a t,.the inventi.v
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and/ or commercial applications, particularly with respect to hydrocarbon pyrolysis.

SUMMARY OF THE INVENTION

[0008] The present invention relates to pyrolysis of feedstocks and in one aspect includes
25 inventive refractory materials and apparatus useful in pyrolyzing hydrocarbon feedstock in a
pyrolysis reactor, in some embodiments a regenerative pyrolysis reactor and in other
embodiments a reverse flow type regenerative reactor. The inventive material is resistant to
carbon deposition, carbide-oxide interactions, and associated ceramic corrosion and
degradation. The inventive apparatus may also be resistant to micro-fracture growth and
30  propagation. In one aspect, the inventive apparatus and compositions provide a dispersion of
pores within the ceramic material that may intercept propagating micro-fractures.
[0009] In another aspect, the dispersion of pores may be of sufficient number and

aggregate volume to enable the ceramic matrix material to subtly distort, expand and/or
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WO 2011/ 062775PCT/ US2010/ 055423 contract, thereby dispersing or redirecting
stress concentrations. Additionally, the pores may nerely intercept and

di sper se WOnesigeeAcentrati ons at the tip of a propagat Pag/useewosiseinct ure,
preventing further propagation of the intercepted mcro-fracture. The

di sclosed refractory ceramc material resists carbide-oxide interaction

corr osi @bntrdcheh&bly dpérsinp Y rédiRAtinOfreds céndontrating | A daftionbidy,|thefores may
chem cal conposition that mght favor mcro-fracture creation, 1nitiation,
and pr oy igarceptomdolisnersriesfesonseipgions atrfbe finwé atirenteptieg wéee-fepcture,

car bi de- Pégeﬂt?in%? gﬁhgg lrpgcgp a@&%n%@g]l% inte?fe%?éaeﬁl?ctré) -\ﬁ%ctl%yg 0 lﬁﬁ@ i ﬁ%cg/o%@& t1r9f}irabctory

apparatus a y-nateri use for pyrolyzing a rocarbon
f eedst ockraatic nemqet atsivtesarbfdenndidd asaadtioancal2RRE, drdebyoreisiime sreafiomof al ess

10 than 1500C, or _in so enbodi ments, not | ess than 2000C. _[0011]In sone
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hydrocaqﬁg&ig@%%&?%m&ﬁe apparatus including a reactor conponent
conprising a refractory material in oxide form the refractory nateri al

havi ng 400d] t i nip paithér aspentp thegsvdntian ROBAS andarbllatoxidemadmesiom resistad f or m

when exposed .o a s .havi ng carbon partial pressur.e, of -22 15 bar and
oxygen BERRIAIvh PEEau A oS Tg Ay Todyre aoc Gy EReral S e 120BLONEE: i n
the ref hagloRsrbolBéRikiook abasmpt@htute8 DT o ks 4hmPh H00P0r JRIAs Rt Rstof P asHdr ed
at 20C (ambi ent tenperature), based upon the bul k volune of the refractory

mat @i althanAp00per in pare crobodments inpy/lopi then BROQTEL er mi ned by t he necessary
physi cal oStk engt h and_t.her mal ock resistance t roperti-es ependi ng
pon ¢ ndo i cncioRfmdiiEhs S0 i hfl BEEAE FBRy BRI E¥ g 9BEE. "For

exanpl e hyf@targoe &cdktotiiaic Bfpayaldinch@ing®fcioh30mpéneno kdmpiding otrefi@miayt han
40 vol % in sonme enbadi ments. | n many enbodi ments, the reactor apparatus
conpr i s&¥tial dyexde sy dhgRefiartps) Matcaakbhayingh pirHEeoInt|of npdessdhan HaGPee

embodi Mepk $rat [dhaih EPEREIR K Ev A ‘%hé@d%o LA hRYi %g&'ﬂ%h ?gﬁiaﬁ?{eg"s\ﬁ% gF}(F‘ZOW
regenerative reactor apparatus. NARY T eactor enbodi ments utlltze deferred
consist ban ahd dxgatn tpheiat acskswe. ofl M0 Tabyr, eartxo dinpendtare dhHa 20@10; achatinn the

material has a 25nelting pqint of not |ess than 2010C, and in other .
enbodi mEHTE OIS Rt JE60EAN (0T Tee PSR BEcT eIy Hosd ﬁ_/@mlem

i ncl ude (gn S SAGRST Bisby %ﬁoﬁ &h& BAIOVNUGRT SrOBE QB A &SIy Sihafatial. p)&_fn%%b%lr Sinki€ Gt Of
system for pyrolyzing hydrocarbon feedstock conprfising a firs eactor and

a secongorosay ol berdefdrovned dymthaincedsbam phivsibaltskrength agd thesmelt shock aesijtamst one
of the first and second. reactors. conprising.a refractory material .in oxide
form. t ROCRIPPRE AgPeagingipap iy iien P aPel A P i POl faiss Mean

20606 amd, fohedinflendt Becatd? tianl 6levdIof, MbhER: ©XP 96 €61% Qoraod ardith B30 va|%ar bon
partial pressure of 10-22 bar, a reference oxygen partial pressure of 10-10

bar, andn someapbedimgnis. &t MrppOTdOdImENEs Hctrpreteraibparetus CYMpEsQsHd taketsaiveot al
porosit %y@o@%s%{] %ﬁt%n gp%apgtusf. rlgn\)aﬁoﬁé) otﬁgr evn%oo{ﬁrggtﬁg,qhy pe%@nérgt?vev&!rgl%is %acrtoqe

refract
comprises a reverse flow regenerative reactor apparatus. Many reactor embodiments utilize

deferred combustion to heat the reactor. In many embodiments, the refractory material has a
25 melting point of not less than 2010°C, and in other embodiments not less than 2160°C.
[0012] Other aspects of the invention include a regenerative, refractory corrosion
resistant, pyrolysis reactor system for pyrolyzing hydrocarbon feedstock comprising a first
reactor and a second reactor in flow communication with the first reactor, at least one of the
first and second reactors comprising a refractory material in oxide form, the refractory
30  material having a melting point of not less than 2060°C and which remains in oxide form
when exposed to a gas having a carbon partial pressure of 107 bar, a reference oxygen partial
pressure of 107 bar, and a temperature of 1200°C; wherein the refractory material has total

porosity in the range of from 4 to 60 vol% based upon the volume of the refractory material.
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WO 2011/ 062775PCT/ US2010/ 055423 [ 0013] O her aspects include nethods for
mtigating carbi de-oxide ceramc corrosion of a refractory material in the
presence Wb 2011ppebyzed hydrocar bon feedstock, conpri si RGTIUSR0191085333 Of
providing in a heated region of a pyrolysis reactor systemfor pyrolyzing a
hydr ocar bon feedst ock, apparatus conprising a refractory material in oxide

form theo13]r ef O&et spyctiBichideahethedy fog mitigaeing icBdhidodilc eframit cor@s®ntofian
2060C and that remains in oxide formwhen exposed to a gas having a carbon

parti al r¢ffastayirmatgrialip-tho mesenceaf é@é@ﬁziﬁahY¢f9¢afb@lb§@Gﬁté01@fComﬂﬁ.glgbﬁlﬁ, at

ol o6 T or A Bofisu il . AL NEAEN Tebigf SEHT RELREK RRLEE' Shel® o ol A% o™ *
refract hp&ronmbemlfabdstddk C}ltpbﬁlattem‘lﬁdlbm %, réfhetorapmatepiale $is wxédeofforhh ethe

refractory material is not greater 10 7 0014]In many
enbodi né#f@tort/ feateriyl hawing %P%PPQF o B%t 9@@9 ?ﬁ@geﬁre s dn oxidg

vol % Orfor'n{‘w%%@%&ll)cﬁg@?@h@%@hévlﬁ@% JJP:{?% rpg?ﬁal rﬁéfsﬁ&%vﬁ 108t By, QHBQ?%&?%%M‘C rom

4 to 60 % or 1n still” other” enbo nts e formed porosi y range
from5 tpoesaﬁewﬁll% Ham, &tai tbnpeiatues o IHACwhesin thh ecfravtiep mayeiarhaenatdéssnmay

|ncludetot 05| inthe ra t,fro 5to0,3 5 ol%lns

aspect sﬂ?aﬂe Y%li/ ¢ ‘ﬁéorﬁé]f%meﬁﬁur%g%&% Gees %%%gﬁ‘:k ufﬂ%P%‘&lF argﬁl}:f‘(?{ysi ze
di stri butdt@nl. \Mi'loﬂ%r leMbelRRNtse FROdip @Pﬁeﬁsdr@@f iR feBaEBFY mARKAT Islot GRdMRdrT Ses
a mul timodal grain distribution. The forned porosity i's porosity created

withpn thee 10erbanpc20P8E€ri al t hat does not include the residual
| nter - g ar pAGES PEAYhASH BHEUNASNCEG CELRILS IRLETLAL A pS g Lo

grain g an 'Zatt on. port OSi e Cr y any 20

sui t abl eolveastSn om bmsamalem the ﬁﬁNdriaahia@glaa@&iﬂél,pohﬁ;ﬂgi%f filold &ite 60 nem r
particles not part_ of the chem cal structure of the ceramc¢ matrix, by gas

or ot hedn i hpﬁlea ppedimenisnthedaupeperasity MRE rapee fem arip SO0l Yo n SHH ‘apler
trodug
ol yoret o8 iRARLby e LA ALl Rl A By Bt ke ftom 51035,

enptlyy cauvi%y losomaysheetsahe qu'raed)rja ynagerjad lcemf)nsdm angoageodal os ucimArghags or
nmet al beads. The ore or_ 25fo orpsity creatin teri,al ma beI ft
full'y oMiSFARtion w@n F it atherfipe mieﬁtsttﬁe Ig rmtwe@a@%e%@pew WigAdd; |
many enbedh MRBiSuHRE THRIBIhE poBYiInPR FRIRNCSHE N ifth BY NARAL k0% the

mat eri al” during sintering, | eaV| ng a substantially enpty cavity or pore.
[ 0015] Vapéounet ochde ths psotusl oftertgrenilmy spacésoproiviviet Unbeweenntbt hrethnfio rmaterial

pyrol yZigpa(%nsadue to grain packing and crystallization. Formed porosity may be created by any
20  suitable means, such as with a cavitating agent, beads, foreign media particles not part of the
chemical structure of the ceramic matrix, by gas or other fluid droplets introduced into the
wet ceramic matrix, or by introduction of a sacrificial material such as a polymer (e.g.,
polymethylmethacrylate, PMMA). The formed porosity may be a substantially empty cavity
or may be occupied by a pore-forming agent, such as glass or metal beads. The pore or
25 formed-porosity creating material may be left fully or partially intact within in the sintered
ceramic composition or in many embodiments the material may be removed such as by
vaporizing the material during sintering, leaving a substantially empty cavity or pore.
[0015] Various other aspects of the invention include a method for pyrolyzing a
hydrocarbon feedstock using a pyrolysis reactor system comprising the steps of: (a)
30  providing in a heated region of a pyrolysis reactor system for pyrolyzing a hydrocarbon
feedstock, apparatus comprising a refractory material in the oxide form, the refractory

material having a melting point of no less than 2060°C and that remains in the oxide form

when exposed to a gas having a carbon partial pressure of 107 bar, an oxygen partial
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hydr ocar bon feedstock using a pyrolysis reactor system conprising the steps
of: (a) 30 providing in a heated region of a pyrolysis reactor system for
pyr ol yzi myoaotwdesar bon feedstock, apparatus conpri si n@Ca/usednmasi4es y
material in the oxide form the refractory material having a nelting point
of no less than 2060C and that renmains in the oxide formwhen exposed to a
gas haviprgswe cofr bot? paf tat al t@nRssUFe 0pf12000@2(Nalicatiaf thx gerdpepidnato aWWO
2011/ 062775PCT/ U82010/ 055423 pressure of 10-10 bar, at a tenperature of
1200C; (BYPEHtS plgne frss ﬁléaeu é%(f) PEgPBROMetiECY Bohess har &5QF Cm&c)| Bgedyging a

1200C, t
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met hod {Hfel Nehn R S&R: m%ﬁl)odhﬁﬁ&l'epgohﬁ?is&e%?qleﬁﬁlgé Qhe th%at@dtr%gigﬁ[ ﬁ,tewe of

not |ess than 1200C, '(c) introducin ydrocar bon feedstock in
heat ed tagpaatprearfchof tss handl2P9iGigcy imefoﬂwjng)@ ay@mnarbeemaokk U0 tig heetxtd from

t he heat ed reg 016 In still r odi e

bt ovi d FEPTe EDineslarok i Bikogrty otk SsLESPOVIT s T oFBrr et or y

mat eri aljoE@Pr i ki 5@l dthdreadnbodd@ent Yanet &t&paﬁ ? QF FbyidaRs theBR oy trhatbidal OF
at least 90 wt%yttria, or substantlally all yttria, based upon the total
wei ght ePmpligesrrspyidingos yefragtosy |r@atenal@pgmsmraéé¢ﬂs§ 56fwt>/¢ yitiia omatlloake 80he
wei ght Q\%{ r%a co)Ir a eas? 9é tB/(I) %tf[qf‘la?‘%g/s&stan% 0“1”yﬁ %@éd&lo%gthgrtota vlvjerp g h ein,
such as yttfr1a oxi at erw se addi tton requi F enen s of

the inveid ﬂeﬁﬁctoi%uﬁlhteﬁal t Weidhp gyidants ©f Phes encﬁﬁc&l:thb teyght potcited ftjuR® yttSum
tenperature. Yttri a is nerely one exenplary suitable con{)ound._ BRI EF
DESCRI PTIURE epmmendmrampNegiss Yoo m7iheregty rS@cl1 ap yEGR @8klephigt sdeEpRt BrcekEspl es

of stre S 0, f.urther
Geser | b FRE e roRleplk e B P e R R AR b BBl
resiist amﬁﬂperé’tﬁfeONﬁ&"hEs oaredy anepammm saimbéxemylaany. phase stabil i ty d| agram
for and on system at 2000C. [0019] Figure 3 provides an

illustr for a zirconia- oxygen-carbon
system %Olwoo@gure 1 pr0V1des photographlc examples of stress cracking of various ceramic

samples graded from 1 to 5 as further described herein to illustrate corresponding normalized
thermal shock resistance.
20  [0018] Figure 2 provides an exemplary phase stability diagram for and yttrium-oxygen-
carbon system at 2000°C.
[0019] Figure 3 provides an illustration of a phase stability diagram for a zirconia-
oxygen-carbon system at 2000°C.
[0020] Figure 4 provides an illustration of calculated carbon partial pressures at oxygen
25 partial pressures of 10™° bar, over a range of temperatures.

DETAILED DESCRIPTION

[0021] The present invention relates to advanced refractory type ceramics and uses for
the same. In various aspects, the invention includes refractory materials, components,
apparatus, and processes having particular application for use with pyrolysis reactors and
30  processes for performing high temperature (e.g., >1200°C, or >1500°C) chemistry,
conversions, cracking, and/or other thermal alteration of process feedstocks such as but not
limited to hydrocarbon feeds. The inventive aspects include but are not limited to ceramic

refractory components and apparatus using the same that have improved high temperature
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[ 0020] Figure 4 provides an illustration of cal cul ated carbon parti al
pressures at oxygen 25partial pressures of 10-10 bar, over a range of

t enper at woe011IBETASLED DESCRI PTI ON [ 0021] The present i mgentsean/osakat es to
advanced refractory type ceram cs and uses for the same. In various
aspects, the invention includes refractory materials, conponents,

appar at yabil@y|Opripfodged sempbigsnt Mide RAPckMdY ainda Pidkditeat %@forﬁﬁﬁcdl pRpeitich that
pyrolysis reactors and 30 processes for perform ng high tenperature (e.g.,
>1200C, sy sasebde dfe grrackapcy cdrensr 8 B195¢ of rsuelk jafgbutgh @f drevordy knpwpmal

al ter at LonnRl, PRRGES? FREASKORKRSYERR Aithed Bloaht TS RMI A NIARTRY"

feeds. The |nventive S Inc ut are not 0 ce

r ef r act geyeratoom) etoedges oandt @thamai eserygs i(wgcthbiepwadaedtdraiscddirectiyiquecbwedyhi gh
t enper at ure 011/ 062775PCT/ US2010/.055423 stability, prolonged c onent
life’ exé]él%leafﬁ\é\ér), (Ggige-s e 4076 PEFE 3F ith %01} ?IHB%rrF‘i‘Cé@X%h&%_m%ﬁ}g%x%g%t he

i fe eXpaaBnetndh AA%EOmdAR) S0 OuSY He RdIEIRH! &S pl« I SEhOUSio, Kaensh,
ceram cs. The term "pyrolysis" as used herein is 8e I ned broadly to I nclude
subst antré¢faithing adperagems oatracking sif e hadecaon diselsiofk irtie amal teramelragy of pvodudier
produced or used directly such as ﬁ%lg f{.ang-fi red furntgce or indi éectly
such as SEF A HRPRYRHOPAEE {TCGHS SuR .%tt“* Oh)Y 8P° @™ ¥ ?ifsl?rg?esf’ersoﬂ%c Heat ed
medi a) tat %@Uﬁﬁlifehet_o”@itﬁfffﬁk,aﬁyd}()géiﬁlaM&,C@slterﬁﬁﬁt{&{,Séﬁﬂlatioﬁl,e%ﬁdcﬁﬂm, tef ama ng,
degradi ng, or cracking of a hydrocarbon feedstock into an internediate or
prodact optiersdlmwitndiluenip, springnand/gr strppingegenippl ement ati on by one or nore

ot her pr, se such as _but. not l.imted to catalysis,. hydrogenatio
osteri [10GRT one T P n il R el o RhRS, Brs T ORER RS iten s,

sol vent aye abdétbie & rdapirrgti@gemds cefaBB@ 2doHogiopr @EdIdmd, NWANE | Ghufbidousles
ceramic or refractory materjial conpositions that are resistive to |
car bur i PERVIGAL AMGTRSEY s temcBitBay SEPPIOBICEHEONCRRATILONS pRd, resksh aepagation of

provi di pa 3. RELGSL t pré ¥1§Jeﬁm% Rt IR mél ?AES "Renth] &5 StafiAp Cs‘?a!%‘ilftgtahﬁ? %ﬁdﬁ%d
resi st propagation of mcro-fractures. e Ihventive nmateri a nmay al SO
mai nt ai praoygdadponec 3o dlgH tehypeeataree nalibstential temperature swing cycles, and stress
cycles due to cyclic flow of feedstocks and reaction materials. The inventive aspects may
have particular utility that facilitates enhanced large-scale commercialization of high
temperature pyrolysis processes. Exemplary suitable processes and refractory materials may
include but are not limited to high-temperature pyrolysis reactors such as but not limited to,
20  reactor for conversion of methane or other hydrocarbon feed, such as hydrocarbon fractions,
crude oil, or coal to acetylene or olefins, coal gasification processes, syngas processes, carbon
black processes, hydrocarbon steam cracking, hydrocarbon pyrolysis cracking, steam
crackers, fired furnaces (direct, indirect, or radiant), etc. Exemplary apparatus may include
but are not limited to pyrolysis reactors, reverse flow reactors, and regenerative reactors.
25 Other exemplary reactors may include but are not limited to deferred combustion reactors,
gasification reactors (e.g., coal gasification, etc.), syngas reactors, carbon black reactors, and
steam cracking reactors and furnaces. Other exemplary inventive components may include
but are not limited to reactor components and apparatus that feature engineered or otherwise
designed functional forms, shapes, functions, configurations, intricacies, or irregular
30  geometries that benefit from improved mechanical strength and thermal shock resistance at
high temperatures (e.g., >1500°C). Such improvements may also lead to improved processes

related thereto.



15 prol onged exposure to high tenperatures, substantial tenperature sw ng
cycles, and stress cycles due to cyclic flow of feedstocks and reaction

mat er i al SWOBha/Gépwént i ve aspects nay have parti cul ar ut iPCiIrtugs2etoass423
facilitates enhanced | arge-scale comrercialization of high tenperature
pyrol ysis processes. Exenplary suitable processes and refractory materials
may i ncleup3] butinabee AGpect,i fict Bdsdn® iMv@tioh epipeidas Wr ecrpmiolcysbssiti@achars such
as but not Iimted to, 20 reactor for conversion of nethane or other

hydr oc aPBgisuREdesIgEHO S¥OAYEROB aihBBROdYNAIG Degicat pligatien. IProgspssEEdpsstd
acetyle I g r ar bon
Bl ack prabaeR diftol porBlflord BTy bt AluP AR Ehro S AAGBY BROBSEY uf
cracklnggm&ﬂaan1ﬂmmﬁkﬂramdmmredmhubna@ehqﬁﬂlmﬁ@maunﬂdamﬁcﬁ mghWTaﬂaaﬁ%)

etc. Exenplary app rat ys may i nclude_hut .are not limted to pyro
reacf or §0V¥ ?‘édePB?rEeS § fipipg £ioa} Hi C\%mﬁl@aé?%%t%ncez@d@r%wed

exenpl afyd. 19¢ %ta@ﬁ&ah&? |n'1’9§/e 1Mdea5§1ant9 é)ekfofﬁlﬁ&g I%P%E§ rn&d a‘é%ﬁﬁ?uﬁ&t' on

reactors, gasification reac (e.g., gasi fi cat etc.), syngas
reactorﬁnﬁwdrmoﬂ€QMabwnﬁmaht@wsmxmhm efemMucxéMMHﬁgrmeadMEﬂsﬂanddfdnmhces.

O her exenmpl ary A nt|v onen i nclude but are not lim .to
Fenct or \onoroAtd Tt ERAR o hiph Tl letony et B Ssiheplrdit
desi gnegrdpenedsi sMatvib@d bR, BRARRStifUPGE 988m FRMdecdurdtih QRS mdtdidld GAG es,
or irregular 30 geonetries that benefit frominproved nmechani cal strength

and P herffald grededtionelsorst mivee fracturd- glldu@@iné@fada@pesor( ailgre, me¢iBORD)s, sBoeld

i nprove also.le to. i roved ocesse ere 7 WO
R e = A e g G R GRS
provi desuscptlard én- wmaﬁubtmmrh@t (osrepparidinply, an&tyuﬂi@swsmnv@mhp facilitate
carburization, thernodynam c chem cal alteration, progressive |oss of

St abi | | FEEC Seae B@lﬁmfﬁ’éﬁrlff‘%fli)%ﬁf PEOSESEaRB dePyRiug dhatevaRi e vy H speicalier eby

hi gh t t
B or  ROR! S opBEENE B R Pl I PURISHERL®, 7oL bemel 1 1ng from

t he 1cor (@R24pn rElsd Bvenoe rafiattqryesaenasl amdlteraatog cmpxbr&ntssheibdé atzladst drvoifay
i ncl ude, ert er formance erties such as bu dimt d to flexura
st rengt e AL mPS o OROIY di sm? QNS o PR S B Goh SA SHRSEROR G 28 nce,

and chenjgake %&s%@'dﬁoh%h@tbuhd g&uhf%”&e{h@tﬂéfr%toﬁsmﬁf%ﬁ@ﬁr gl 1RIS VGhinfOb @ict i ve
properties of previous art. The inventive pofe system provided wthin the

mat er i alrefraveyy Taterfidl ondugesoerdy ttho netbmegrbedyc portion axdtthe goinpduane dr defgactatat i on
or failur ch shoul d ,such ceram c corrosion sti ccur, ov

oxt ended 4L BRAAFEl Foodrarbey SRS R A BE Sudb o RS P i, o
M crg- f HRCL 3B D deRipoSRaRGitfed Yeatités RubiRE A¥RNERhScISBYuifl *6hdlitsaf@nicar ge
scal e commerci alization of processes and apparat us that were preV|oust
technlc&ﬁﬂ?ﬁﬁﬁdwwhﬂ@ddﬁwhﬂgﬁlWyﬁh@§@@vam@&g@m0ﬁﬁéﬁﬁwﬂﬁhacceptabIe conponent

T LPRPATA] THS LOMROLI VS HELE 361 QLK IBGE AL A0 EBRRO GATRORES

i ncl ude eas orne porosi

measur e@ulkndgiimaobi esftace eHatdrian ﬂlaﬁfs 120&1@&1 %aﬁﬁﬁnﬁ&&aﬂoﬂmm witlea lﬂuid<butol une
of the refractory material. The k volume of the refractory mater

i ncl udeOLRRIIX Hesatigridifde Obab9t %é%tmaawllafﬁlieﬁevw@b Apehid dhat oy dwéblue@(éftsml)
mat efi algi ﬂagﬂeu o”[g hfzagnx ﬁm t%ﬁﬁ %% ff b?ﬁ{l arltif, Y€ torifo dth@?ﬁ%f% OIfOEI g es.
e e VO une o a

and does not conponent str tur tur s such as
flom/chépmeygnehkmcﬂkﬁamemmhsub@mﬁhﬁy@ngﬂgsseﬁdspamhhneme&amdmadﬂamﬂnor
ot her V(l)Illtgrcto IP %te((:iot ogggonlft afs%fl}i lfl)rogyi'and many embodiments of the present invention will
include such spaces within the total porosity fraction. However, some embodiments of the
present invention include a volume fraction associated with a dispersion of solid materials
30 that remain distinct or heterogeneous after sintering and annealing with respect to the ceramic
matrix material. Such particles that remain mixed within the ceramic matrix after sintering

and annealing are referred to herein as durable particles. Even though such durable particle

volume is substantially occupied and not truly vacant as traditionally thought of when
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[ 0025] For the present invention, the term"porosity" refers to the vol une
fraction of total bulk volume of a refractory material that is i) void of
mat ri x mawernalosor7sfilled with a fluid but not matrix oPCIaiseaofosisked, or
ii) at least partially filled with a solid that is durable (residual) 25
wWith respect to the matrix material, or iii) both i and ii. Comonly, the
terns " peeeiighty potdstly, oh @erabiy @nafot allade Gnihyludéd Witk dsrhical Joyosapt y

or void space dispersed, isolated, and/or interconnected throughout a solid
body, analuganihceftgblicnsmpongnt mRE fpgibitenthe; semeney similar opesatenal deatyigs 1pr
spaces Wt hi 0 I i : I f the
o esent Tibithdbeh 85t b B BRI b Bl R o R e a ' o
sol i d natdricadom @bh vdiats are meddnodicsiminettotat fodmaté pogeiteosisll afhiceemboditnenisng

and anneal i.n ith.respect top the ceranj.c matrjx material. Such particles
that °r el IS dHT eﬁgwﬁt%? verane e 1§He}iseﬁfdltuéﬁblf‘smﬁteé@{5nf%ﬁ%q“ﬁﬂ%aqsi ng
are Ief e PkLif (RETEhD @Rl HOARY ! il BureENEDr hINLGNGIHAD HALAGR! S

particle volume Is substantially occupied not truly vacant as
tradi ti dngbley compogint wflumbefact®ns wighn 20 1/0B20THE RCTLWS2006/ 08543 and

referring,t rqsit uch durabl e conponent vaql .S included within the
formed. poisEnd PodRrtitua Bl sire B GRS e 4 e R S o1
sim | ar jepeledtth® B red £ bHEE Intef-gRHVRN(1RUEEal) Qoldn@ it TRctiSlsy "fohed dbidas
facilitated by substantially vacant porosity, and for such reason both

val ués apk tions, dad éemmiodalura aformpmentvgieme diactyonsyithin thet ek velwtsdifnent s
5wl inckude a mx pf - hoth voi S e .and.t he, dj er.sed durabl e. "
oot er i arderiffn At T8 okl aRAF&BRS it R ThRE AR RrSsiual | 1o

t he aggnegiateluafe @abtiotdi shd/ dbiiel FoReld GrasticiRd Resibhie veRNponeart Mielionze
fractions within the refractory material bulk volune, and including both
r esi dualgeparlbsincludsh ghat draciian 9btefal porositt sxisiing betver graiys of eyaalspdntesi t y
i ncl ude f j = . resi I Ld:

fract oRory SRR G E s Behorpl o BEAM B o BT of MR A Bl e
vol use padding,cmnd intluding rhiesm-tradtireviallumnes. oRedduat fvoal taume matwer is aleterrhatedl
void vol t{me fracti oggvi&%c ude both .| nﬁer-granul ar ("residual") void vol une

fracti oft e%elfl%%’ﬁé 1?“?@ taglRelovkesi dual ~void volune fractions
gener al Iypadgnc! ugespdrbaty donfifohk@brHhost SlaAficRRIORiH YesFed 8 fh@%r&@ﬁ%@éhtﬁha'r‘ns

or crystals (inter-granular) such as the space generally associated wt

t he per ipter'forfedt heidyvalums faavtios oy Sfaxmed Hopasati'ndiormaedi ponosityi difeny to that

m cro-fracture volu .. Resi dual void, vol u val ue is determ ne ter

o nt or 1 ngtins Ty PPl ROIoSHE rePds WBiD T FstSiort e ouRE b B nen
of nBst feinaMitfdnGBRfugh Wik el FRASIontiRudul PhRYcEsRctéBY &b PForhSorlcheintd dened”
void volunme fraction or "fornmed porosity." Formed porosity refers to that

vol ume featitioph pfsctsd phthepistasic tyatyik.canddiags wot Hichide e yesidpalciweygigaelani al

speci fi I C Al on. thro X f..a di [ us; se of a
ot or ogisbify RekRuo LT, Bl Dl HADEL X Inich HLGEAN, ARG PRRAE DT
and doeshéielogémousideorfimehegiaiad tHel ddingfonghita@ith@rshepfciaisort Juralslspmiaided W th
grai n spaci ng, . packing and/or mcro-fracturing. The distinct or )

"het er ofEnesERIc BetrydReatialtredass met fom ¢ spfgtioie Htith(t8e cremic mafiiy mategial.or

S'M!J{ ﬁz?'t ﬁéha?g%( gtg%ié;:d”%; {%F?slt)c(fgfm @E@e ?gﬁ%er b pfRE iR 3 dil liod 38 HoRRhpot RN @adal,ut i on
filled, or both) throughout the ceramic matrix. Residual porosity refers to the inter-granular
porosity and is not to be confused with a durable heterogeneous agent that remains residually
within the ceramic matrix after sintering and annealing to create formed porosity and which is
recognized as a quantifiable fraction of the formed porosity fraction. The "durable"

30 component is herein so-named in that all or a fraction of such component durably non-
sacrificially withstands sintering and annealing, remaining distinct within and from the

ceramic matrix. The fraction of total bulk volume provided by the durable component that

remains residually within the matrix, as well as the fraction of total bulk volume provided by
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25 that is added at |east for the purpose of providing a dispersion of
pores/porosity (vacant, filled, or both) throughout the ceramc matriXx.
Resi dual wonroslidsy77sef ers to the inter-granul ar porositypPamase&0/063423 0 be
confused with a durabl e heterogeneous agent that remains residually within
the ceramic matrix after sintering and annealing to create formed porosity
and whi ¢bid SpdceCa@gniizifd #fer arceidadl iof i abherifidiglc vbidmegoimatdital,f aremedliqaresi ty
fraction. The "durable” 30 conponent is herein so-naned in that all or a
fracti oficognized s Brponkheorgifya® Prineth valase fractipa) (e (pinpesh aretysyaleisi ng

and ann [ r dj st Ac 1.t hi ram | X.: - The
fracti oﬁg'!g’ftﬂglg gﬁ%ﬁﬁ%ﬁg%’l %Jsrr%ésgﬁ%e&%eﬁé%y&t%qleﬁ%ﬁg}a%ﬁmgg r?g%}? n@%%]ga?t m
remai ns vegsizdtion loy othdrivise loke ofralia haterogsnauk | coagpohtie fromcwvithin e deodraic bul k
vol unme provided by. WD 2011/ 062775PCT/ US2010/ 05542%@voi d space renminjng
aftef rEHVAINUEPS 2IUESE PT Uh%l dPER ?%Qp%tvéﬁl%ﬂr he, hterqgenenys; Gpatppnent is
recogni 2ediffs tfeafQbIRE AP RaRS 1 drn¥booMimERL MBitkr VOhUAR: fh@GhhOMline TS FafRd
porosity value Is determned after sintering, as described ||% nore detail
bel ow, @nsitrynagrcompyisaitromrid®Stita substantzdlyr i005& doeveorl 00todithd el lpossitpf t he
het er og S nponent.fromw thin the.ceramc 5 trix during sintering
or use. THEEna R ot WHSEHiaR vhaome Breginauu L Bhpshanio s ug itk a
or dur aRbRund Fraf®ity @BADLR §RHafsialdf H8fansiodtily @)ﬁrtﬁl'[l? aaeal iFeg exidplef ar med
porosity may conprise from 30%to substantially 100% or even 100% of the
totapb perasiiciaf vo[daagenBaydy selpstintialls veparized in full angremeritsbdirinertinteting
formed por@sidy JBYALACIHIAS, RlumR. fEAGLLons Lhnl Bi, SHPZLAN ALy vacant
or only partially vacant “Fer exanple; a 10 sacrificial vor'dich age% may
be substaet digtetiyg. VEQAIl GtBé aniboldithént@ ik foefiby perodity hiag isdlideevolinge frabtidms
other sacrificial voiding materials may | eave a residue within the forned
pore spdtd agF vasanspisubsiaptally wacept py well e Vol retians Provided by theedugbleosi ty
may i ncl | to-ar > apti.al.l S

wol | s CunpoNah HEE, MBRRALOR o 2iniBi%e NERAR nPfo NERkieR Lt ARl i g
but ot chished edtdrialss abn-colatizhibhhewabeeady, Fopined @sroste tlam conb@atts thel otal

crushed nmmterials, .non-vol.atized pmterialsg, etc, ). Fornmed porosity thus
const i t YPRE e Ao 0@6|4&}?@{8&9%0??%%3%9?5%%%&3% MO&@SW Yaelel | s
of ei t hek. i dRiRRdhOfeiuephaleridlhAbl gnBRierial s within the refractory

material, after sintering. T0028] The vari ous porosity values (e.g., total,
f or med, [0028¢r - gFlanudranus rmesosaiyavalued Ue &bl tetal, efoomgd, ofitet-pennlefresotuet, ydundter i al

can be determ ned. by any of .sever optical, spectral nd/ or 20
o of ogitost! BF St S e i erE e Yeist i g rr otk o ppdRL aor
I'i mish ed rddolBLEIOGISARYIoN R Rdst ddVb&ioASHORYIIBLEPES biUAS @SitePtd GRbroscopy
m cr oscopy ( and scanning el ectron m croscopy (SEM in conbination wth
i mage amitiosiss No¢roveops mefiodie sigheds pbtickétreicrispePypdPiiang scannjag . clggtron
non-1 i m_t.i X f j i (o) re. |j .Si PETM
whoh 1 O EN ERADRLcotfloAPE, PR e BN e (Lo HebfDs
cust om ipoRGRy 2bluds aAysirslifiaiigaskampte esuch limagd atalysts efevpt & CrarxSKislohed i n
the art m'lght use 2-di nensional mcroscopic OMor SEM i mges of the
ref r act BBy nikigh isn ke pqfhyre pfagsm dhat SBYRWETS t SRHBOIgYSIopcusiom Weagedual
pores. E , I ne . [A ~a [yment
hersby THe BIREE: ALof hSIRNC L IRILeHE RRAICl 36 FRCwERHiER L0 AnRIRARLTEN
D50 graimcesapioOM e SEMamapesaifrthx reft@itoy, mhtesals cagasmeng pitlas urebdtheof
aerial fraction of the 3Q for pores and, convert data t? th pBer cent

t

formed [Fosd ROFesEEs AR QESSH 19 SF3MDiTe iofetermiige Fherhesestb Fgsgp an

[ 0029] | Rpi¥BAYn BIRALITO NS fork8 fRETRE RISt mcSn BRI U ot Yesk RhdOgdced
into the refractory ceram cs, such as by frethods di scl osed herein or by

ot her kmp@rgramt sgsdaf thé ceramic matrix grains, the scan may measure the aerial fraction of the

30  formed pores and convert data to the percent formed porosity based on the bulk volume of
said refractory material.
[0029] In many embodiments, the formed porosity is purposefully introduced into the

refractory ceramics, such as by methods disclosed herein or by other known methods of
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WO 2011/ 062775PCT/ US2010/ 055423 m xing materials. The fornmed porosity may
account for the majority of pore space within the refractory material s.

O ten, thwoforwee77pores are |arger and sonetines nuch | acgars2albassshe si ze
of surrounding ceramc grains and thereby stay in the refractory ceramc
body even after subsequent sintering or use at high tenperatures for

ext endeghip@iindder@ls.t Theforrh¥®be@bity maglacount R slic BJTEtY @SpodelspacpMidsi thy | S
present in the refractory ceram c body after sintering, though the residual
pores afdfTastary maieraly. ePitemahe farmed dorissne langer cad apmetigesamysh gﬁﬁaeréhm #et i on

of the r il resi . 0S| fuct ' (o] i ng
and subSqaearRonti Ghay RS REy sy b e KhaARRA G M TRlP 20T S
mat er i alsulseqicblsmtdrong arsseian hizhpympbairss foe agtondedpgdrdad Usme oTypioaby.yai ng
hydr ocar bon feedstocks at. tenperatures in excess of 1500C 10 that are

resi Sti VEStYRE FCHFYMPAaT U PFRERIOR BRECTEASIRRCEAERT POSH BT ST igg, jRough
car bon- HCGPMIFoPAED bten TR MGTNAY e B EdabRNER0Un®h AXRbHLAG! he

detri nment aI‘ ' ts of carburization an ca(bl de- oxi de ceram c corrosion,
t he cer asmanmgnpodia porsitaoey fidithey disappdair duiing/amealorg andisubseguent use.

t her nod | cal st abl e oxi.de havi n ropriately high neltin oi nt,
such as 0BT call @eSCh Iy GPln oipv ey 7 rcliefdpt eriyel Syitebleo ol U st PYIOLAR
t enper ateictr afAdrRRB forlp@rdilyﬁihg Fh%éﬂl%%ir%bﬁ feavio el RS hSoratdrds Yh b¥cesé abid0ozed
zirconia (e.g., at least 14 wt%or at least 18 wt%or at |east 21 w % of

st abpl i et )areragsisiore Wupr peeid nearjurizetive\aad tdseanpigj eosrosipa f agihvey eatbpngich
carburi zatl on apd Cer am g, copr oglon F@&ﬁ%ﬁ‘ %Cgeo?&i%bljt%e d@’étﬁ“ S| %ﬁfects of
comercial use. A furt ﬁer | ncremanct a am)un% (o} OX% e-s abrlne, rerract ory
mat er i alcadbgringRAethdt eurbidbiogite Suahicoddr®siony the ddiemidr &sEuisitiony @btdrifg to
materials conprise at |east 50 wt % of a thernodynam cally stable 20 oxide
mat er i althis invegtion wiilige dcppedynamiailyistable exdds/havingyn appraptiaiely highooalitingnt s

conpri s 0 %4 of g i d j i 5
compri a0 183 S anIHEL SRHERE B T bk (R SRRAE ERELE,

ar e isonpich $geblofis sonasinamntsalal fullalstabilored eweonie qagi, st lewtbbd antd @ atyleot 18uch
st abl e oxj de terjal. [0031]Th robl e rocess. of carbide-oxjde corrosion
descr i b8 st %b@%ﬁ&t%&faeﬁdﬁ%nqtﬁa quﬂa;r%CBIPV%ﬁ}e HiCHV e BhRFGUTWEr om
an oxi dgaiQricAloRi Mg RRthit BeRoSAT R aTBScHRMfe dftafidh 8K FHemeiMal NsASA AGiRL-ed
undesi rabl e precipitation of carbon and associ ated undesirabl e changes in

mor phol orfrgatntarenamy of akidsistabbs, nefeact@y ohatstial us herdatl te helngassuehypbaictve.
precipitate mcro- fractures.that lead to structural weakenin d ovi de
o ens e by ehBR LB ATREE Lol o a et t S RiaveaR e80! sRbRror
exanpl e oxale Mateiall ENPEERhWs St (08t Bmited 1S QRE), aRE ndy HintfddRAERO BorRptiddl &l
pressure, zirconium oxide (Zr02) may be reduced to zirconium carbide (ZrQC)

when i nleashtGet’owifshelsoricdak andotill ethcr pmbedimsatscompaisapilgag@9ext)o ehsushgh
zi reon %ﬁtee %,Cﬁlfﬁg% gt?ll %Kd{e%%odﬁﬁen%] a}enéo%ﬁ?sgh aotfesugggtﬁ%llyvyff "N rVgIl Icgnse&posed

t o noder
substantially of such stable oxide material.

[0031] The problem process of carbide-oxide corrosion describes effects observed during
25  transition of zirconia compound from an oxide to carbide and then sometimes back to an
oxide, with associated undesirable precipitation of carbon and associated undesirable changes
in morphological and crystal structure. Such structural changes may also precipitate micro-
fractures that lead to structural weakening and provide increased pathways for still further
carbon permeation and corrosion. For example, at high temperatures (e.g., >1500°C) and
30 high carbon partial pressure, zirconium oxide (ZrO,) may be reduced to zirconium carbide
(ZrC) when in contact with solid carbon or in carbon-containing gases, through zirconium
oxycarbide Zr(CsOy) as an intermediate phase. When ZrC is exposed to moderately high

temperatures (>500°C) in an oxidizing atmosphere that contains oxygen-containing gases,
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tenperatures (>500C) in an oxidizing atnosphere that contains

oxygen-cont ai ni ng gases, WD 2011/062775PCT/ US2010/ 055423 Zr C converts back
to Zr02 twoacagheZr’§Cx0y) as an intermnedi at e phase. The atroniseolonyyen

di spl aces carbon in the interstitial vacancies of the ZrC crystal lattice,
formng the internediate, Zr(CxOy). Continuing oxidation of Zr(Cx0y) | eads
to car bgRCRbeerR Baekit®Zret tHroesh/Z LCAD N s antigfctaedate phate. r ehembmdofgeaar bon
with the oxidation of ZrC triggers further 5 deposition and buil dup of

car bon fisphiceheathosc s shetipsesifiak yiagansics e dbe ngfQ eyt elagtigg) jferming the

i de- A Do . . T Lt q
R S e (A e T
shock r @sC&ir@ndeterfh@O03Zdhecttrtion oK caldon asithu desotidat@n o atipgas dutthanal

specification, is taken to nmean_one or nore elenents that are nol ecul arly
conb? nedRAS PR lﬂqueuy IxSraRaen fragths gues sy SHFHY ﬁ!@%ﬁb?xaﬁﬁ 1% BF B¥HSi ned

with Caro?f&i,&caf‘ﬂ?&e-&ﬁﬁﬁ‘hﬁﬁﬁt‘?&ﬂ@mb%ﬁl MRERCRES R g?l’%itt;hoqfhe afdil 'c@@?%'l) tructyre

specification, 1s taken to an one or nore enents that ar ecularly
conbi neduffi¢rs degraddsmm, in inechavhéad ktrereggh ahdstheirnmad Ishiokk newbteneel ar conbi nation with

o] en. , terials.such as ,zir.conj oxycar bi de. Zr (.Cx0. ar ener al |
NI MBT ) CERS TR S HER UG SOl RNEE N by ko ARG
oxi des, oHAbLERrd Adincak ekht AthBLWCERI1Y RoiBheR rvﬁﬁﬁmmhrﬁﬂ‘ﬁz%@gé}ﬂ ah@ spécfically
refractory materials that have | ess than about 10 nole percent carbon, nore

pr efler appypriweslyt ¢ambisedipith cpthosent Theatchoreadnde, e encsigreinpyigicat addijionds s

than 1 npl & cp rcent car bon. Car bi des. unl ess 'ngi cate(fl of er Wi se i(p t-tﬂe
spemﬁ atlon, 1S taKen 1o_mean onc or rn(%re elemen % l'Llhat arc molccularly co ﬁ}llne thjt

present T hventiron, are refractory matéerials a ave greater an about 10

mol e peke®dh, B@rbeich 038 MmulideemorRXpladicoinb@atibe withodNyesh. iThub h@aterials
reverse-flow reactor conditions, materials 20 are subjected to nyriads of
cycl es &%choss diconingy exrcpide LG Qd sesgengrdiyrecopsideed s prrbides Y the pypesfisa has

been ob d - apga.i : ' - | .eadi to
R R T S L S S i L
obsas vahterefiagorypmacaiabi thet basicdessctnanboutcy mo&d percancadan, berdeteferablped by

scanning el ectron m croscopic (SEM exam nati of the tested materjal. The
¢ aspber 155 1> Giols AR S S T R 2 RS TEYHSH} arbon.

transi ticQRSdAN dnlc8aHRIidafed HRESASEth ﬁiéré]r%&%t A R&BtioN € fi‘efr&bt&’yrrﬂatleﬁagﬁhéto

still further build-up of carbon, which in turn leads to still further

cyclic dave gsitonthtn abaittl D omde p@uew catboncorrosi on initiates, the process can

accel er nti he effect caus an.upacceptahle | evel of . material.

Gogr adat G T obrsthhe SR R, 8RR cPah B g ¥riediiSs eshgiiibcnatiiet

some enRALHRH& PyHaYeo B8y Sanss éﬁéizﬁi-gadar‘tﬁi?fzﬂ? bakes. Whdc® tRésB&onditions,

enbodi nents may be refornmed to a substantially dense matri x havi ng' little
ki

to no ré&speiualhapdeesiobserset ko erinaliuisbangst itamoyphdiesion| apppaeres tepdipeegent
R
many exefpidid¢-oxedd asiicycommbehiaal $an YWOI2Q 18 By soaald G266 ARbddpic
(SEM) examination of the tested material. The raspberry-like grain structure is believed
25 caused by the cyclic transitions and leads to increased surface area, which in turn leads to still
further build-up of carbon, which in turn leads to still further cyclic corrosion transitions.
Once the corrosion initiates, the process can accelerate until the effect causes an unacceptable
level of material degradation.
[0034] After sintering, annealing, or high temperature use, some embodiments may have
30 some residual porosity, while other embodiments may be reformed to a substantially dense
matrix having little to no residual porosity such that substantially the only porosity present
after sintering is the formed porosity (either void or filled as discussed above). According to

the present invention the overall residual porosity of many exemplary refractory materials
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may be not greater than 15 vol % or not greater than 10 vol % often not
greater than 7 vol % other tines not greater than 4 vol% or not greater
than 2 vow@20mmg2178 sone i nstances not greater than 1 veC¥WusRasiosisal
porosity nmay not be detrinental to the refractory material so long as it
has [imted or substantially no effective perneability to carbon that could

| ead t 0 nfayCare® Brdaest et i VoI, bR bt gbgct Mt ) ab1%] oftdhendt gidate ttieany7 v@iLgr i al .
The residual porosity nearer tr(l)e exposed surface may certainly be
suscept PBICE tines OHEraer Bean papireat! o saprder: thal 2ped Gnendiin §0180 HStAREesalftc

COr 1051 Qi f1RY B PRELALAN o BNEY Bl bd M AR IPAL RNy L AR L e

resi dual® porosity oW sone ‘e evel, su n l'rmted to
not greddrgradinhas Anmviod Yy sobstahtiably Up ddfcceveperineuillify tot earberhihat towddidadno

perneation via residual .porasity 10 channels and. pores. Those enbodi nents
t hat *ha¢&beBREMRLPY avaihﬂgﬁ%edg‘iefl ro harﬁﬁr%&ﬁ&tertaﬁaﬁﬁarv@@f PYPSIGT RRESr
than 2 yol ()e/%%(f%d Qe Qéryailgfre@ct Slhiscbhtddle 4o VRLYO L4rbEY ﬁﬁr&l&ﬁf@ﬁleéncf AR S

vol % or even greater than 8 vol% nay becone susceptibl'e to carbon
per meat ipotenazlly senachrencaornosioon It hay o peferblodiovenes o somp phibodimientsstp

however, such as ,where effective pe abili is controll e or wher
et ket e RS ooyt bRkl o RIRTRR et e oS BRL A e Spol B
fracti ogannBYyolos @Creptalreved @Q%%Thﬁiﬂh[ﬁiﬁéﬁrbd&??érﬁfeﬁﬁ&ﬂ OfaYreSighAPosssitgan be
characterized by total porosity (the aggregate of both fornmed porosity and

r esiléualchpwebging pprasn Thase erabagemerits Hot hivessometrasidunl potodity.org.i greater hageé of
from4 tV00 00V0|e(e)1/er9*r€nf2r\9 401'50 ?eoco\ﬁ(ljl 00/1 o A%erttﬁ 49V\0/fa} 0/? \Qer 4e§t8 Ongol %
or 5 to 40°v8l &6t to é“’vofn% or %3%8‘v0 %P8 te sV % er 10
to 40 vebPh, or ctéh geca?®d tBh 8OV 81, 0faf Rcorit kuveebtibie tof cdrbeh peinicatiberand
ceram cs. [0Q036] 1 n another enpodi ment, the inventive refractory material or
appar at G&rapas COFERMOT: olngeincyeipbrdimgnis or gppliqagers. hRwRver fushoas where cHegiys of

from4 9 o4 - 4. 10 9 . ol %
or 5. toPsiRy Feciroh ST Skt ks Ay FrBOek o st Seifu® T
to 40 vobfdgsitpfradtibrisana3bevaakptatdé. t he bul k vol ume of the refractory 25
ceramc | n ot her .enmbodi nents, the inventive refractqry material. or

appar at igﬂ%i_y hEe TGP D "PEICHEY tSPTamChicAn £ %@tmzear%mt%ak BOSHY, ¢,
formed REEASHE s BOW bl SO h'rééialyalgo RitdOn R nEESF stabssRRIOBLE1Ys, fOr
total porosity in a range of from4 to 60 vol% In another non-limting
exenpl aoy irf oramge pheomef ok @i, oeframi Lo Tatadlo at 4 a4l Yadlned4peBdsoly, ori t hi n

a range .of from 5 tp 30 vol% and fromsubstantially O 10 vol,% r esi dual
por osi 15 0Bl a Tb YRRy Prod ot ngo P 1k or 36 5670 586" dridilor ner
non-bi M3piviae, xraRPb@k Yolu@iddf thd R ffaefoiaedr@icscer am cs material has forned
porosity within a range of from5 to 30 vol % and from substantially O to 5

vol % r ed9WRehl  plaransihoy cbedinant.ahe prieasve yefragtody mateyial of appasatus may B5cvol %
| n_anot ek, A9:LIE df 9 18RI A1, O rbf3E oF HohRG18I0) ST FRuTRLE'5ha
vol%, or 4 to 40 vol%, or 4 to 30 vol%, or 5 to 40 vol%, or 5 to 35 vol%, or 5 to 30 vol%, or
10 to 50 vol%, or 10 to 40 vol%, or 10 to 30 vol%, of the bulk volume of the refractory
25 ceramics. In other embodiments, the inventive refractory material or apparatus may have
formed porosity within a range of from 4 to 50 vol% formed porosity and from substantially
0 to 10 vol% residual porosity, for total porosity in a range of from 4 to 60 vol%. In another
non-limiting exemplary form, the refractory ceramics material has formed porosity within a
range of from 5 to 30 vol% and from substantially 0 to 10 vol% residual porosity, for total
30  porosity in a range of from 5 to 40 vol%. In another non-limiting exemplary form, the
refractory ceramics material has formed porosity within a range of from 5 to 30 vol% and

from substantially 0 to 5 vol% residual porosity, for total porosity in a range of from 5 to 35

vol%. In another non-limiting exemplary form, the refractory ceramics material has formed
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WO 2011/ 062775PCT/ US2010/ 055423 porosity within a range of fromb5 to 25
vol % and from substantially O to 5 vol % residual porosity, for total
porosity wo2aiwvmaryé of from5 to 30 vol % I n yet anot hePChars2010/05342hg
exenplary form the refractory ceramcs material or apparatus has from 10
to 15 vol % fornmed porosity and fromabout 0 to 1% residual porosity, with
total pebasity yvithin @ magger abmSS 1@ IS 1 %antofrim dubQant]ally oveny vaspeetiduaf the
i nvention, the pores conprising the formed porosity are not directly.
connect GBSty 1or ftpta} gorosimithiecargoal WorhS rte si¥eval’t o I gptasratherfionntiitivgr es,
but ins I o [.der kel YY) 0 j.acent
formed Sotaeiny (HELREE ety O E Eerl SRR arthl Rol FRRED k01 bEA

uni f or nifyrnetidsdorodityt ead findrh hiboutt e t %f residtidrporddtyc etthnors pomkity ¥ asardiesdr et e
pores. I.n rrg&?/ ﬁépodi ments, the D50 pore size may be the sanme or | arger

t han3t h&oBs6) lolfef 11 mit of particle node size of the refractory ceranics.
't may ?ﬁ)ﬁgneﬁn‘}hﬁ{y dsPaks b@c BRRnAH, BhSHAEs WmirRinBllc PR ﬁo?os'?tgtaré oS
than the D50 size of the smallest particle size node of the refractory

cer am cdirs¢thc eoperied wf inaflgidzenirmngestionharth tragpeD6® sdjaesnd ffosuhpemnes| best

grain nod ize generally do not,shrink.or di sappear ri ng heat .treatnment
D50 o nibTs o RIS behasaied fdoreth w8 ae et p Bttt pRES: haray
smal | er chibedinidies, SHEBfor@ed poFediafe SUERSLAIBNGnif@n JARRRAE] Hithinnle SEMi@IyNT,
anneal i ng, and high tenperature use. The intended material or apparatus

use,10 apgtlanags rOwTiX e dipercit pares. karmdanyi ambashimexts.dheDep porreyjzadaee berthesame
preferred,ran of ratiQ of.pare si.ze to.gr.ain de. .Sl ze necess t

e nta o e dFhe FROUB S iR nEeBa 2L PR NS T PGRER I ek P
shock peeidicim e the205( PORB8jzcIdTdo iRl réd i3 ndt Z6s Biin tieDF@fizaoet dcynimtar i al
may be in a range of from0.01 ilmto 2000 gm The D50 pore sizes is

sonet i mpartisleties MpAg ohbe refaaciory warmigesimesaeln sz Bresr thanghe Pl sezstofgr ai n
ode. e ‘ N .

rres, " SpetEpPIRE DG SERTAE ARt o B0 JRHICOS URARCAH Bufie hERTLerdihy

ti mas, @sint@ating easinc2lng)iareshentih@sOitthigioteeneratercef Polee ssadd that thgrsaiatiestode

size. In qne.non-ljimtijing ex lary form the 25 D50. pore size of t

et ract SFYM EERATY Fonégsang%a gtqg%éétem&n?anqa i, a1ty hlﬁgttemejg@wf%}_ﬁe-z ena,
or not L@assicih@ledal bimaphientud RS, DERIBAIM tfpShtare, Ahdtgilhd PRadikicts FRYe i n
a nultinodal ceramc matrix systemis not Iess than 1 pm |n another

non- | i mdeiermgingaeprpfeancy ringemf rahie oDBOref wrenteckrpinrreods siec nécesdaey foempmtdiory
ceram cs,_may, he within a.range of. from 10 jl mt 5.ilmand the D50 size of
Che ref PEUTARP R ePe i S Rel M HEG vl o SR sl oS 1 I m to & 30
PM 5hNn YEI38pNOt TR DBORrdih Tizt 0P hEXXBARLAS MalcBhMnal BE irP_ﬁQaﬁthrd}ﬁ?orH@f(ﬁ ghze of
the refractory ceramcCs is within a range of from1l5 ilmto 30 !lna, when

t he D50tpaddd gine BicAe5mportezes isn@ngitinies grefemablyode 1¢ss thunt the D@ graingezeaff from
5ilmto 10 pm In_yet another non-limtjng exenplary form the D50 fornmed
pore si # Ypaliyesrast Fé)éi’?o}"i?ﬂ%é? QHCE SMPQAIRNES; ﬁheggésalme sizse atst 2t e tBout -

14 - \WOnrQ1d/ Q84 éﬁg{iﬁ%%g{ A e Bt Bple&m?rp{ﬂnem%rat a8t 1PQmes,
f the fi h 10

particle size of t ne grit is wthin arange of fromb5 pmto pm In
yet anotlweD50pnxe diza ofi thg sexBegp lgamy nfode mjzet He obd @of-dmmedg prereplsiyzfermof thehe
refract%{sl)é ceramc te{ri al is fr.cim 30 pmto 300 fm whi | e thehD59 article
i 265 of Lot AP RGrralr OBl ey b Fotige tBAn | RBIOS Betohan 2 s oFhese
exenpl ary; QNG4S SO;Irn when the D50 particle size of the fine grit mode in a multimodal ceramic
matrix system is not less than 1 pum. In another non-limiting exemplary form, the D50
formed pore size of the refractory ceramics may be within a range of from 10 um to 15 pm
and the D50 size of the refractory material grains may be within a range of from 3 um to 5
30 um. In yet another non-limiting exemplary form, the D50 formed pore size of the refractory
ceramics is within a range of from 15 um to 30 um, when the D50 particle size of the fine grit
grain mode is within a range of from 5 um to 10 um. In yet another non-limiting exemplary

form, the D50 formed pore size of the refractory ceramics is within a grain size of from about
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5 particles and formed pore sizes are nerely illustrative and are not an
exclusive list of probable size conbinations or particle to pore size

rati os orwoangas27750039] I n many enbodi nments, it nay be lpemafSeaioabssehat t he
formed pores are substantially nonosized. The term "nonosi zed" as used
herein refers to a nodal size distribution of a collection of pores or
beads WapGin RAYED AmS wheh ehe D56 pRTORDIR draKE AR @At & Withif atthSdd difdrh GNurk0
curve (weight percent or intensity on the ordinate or Y-axis, and pore (or
bead) sited0qmi He whswothsanor-lixitng sjembeyi foaml yhe DAO thhienalaperc oizenohtwodal
size distributions, at I]gﬂs_t about 75 vol % and g‘fteﬂ%desi rably higher, such

as at | &f&ctay epnos B3teHHe f5R S 0nEReton A Hak WA Fdhs iR apardsls 14 fnicer
i thi iat] f f th 0 i Thi
can bo SoanEt BHAR Sl R L BRI AR FURT 8O80 Blnt M RROaRAES s g

agent ldafteldshaid saekdfpadt alizeorardunablye)jllustigtheasndatey Y b dXclikide DiRads,
havi ng a general ly spherical shape and preferably a substantially snmooth or

regul ar PEthRBIC sizgrORbEEQRs HigPAHT & fRRATE PBC HFI0SRE T4NgGent i ve refractory
ceramc ria. bt § %FQ?‘ i i zed,
for exa 6@2? f?ﬂcl)lrﬁn ?E’s?hzle W t&;ﬁt?}# glg?gﬁ)gbe 0 C?%lrt%a!rﬂn?% %éﬁ?{’%@%’%&%‘gg}@

W t hi n anomasiged. ofThe rtenmn Ombngiacddd aSABep he@idrod@an the made dme diatribatien pblaynmer

mat eri al s includi ng 20 pol yacrylics and pol.ystyrene pol yners. having varying
degr ees “BYCEPRHS PP eﬁmrr?@aég Wbt e @iwléﬁé%ﬁré%fm lglﬁéanraeam?n%asﬁ@gﬁ@ads i's
made, by RRENGIRMPBErcBRL HAaIKLIBT 61 B4R Guteney Hx¥C ahd Hbreih %g&dg Lgl%ean ththe

D50 particle size of such mcro beads may be, for exanple, 20 pm and
50 pm [pbe4B}: bnXson®. d¥peaells, inithe papy of endnemeflildize disthidttiarseatDest poove 7§i ze

is not le t han.t he 25 .qgrain size of the.s | est, grain de sjince
bor 6s. | APBarEnaen ASTehDy Bisfar e & HEengS AT A 67 AT ISP oet TABE o
the poi Rim@fsigdht hefe giamaRPOAEHIRGwo IstaAes@NddRtiond of HR hvefré%)ebﬁ @f Baneguence
in arresting mcro-fracture propagation. It nmay be desirable that the pores
retain &eel gréls& canalhef achiryepiePae amwogt kit uscerist subptapbinlty medowzadvaiding agent

pref erabl. At i al I i -1 gi-nal, S ri e heat
treaf me %&shegggczgﬁc?aétoqh(!%%bq%)e%érag% }%%gﬁ%gl[lggz?f?%?lgg@ z%ge‘f:?g@@b %ﬂ%\aolrmdal
or nul t shaydadnd fdreferabkaaplbstaritiallly Renoodr antegulf dufer Stiffatet difrtgl Baradi@iireSFd of
a mul tinodal %_r ain_size distribution, the advantages and benefits of a pore
di st ri biftS BHCAHESERIHEAUY CCHENE BAGHAE ASRIoR-IHRYINE SXRBBICoMH A B CiubgH 12y e

those b NS cifj i e .1 nodal
por e i SERIiS o R, B9 belss R BE o] BREISS e ARG Rl B P 10
may be wsRkWf fidh IOUhI® SO0CLO- fndaghWempdOPRGatib@Npdlests naneialstiachibigg
smal | er grain node, while |larger pore sizes may provide simlar benefits to
| ar ger mPbreylienendimelysamencgpelymerspaang Pryuieddesredsael cioes hpkingsi Aen@f t he
smal | est. e e I r. t | tolim f ain
rode o SuNG0E Bt RE BrBR R BERE s HHATpL 3800 , ek Bl SR AR5,

si ze di gtycobdimddimceditche Teep50yeaticle sie of Butidadro Headsmdalbe, firexakiplel godal
pore size distribution refers to a collection of pores having two clearly
discernaﬁbéonﬁ%?ﬂﬁ5%Hﬂa pore size distribution curve and a nultinodal pore
size di ?((5]640 ut Iﬂgﬁorrneef S8l Ot Fhe§ U GGLEADL Bl B 530 Baw fg. %shr{o‘%??s%rtha{ﬁ“{h%

cl early'di scernabl’e maXIhg on 2 pore "srze distri utton” curve. T one

non- i MOS0NGai@seFifaiy sthallddl grain @bd@sihe@ por6LIadd®r hailic havindind5Paigs &nd Si ze
of 15 il m 10 contai ning binmdal pores having a node of small pore of 30 ilm
and | ar et tpdrikngydetiaft te the peot of zithey disgepime ph bgeoming deh emakhdobeiafi ti ng

exenpl ar : 1 - ha i i L:lom
cont ai nepnE e T AR A LA AT oM Py SR AN R plles B |
i n si zeat ieattdnifedd atedempblyes loast ) wl DS dsivze mote Rifdardtity anldtdnarniealp of theirwi t h

a D50 si ze, o[ .50 pm 13# 0042].1 n many aspects gf t he present invention, the
pores maysHe Sy Sy qqye%téﬁgtrtr ents or use at high temperatures.

30 [0041] Pore sizes may be monomodal or multimodal. For example, if the ceramic grain
structure is comprised of a multimodal grain size distribution, the advantages and benefits of
a pore distribution throughout the ceramic matrix may be customized to provide those

benefits to each specific grain mode through the use of a multimodal pore distribution.

-15-



Spherical ly shaped pores are particularly beneficial providing flowability
during powder processing and green body fabrication and resisting pore

col | apse worongregi7at eri ng and use at hi gh tenperat ur es. PATAIShaASIRAR] | v
spherical pore shape may be characterized by an aspect ratio or body factor
of not greater than 2.5, or sonetines preferably not nore than 2.0, or in
20 ot herrhersbpdiniaRt pored elayrienefud@npibvhic nliteo-frestiie [gPppatic@lcsistmctl &L the
herein refers to a substantially geonetrically symretrical object where the
set of ampllgogrinsmode.t whigk lapereRfsf oirar niayapevidRIImbrebepefiss i rgpndBicR-or
relativ WLt i : .1 xed
poi nt  of PERER A il PrfPclt R holieliz B0 Al S M hofes ok rblaMA 5 ot
t he sphédrger thirethadpeat limabt meai gayphmbde size shthpaintacd hefracalry ocrafmidst thehangest

and shortest ‘axes' of symetrical objects that are described by juyst
t wo _ﬁeaéruﬁ 05@3.&3@ PghgsH n&ﬁ%ﬁﬁﬁgwf?yeﬁh%ga eedaly simogal &f5- b‘g tidaldlr e
by M CT AP ATREBR RIENAPCARE GRS IO RS ARAY% o R A REBRh S LRCE r on

m croscopy (SEM 1 n conbination wth image anal ysis s ware, wherein a

t wo- di menwrosiaé dstrpeon supe @pe etnadtimodaltfoee size dogdopbe réfamge s, cotlbgionatfi o of
t he | onger irr.enz'éon to its stiorter imension is the asBe%t ratio.

30] 0043PARSTHEPEAEE L Msre EIBFY HREReIbR TS ITAeN RS SRS AN GRY Brver e
refract gpy nBRUiafiHiR éxé&ﬁﬁiav?%ﬁﬁ,n@‘fbtﬁ%cto&‘ BeraRiALG he £ PR30 HKaUs RITasedr ai ns
of the refractory nmaterial nmay be regular or irregular in shape, and nany
enbadi meottsinim@ybibedali gper Isethgasmotioof exdihpore of 30 umotnd fanger @dretraodesphieni cal |
el li psoidal, polyhedral, distorted spherical, distorted WO )

2011/ 06 PpPsieoiUgPorn/ dsygbanogharingsdingsing SrepRipphioanat reffasiuy Cpapis 812%s or
pl atel ets, or .conbinati t her eof . The, pares..pr.ef erabl y are,unif or.n

i Sper SOB"S A OPROTRE el phaSn ek cioep B oifiBh &R vsbble tgs Wb s
pores anpgr3$FholliRin LR iRRHAIiIfRRES WIRRE KD @XehRULaintind BARIpokY WAk aThe
por e-topore spaci ng nay be determ ned for exanple by m croscopy nethods

such as DOUIsiSEMS0om.5 TEM The discrete pore-to-pore spacing mtigates

col | apse of pores into the ch larger size. A collapsed |ar pore.mpy be
det r'f mei?%ll to WMEBHRMESHS pr B SrsPRsn¥mica, i1 PRE TR DL DHAT AP TP il

di sper S%ghéﬁballi?eshﬁﬁémﬁéﬂeﬁ earénp%ﬁR%IaEfjcBéHeﬁcﬁp réﬁ@iﬁ% iRy athilit§Sduring powder
concentrations  due to severe | ocal deformation. [0044]In yét anot%er aspect
of the ipmeessingmd gmerekedyplabrigativatand defismgmoepeoliapse d@ringefintauhgryd osran cs
havi ng uni.form y di spersed pores conprises .the follow ng, operations: Q)
provi di REHCRBPRLITEDr & R alial B Csmgatl wohh R g b THERISISE Dy dioRPedt
conpr i sesidnebddy fARbLoPhot drdat@ thaf 2 3ChOfMAMAAPreferaBiy hat@forg ithHON02ortiavi ng
cl osely packed grains, or 1i) advanced dual oxide conposites with inproved
cher calother #ibodingenty rnat jmgrectbmy drt. i digl termef'splsrisply agr egd hereinpineferedd a

zi rconi it h non e i i.buti.-on; 14X the_refractary,

ceram cgu%ang%ﬁoo%i[@?%lﬁca% t %y%%)rﬂseér{r%fi chJ erﬁt c?vggrl%g]g%s rg|9tn 9 h%ﬁ %@gng{e ﬂ& “a
liqui d WhtheRidnal speel (BB srcta 4 BRtafit€ Roobedsts/clyo néar R (&ithirowahildpRoyidest mi x;
c) placing the flowable powder mx into a die_set; d). uniaxially 1ressi ng,

ext rudi BEFaE thatst-Hnigomn R poud of Hshsnaicei Wepre Res pIPONENS EcahBbRs ctilsd e a
ressure, . ' oty t ' ugh

D emon e B SAE P % St o SRS, U0 A R Pl e

t i mest erqees’ adfusyemmetofchll ebjecots ethhteatcudtseriB@l byr jusiotwo ahedshes plelgy ergtle amdcr o

beads and sintering of the green bodies tpop forma sintered refractor.
ceramic 136‘&%55{4‘? GHPEGY) BB of A B tAEASETCH gﬁ’éBlCF%“F?%}’ctn%?I@O‘ge? [ 6 optidal

CoNposi hiigRsd yf @M}) ra%Wﬁﬁﬁrﬁﬁ% S&4BM ﬁic‘?@s‘é'bﬁsg (S‘EM)Oih%d&nﬁh&Rﬁlr $80 Mhdgko
pores. [0045] Controlled heat Treatnent (e.g., sintering and annealing) my
faci |l it andygeseftatrc omhotineacarddicnsinidlchapeyis grapeed elh tho masrosevpicienages,

m crost rtﬁjecl;a 16 5f ﬁlfe lglbgeer hglgnglco% 6 Yts § otrFerr Id?r{len%}cgnelg the aspect ratio.

30 [0043] Another aspect of the invention is the micro-morphology of the refractory
materials and components. The ceramic or continuous phase grains of the refractory material
may be regular or irregular in shape, and many embodiments may be dispersed as, for

example but not limited to, spherical, ellipsoidal, polyhedral, distorted spherical, distorted
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25 sacrificial beads are vaporized or burnt out. Controlled heat treatnents
may include at | east two basic steps: polyner burnout and matrix

si nt eri ngwarengale2T§. Bur nout tenperature and tine depen@&Cufseomwissseype of
sacrificial voiding agent used in creating the enpty pores. For exanple,
for polynmer burnout, the produced green bodies are heated at tenperatures
typi cal leflipsdidal 6raps)gh@iralf shaped3phificled ol QLACLtsf O crmbmaticidcher@st. r anGipagesf r om
10 minutes to 12 hours. 30 For sintering or anneali n% t he burnt-out bodies
are t hefirgferpblyesre matpwply disncesed dp dhe erramis phasal 11y ang Tarm.agideash 0ty ehihesooc
to 1800¢; I S I : ] I Sppol

embod minPEc RYTE BcHEl B8 AR Robie b alle T A SR A1 OO Sohe R BREC,

t han 1700& dpacingatayl @sdeté¢hancdfoe chauple bahivrgsodysnekthods matht asa®dil, SEM, or
sinteri S%Enn al i.ng steps WD 2011/.062775PCT/ US2010/.055423 maﬁy be 1Pcfrfor med
in an oxXi -zi'ﬁﬁ disTBiS pIREs-40-POrer PATiER r’iﬁmgi‘tﬁ%§%‘ﬂ?9é15%,°fd’r°rqsrﬂn§)nt Crigpgt farger

at mospher,e, oIl %rla%r%yﬁ%aﬁrbe%{mﬁaﬁ&vte%cmﬁasaqa;m FiRts SRRMPLAr ndefhe

oxi di zi ng at nosphere be afr or an oxygen enric eop at nosphere, the inert
at nosphendomely dpemed ontheanthpphiee medestiungradmblspdseio strassycop ecritmat pwgdre. to

5[ 0046] I n so emhodi nents, the invention may include a refractory materi al
conmpri sPRG” ﬁ%% HTG2UPYhi | i zed or yttria fabricated refractory materi al
(incl udgmdqgt i 5 Dot ahdthdrt 86heto oINS iANGHIOR, 3N OSREIpIAH tihbiHoY Ci@fltéﬁ\bﬂurﬁ!g
conpound) . Such inventive materials may often include at |east 21 wt%
yttripa befsstbrygeramien kavingsiniformbf dispresadgforescaonryispmithe foligwingioperations: a)
dependi ng, iRRD At A%, SALRAN GONSEALEAL QAT JRALL A R R8s, SREREE

| ongevi tpy Of s dch Enbodi nment s°18 Shaw’ng an'y G R CONCeNt AT o ot TeSs

t han 50 oWtiYa (&ratory lade stDilwelizird®ya hevibparsepipabited &hias torfigademred dual
applications, while stil] other applicatigons nmay be fine with such

conposi OFER. canpsBiey Milthnignmavsdnghaamicslt stabilitye oipHs iconvntignalafefiagtaet geglewt o
based u . : i . y i al ed in
rany aparr ey ghebity Wb Hinoadhlignl GARRY, TFHELED o RalBPLERALC:
consk st cempesitiorabvity polynacrmenand beadatie thegirewaopof sliggdytiich & iasoditde talthe

zi rconi a,. notw, t hst andi the m nor presence of ditives such as .

manuf acTUFORFaghe Pa@e@g‘wﬂge RO Aes '.5[18%94% }hﬁfaﬁ%tb povdgs dpir Inforfpdic

i nvent i \&: UeLhA%kAY YoroRinG! bﬁhai@_er EATRENEOHR SR YohtRRitdR e Ao AR }%Ma’é#
zirconia ceramc material, stabilized primarily by yttria although ot her

st abi | i niingt e pnpournds fam ekerebody;mayrahg thdogrepr bedynto iravido neaghrsacnghs
that are secondary to,.th ttri 0 conceptratiaon. In such stabil.ized
embodi it Eeneipey Dahune dhe resh o iReaiel oo e o g f e R 10 S5 ERY | n
Manys eMpai-dRrsh@polydrsic rierdvbd4bds AR sinferiBNYF Bk ReEcneFiIRdi t0EBiS addintbRast 28
w% or at least 30 wt% yttria, based upon the total weight of the

st abi | i z&fsrcxiry serinECcommRsItiano 8) peeienthe sEikpd sefsHTY crniGietImpostwadot he

m ni num f | 1. i ). i.on. In many enbodi nents,
at | eastf&%i)%c%aftlggﬁg%gm hgglzl%ruélgfhpggﬁ (islsét%ﬁ%ﬁglﬁ 1§é%sotr éa)tst:)i lized and i n other
enbodi mpeu43] subssardlicdlhleyt tedakmedt (tlag siiteragnind PnedR) nay fheilitage génebitionzed.
Generally, fully stabilized zirconia may be preferred, and even an excess
amount  6f voeated. anayMiyedippested,rases inj the Jpigestrugiueg, off thedetrpstpnmateriph dfterof

progges %&mﬁlﬁ ?)t%a(%f ar? Rﬁg&igea %F baR OB, O@Bﬁ&ieﬁaﬁﬁﬁﬁfr@tﬁ‘éﬁ@)fﬁagﬁgglﬁﬂé‘gi %ast

corrosion. i ona terial pertaining to the zirconia stabi |1 zed

zi r coni awvervbedistopst olamer bwuod asdt hatnixtshecydad/amcalagp| BoabubtempSeaturalanNlo.  US
30 12/46.7,623;)2, Jiled 18 May, 2009, ti.é.l ed "Pyro %sis Reactor Materials and
Met hods fmiectanERd BrALUE ettt IQYnioiHiRe 2gent Uachs I SRRREGES PP DOTSY L

| east 6Qxwhployfok b@me?[)gl]?{bu'{, ?&ﬁ}rog&ﬁwg%eﬁtﬂoﬂie@areq{ea%_alt ?e%ﬁkraqgre%fﬁ’i?ﬁl&“ a,

or consist essentially yttrica. The inventive ceram c materials alsod
i ncl ude inf erangd qf droes 300°Golor KHDT Y, for\dnRe $u¢hE 277G PCTIoNSQ 1in0s5®W2 hours.

ngﬁ? 13_![: . hg%gntg’?l{gogllr taXne%?i}{g,bﬁlecﬁl?r%%-ggt ggdigsnylres Hlle%atkl)llrtﬁernﬁgar%esd at "Egmhp&gtu},gst h a
typically in a range of from 1500°C to 1800°C, for times such as ranging from 10 minutes to
4 hours. In some embodiments, the green body may be sintered at a temperature of not less

than 1700°C for not less than one hour. Both polymer burnout and sintering/annealing steps
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agent, beads, foreign nedia particles not part of the chem cal structure of
the ceramc matrix, by gas or other fluid droplets introduced into the wet
ceram c MaOrR0K/062T75by i ntroduction of a sacrificial mtecras:euoelsdsas a

pol ymer (e.g., polynethylnethacrylate, PMVA) or other 5 vol atizable
material. Formed porosity may be a substantially enpty cavity or the cavity
My be @egupe q@rfoyméd perer bRIdiving adeeypheres WC Fedasing| @a®spherdieddlin haamsit such
that each pore is actually a hetero n%Peineous sphere or other particul ate

f eat ur e aRQRheret 198 wleanyasuwat 1O xconipatings ethgreof.or Fay-cpampls; tthe (xédizingg

mat eri al f r i t t

ceram ca(??)?%ggi%t%lg}atbgrd{% hyﬁgny %oﬁ%%re%ﬁités}% he#ﬁttg%ﬁ%rpam@ géﬂrgerﬁ%}g%g such
as 10 byrgoapard the ngluting amabvsphe@l mausd nglregent er i ng, | eaving a substantially
enpty cavity or_pore. In rra odi ment s, for ores are voi ded or
Subst ant¥046 y Vg8t cahoghme @rnvermél @%mCﬁrde .aargﬁrﬁt I LHMETiEEer i al
(e.9., LRYRMARIGiliZEE IRy ML Bbriehicd RERIL] nm@ﬁm@ heifes BiHSIn&Sikintd H0F,0
linited t a1 pglillr?er % oP rgsm r?atrgrla gr ot Ser vollld-%‘orm ng2 ’

mat er i aland/haénatizer yllielunapnrtalzleg compoutbr \Sruslelnvemto»rﬁeﬂatanala ntaymfenataude aiot

greater  th nterr terral at ur Pol yneri c.

Tt or -l i el Gk it afeth il B Rebi Belrel” ParCisriiatise: o
i m t edypén RV bORVoMEMNMMMHSD Snd PRLIMATrERMIEM ,useﬁlyro@gemye&ftsucﬂ e8&dihknts
addition to or instead of using a sacrificial ynmer or resinous voiding
agerit t bavnganetitiercenernpeiion pf g:ss thanon-wdefd-£i g 1 a9t @ray b¢ engpceptably

hon- rem)varp %oer sgﬁledurfigaltlggls wsnuf:e stlﬁsotﬁ]eo | Ollv%a 1ronSOI I % al n such%g‘ﬁlt Iosclllgg may
be used"as a pore Brh ng’ag ent’, pro uBP sfmla?’e pore as opposed to a
vacant th)osﬁ@ﬁmmg)ﬁIOﬂtﬁa/cdrﬂﬁdsﬁdﬁSoﬂalﬂ eea@tosﬁ)w%doatsat aponathe bailhvéipie dfor med
vacant pore fraction (if ang and a forned dur abl e conmponent pore fractr on
(if anyyhe @rfrtaetﬁry mréerrabrrﬁ%)ﬁ HOFSeTed/in mapy applicgtions. n ether pbediggatsofhcy

sacrifi i on of
Saori 1 oy BieiokP BRIHEY oG Wkl 67! e ORriaPOBnDHiRe AP ARGREP
a dusab Izﬁrcoroa Jdhogvitgendingt the imidropregeme nel Edditi?és castpras seatlfectorhg spday
grade gl ass or ceramc grains. The hol |l ow sphere ceramc grains are forned
into agffUReyis ¥§ &P am ¢ particles in a spray drier. The aggl oner at ed

parti cl ?@0@/‘] e | IRtHE 8helN R RvalASTRIEUGTEnAEriAs Rhd Boﬁﬁﬁorfé%{stlﬁaﬁﬁﬁéhfd'éel
(HVOF) flame which can be adjusted so that “the particles collected are
subst antistdblilyzel girbovia camer materivle lstﬁblhtzhféphmlahbvb}cﬁtmldlogglapﬁ@r aa@hplrngd uced
by appl yin er to a subst ntiall her cal art

Foaned FOPYREIR Gt Do fsd PRacoibaosryRaT chiides SHahFs fu e Wl ow
cer apl C cafi@hieti®t OnQULE ghbiVized HELRBMES] REiaGANSDS plcbtht &f ad SA6BE dpat kagrr may
be treated in a state of %gl tation with an aqueous suspension that contains

di ssol véd vgbo sk isenamtcbbetimentand lasst 2 Wik, andinananyesthen ambssiients palcitc| es,
wher eby 2 GOALLNG 1.5, 87 TR G114 16, OL TPl VB ROLIRGATERET)1Sg0A0) ge5423

partrcles e coating 1S then drie pol'ymer par es an east

part of cbigodiisidpresaite Sudhaapuanthyy Pyl axyaeidthatmih»iae raatouhefedded mABHC t 0
1000C. The resulting ceram c hol | ow spheres or beads are sintered at
t enper afQly 841 stabihzatinyn C Ih gnamyp gmbodinehtse &f dpASE anppttigly Qfr BF rdrcarly Befullyef ul

to pgoduce;ne aIIl}](pl\ﬁed?ﬁél‘ eﬁlﬁo‘a{ s &g)fst]{aﬁﬁérgf eﬁl ﬁh?El'rr?dma ére£e91@rré]flﬂl Mlh% t he

conponents I n the reactor rom’the refractory materia ave
channel $Gehorallgofwlgystatalizegdr :ofcpsiasmayaﬂoe rpreﬂet‘red)ranrde&vanem melssaammu'dmorﬁ ytttlmo

reactor. Oten these .channel s are condui h as hut  not t he
condui t £14Y ?%ow%%ﬁ%fmﬁore&&f GPIriRsRE rrSh 0 rraareﬁ%%é@*ésof %r lﬁr For

pur posegr@re AR aBild-88 d¢ @Rk 06 YodisH. € AlditioRRr B8tetidl petrﬁﬁmflé MHeNARDEk
volume is not included in the determ nation. The relevant fraction

and stabilized zirconia embodiments are found within the patent application, Serial No. US

30 12/467,832, filed 18 May, 2009, titled "Pyrolysis Reactor Materials and Methods." Other

embodiments may comprise at least 50 wt% yttria, or at least 60 wt% yttria, or at least 75

wt% yttria, or at least 90 wt% yttria, or consist essentially of yttria. The inventive ceramic

materials also include formed pores or porosity.
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10 is the fraction in the conmponent walls. For exanple, honeyconb nonoliths
may often have 50 - 60 vol % bul k volume as fl ow channel s, but the channel
wal | s nmaywonby/te2awe 5% porosity. For the purposes of thiPSTiuse@nszn3 t he
rel evant portion is the 5% wall porosity. [0052] In many aspects, it may be
preferred that after sintering and annealing, the forned porosity is

conpri s¢g48| s ubsthRAtpoddsity m$l Bsadate@byiagplsatle PRAMRS sudSasCOiParcaditdtidg
"open" or 15 interconnected pores. Open pores are typically within

per neabRgery kaads. doieiamnedie pariclgs Rt paE pf e sbemicel %@@gﬂ%@f &s ceyagiie MatyX.do

not have f] ui bj . -\ : - of t '
ceranic%g a?éﬁ?@ﬁfg?@é%%@&ﬁﬁﬁ&%gggﬁggoﬁ%&?é&gﬁﬁggq%%%%éngﬁg?ggéﬁ@%?g#g t he
r ef r act eagrifivid] emb@tialpoudsiag ya palynicen@.g 0 pogkethyhkethadrylateatPNMdIAS bt yothdrt  may

often be preferable that the inventive refractqory material include a high
per cént aa@ﬂaarﬁ? H@%@ﬁ-fﬁf@ﬁd Reros{s 3w tberft substapti [YO%WF?&Y@@ of %C%l&% 3%+

vel | copp Eﬁﬂ AL R&BRRL&! Qichhg lorSHEGBGEds | QR 3hat TQcRBELNE
such closgﬁ o?es§tH§¥eare r%n%te’tg thé¥%%#¥ace, ?t %hy be %re?e?abl% to
utili zeaeatuslicrilictecogeneqol sphrere arhatherbparnanlgatfcapurewaiplon ithe scramia@mampdihat ur e
that is |less than,at | east one of the sinterli or annealin or . use

t emper AP IPHRRLByToS Y St a AT etk [t (itrorget it BEY MBIYR e
resi duakinRQs® sdrhdiAdnfRIHTHRG: RP hRel i bb@inkd@s Mehesédd] nfy cdemovedsidien
sintering and annealing can renove that residual porosity and perneability
suchot h&y veherifiog thednplerielsduringtsinderéng deavang dsubstapielly empiyecandy er pate. dor f ace
becore i 5018 80 Ahoiel AREhAC D EIREREid8 F R RETTSBIA ki TRSEERY rihe
interiof Pores shoul'd not o be suseept i BI€ % *Coking,  provi ded’ they' dd Aot

| at er bes@ifRis s ¢elptizddilematddal @.gYiremovibl@ataiileg. offspécifitialRchaasnNsuchids may
al so be useful that the refractory material resists fracture progggation
The i nv&Ht PRAIMIGeART0et PRIYMSE. del. 8 e Emteread; ertofhrrevoigréoridied matcaigl BvE By¥s .

00041 050 o o iy LR R BTl v

remai ni ng dura
por asi t ysp amepccate@t | Pudyimati @ hasdriatsamagbs @refearad dosudesinanényabipodinleos e tbr
porosity or that is.i.n the interior OL?a |1 sintered or annealed WO
D011/ 0639 BPE PR dintieds P PP RESIpe AN PRYICHH ST, SEmpt @ to ¢ he wal |

sur f ace[9g29 0Si fnYadaltRALE Br HRIAG oﬁum% b QadFBCRI1 ipBlySndr BREesfoBs VOISR G
during sintering and annealing al so beneficially produces porosity, albeit

t hat porcosic fpringd porosityarat ncalk-dagrifi€ial mettiabied:. t hosn-nomovablkei drabirablé)osuch as
perneation by the, hydrocarhb vapor, and . are thus resistant or i.nmmu t.0

ber am ¢ "GUPY G 6lid SIRTORRBEER JRY st s & et Turtge BRTisptyeiny @ diiedst i ng
m crg- f hafd A §HpRsaPRIAVAQR: pdrB0Folhed pORsity RREIdes tecdMga&Motd DFDIEH BB

i ncludes a reactor apparatus for pyrolyzing a hydrocarbon feedstock, the

appar at dermodciagentmgre Haetiwadifomye enpedempcd Ip sprigorent gprealaacsion (Hexng).i al
00" gL e RGN TRLE DL RO R BB Sl il oo
car bon pgardbleaboiingagéntandfor a combination of sacrificial and durable voiding agents.
[0050] As a non-limiting example of a durable voiding agent, the hollow grains may
25 comprise thermal spray grade glass or ceramic grains. The hollow-sphere ceramic grains are
formed into agglomerated ceramic particles in a spray drier. The agglomerated particles are
introduced into a plasma flame or a high velocity oxy fuel (HVOF) flame which can be
adjusted so that the particles collected are substantially hollow. Alternatively, the hollow
ceramic grains are produced by applying a solid layer to a substantially spherical particle of
30  foamed polymer and pyrolyzing the coated polymer cores. To produce hollow ceramic grains
economically, the particles consisting of foamed polymer may be treated in a state of

agitation with an aqueous suspension that contains dissolved or suspended binder and

metallic and/or ceramic powder particles, whereby a coating is formed on the polymer
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10 10-22 bar (1 x 10-22) and oxygen partial pressure of 10-10 bar, neasured
at a tenperature of 1200C, wherein said refractory material has not |ess
than 4 vowvehovasetfsporosity, mnmeasured at 20C, based upomCrhuis2oioks4edl une of
said refractory material. The term"remains in the oxide fornf as used
herein, means that the refractory material has a thernodynam c preference

to be i paitidtsOXhdeoatiag i (hehalied aad thidgolginat pticlondhd icantpartrsfitng bhigtandi ng
the 15 possibility that the material may change its state very slowy at
t he st ateRbcawmdytPanyzed-of tenperpuesefiom AQERt foA009%e rHcercshltivg geganist a
mat er | alhoﬁoﬁtsgltle?es(gr&a s hfdGid LG L 9e§np%iat€1%¥ SRR IER T I5869. §heramic
secondary I nportance. primary consideration Is the ?herm)dynam C

equi | i bhbliow @erink thaphe tedil taipkdduad thermta@ltiye et refracsdraitnedereadndi ti ons. A

materi al's accept abi li is stated in terns,of a test that can be eval uat ed
at, for [Mdhp ,a&wéél.t*é’ cOmeYENts thhEhemgreey B?‘LHW i 2@6 BFESERY MHF&H i on

ar e desihgnedolocRfndls g6 %nav%nfiglgtjﬂg@lws A4 BP LAY R&Ha WIRTE R KLBBE! CS

will be fast and thernodyn avior 1s of primary I nportance. [0056]1n
ot her méMieneghdvodhaertssire tdrelurteaotivas ipmat binitsd tothp Icpsbsts avithey e hengicome

pyrol ysis £eact Oﬁ.ta aratus. In varimﬁ ot her e%&gi nment s, hg regenerative
pyr ol ysi&@cior Aaqngfithy, Aoy Passiges, ¢TdRBRrEe Far RS FIVeEE 484 9%{8%5% us.
Many r eaetRity aAb adivieRahse] FBMingSis Ubi IncRGe@ it Aelefdina8 UShd R RhOG&SDnt O
heat the reactor. In many enbodi nents, the refractory material has a

mel t1p ng ipidicraction pothe| cosponerinvally1 dor camapienhencyromb mosplithyiseal efsen kaveot
ess than 24600 e 93yt S8 Ay RLSEIT 16; tREcRARY AliPTeRSHRSSRL 4he
carbon and oxygen is a refrerence gas (or gas m xture) % atYat the" st at’ed

t enper apurasity NEbite puipotdy of aliib aiveatich, theygRRaspREd@Sis RS tvaillt joaddity. any gas
that at such tenperature conprises 30 the stated carbon and 'oxygen parti al
pressur é@03%hy bl EBERSPeCty dt BanDp eraf¢recdohpicpdtcs sintrrngrapd appeakingythe dyaeds

the ref Dofosft .i@?érgfr}ugs}séd% sﬁb%t@lﬁ?&[l)l?t'%[&ée(gaér %gﬂ%'ge%oté%ata? i%ég@%%@% i‘)‘&S‘en 'Qychave

a carbon partia sure o exanpl e y any test
met hed ditelkcoovastadposesc abDpqr pges be) typicdllamwithiy permeplae tfiluad c@nasisicagorofvithf or
exanpl e egfc -olt elrt.)aél’osea po]i%so toy%ica ly%ro] n\/o\?ha%\(?elf]f{lig%zel?glgaﬁn 1t/ylévslt 0%&90/1100?1?6411&2 ?Because
of the potential ceramic corrosion effects and because hydrocarbon gases that penetrate the
refractory material porosity may tend to make coke in that porosity, it may often be
preferable that the inventive refractory material include a high percentage of the porosity as

20  substantially closed pores that are not well connected with or permeable to the wall surface.
[0053] To achieve such closed pores that are remote to the surface, it may be preferable
to utilize a sacrificial polymer that burns out or vaporizes at a temperature that is less than at
least one of the sintering or annealing, or use temperature. Thereby, after the vaporized
polymer permeates through the residual porosity and formed porosity to the material surface,

25 then sintering and annealing can remove that residual porosity and permeability such that the
formed pores that are not at or close to the material surface become isolated or closed with
respect to vapor permeation. Thereby, the interior pores should not be susceptible to coking,
provided they do not later become susceptible due to micro-fracturing. For such reasons, it
may also be useful that the refractory material resists fracture propagation. The inventive

30 material provides such resistance and useful advantages.

[0054] In addition to use of sacrificial void forming materials, the above described solid
or hollow spheres, or other remaining durable porosity/pore-creating material can also create

substantially "closed" porosity or that is in the interior of a well sintered or annealed
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a ceramic or refractory material sanple is exposed to this reference gas,
the sanple material remains in oxide form Materials neeting such

requi r emewop11/082776Nnj unction with the requi site nelti ngPpoiusklonsesszbe
accept abl e according to the present invention, for preventing carburization
and/ or ceram c corrosion. 5[0057]1n other enbodinents, the refractory

mat er i alreff@forf nidi@faledhy daghotdroehewems@fice. POrmitN cicatedisthg dugdbie mhRfials
exposed to a gas having a_carbon partial pressure of 10-15 bar, an oxygen
parti al thit &g wpk rgpovad- dwinga pinterigg sandednngpling elsppengliciplly eroduggrOLOropiy.st i | |
ot her e i r ef: - aternl al i i i sed
to o gad i Eobosh il SHOhRRVBILE. oi €Wy dyTlesy] SoManen ohesd

pr essur éydiocdiBed Fapa@r andnerashuisectsatana od tninenp és atramec 0drr@&B&) CSudhn ponariyy,
enbodi rrggts, t he refractorky materi al . regai ns in oxi.de form when exposed to
a gad hAQVRYTamankple Re Yt A arisy e picE-BRCHS. PFOPASAHORNd an oxygen parti al
pressur gogds) 10 dafspcdeas %’fe%?ntaihvfxﬂﬁéna}ﬂ& @l o FGEBLLAMIES iR (ol AR hU! |
range of from 1500C tg 2000C. [0058] The re}lractory material o t%e p%esent
i nvent i dpdweaboon iedstbble thd apperataineldding: e healcioe vgmponddncopridng®a refractdras

b I d .t hat. h i call t abl e _oxi d id o
oar bi do Tk T ISB TR P BB AR SR e ey pO T ah RO Eaher 20re o
(Y203) iafid bhEENREHMNINCAidY friaRhén ieiépdsg& tPh @'ﬁﬁﬂn%fca%hqﬁ&iél ésgii gTY
gases and_does not }ormyttrl a car bi de (YCﬁ). he undesirabl e conpound

yt t ripuml@ar birdé X V&) iagd fosyaedpdriianprassued o €07yt hari maasexod, atrptentpesrmry 203,

Since t heyghabl e oX! adlg L4y (it nd @05 eds Indn®d B81bY Rlrdhel kil Gnisurcd®

t her modyfanm ¢al 1y Stapl e) 1 oY arocn "o Car Bon-cont al M ng. §ases’ a8 ¢onpar ed
to zircanpeeC, ased®yion tht dbllkevalningffseidfelrectdry, m¥RA3) BlpPRENS rérhaifdl PSS
detrimental transition fromcarbide to oxide. Surprisingly, it has been

| ear ned okK5t fosm” sy 1ped batein, epgansothat {he Jeliptteryc Blatariat hoxi @dhqmedyprapic
yttria i tahl e .cerram i de) | de- oxi . i.O
rechan Ssaan 8 AR Gife AR o) AP hnd M balde R UG R aRE e

pr efier r @dsstlahigehatrtat nareral nay abhregedt sttt deryisbovdetae thei seeeel tamdivenat Fbetst 50

wt % based upon the total jght of the ceranmic material. Qther suitahle
and son@f%ﬁ@smﬁ%ai@npﬁﬂsfr@ﬁ%ﬁbgﬂg@@ ATEETEISE 4B U F RIS G FHghalss ol

| east 7Qu % oBRc Mty RthoMaitee. 9B pWiikty %s%%hoﬁ%%%@%ﬁaﬁ%%ﬂ@ﬂm&%
wt % including mxtures of such suitable oxides at such % 1| evels. The
mechani semdtromiiat vill hisinsateljplewisbati stheed oadidiang. €t inkicrinls aogkphbilityun detsltiood

and is subject t ne ecul ation .and 30.u Jainty, but the inveptive
ot hods AR St 68151 SPRPRG S enar (el 1agt & o g ubs aerifls 6f e

i nhii t ipRGe@ indRiod] £ deAERH 10264 LA ANElatiDey ARSI tedhFrePatile, FREEMSkiACs
mechani sm [0059] In addition high concentrations of suitabl e oxides, such
as yttrivll baifephardiicanedyapménkeharios il dfipainfaca@pporiaghesi a (MO, and/or
ceria (£6A%) ™ ANLual §0.01 LER SO YR 201K 083 TIRRCT) SR0L0, 058423, | t ed
resi stance agai nst suc orrosion. However, i as al'so"been | earned that
for manyyhilghs tcespeimiatitgs. Nyidacoay e amldimaits,ahs regeadrative ByiolysB garsira
stabilizers are nore volatile than yttria and are therefore potentially of

| ess valcOBPHESSer Fayarse flayy é‘%ﬁep?rﬂlﬁ‘@ r@ﬁioéélpéi‘fﬁﬂéné\‘lf“}}f ﬁf‘éﬁtoytemhoél,m%ti H8Ygh
the pr e%ﬁﬂ?ee gogef%ﬁl#&i‘ BhMELticH FRIELZ & fiedPAHe! Lo +t8r.W' T hAnd NEnGRIMARL RN 1S
5 not precluded. I'n many enbodi nents, the stable oxide refractory rmaterials
have a vepetorpr makunk bhat mdtihgsminthah ddd- Rsbahamt2020WACand-unt ktdl ,othdr has

g R FIERE T e S

appl i caich®pn fRl ok iPartRASIcOLad {oﬁ%a@hiﬂﬁfe@'th{aﬁiaﬁtﬁees@&%@d RhHeBRurk In@Y&RSs of
1500C and up to 2000C. Suitable oxides may al so preferably have nelting

t enper atbathecalBuf amboxygss spehiemn SusG@fialdy apyl @8Cthaprt probftemabiaturqoompess t han
nbodi nment

2300C. [,0060] I n_some ,.the refractor terial may .further

comt soe-d PP nd RLE R e e o € PeRry R (Wt ERTRS i ng

of A, $hmaasferdts, the rERrend gadNnay 66 a laboratory gas sample that is specified to have a
carbon partial pressure of, for example 10> bar, (measured by any test method or known

physical property) and an oxygen partial pressure of, for example 107 bar, at 1200°C. When
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C, Ti, H, V, Nb, Ta, Mo, W Sc, La, and Ce, and m xtures thereof The
secondary oxides may be nerely incidentally present, such as inpurities or
vi a cont awDreat/ee776r as a result of 15 the sintering, amogaiSeeng/osse3 ot her
manuf act uri ng process. The secondary oxides nmay al so be purposefully added,
such as to inprove certain properties or uses, e.g., such as processability

during meRLEE b F&acry iaierhe sgapleriateshbsadth theprsirted @s, the Rhmpleadatetialf r om
the thermal process and other naterials present. The anobunt of secondary
oxi des IeMeiAL Bteidq foray Mepteoalsameefinge fudioFRggHeMentimin CoBuBEiany Withinthe from

i rtual : : ; f . Wt %% . 10
w56 or "SEmALEE R B SLackl iy sRlardhe O I Ryghl eIRAL I0C e HRick?, |
ot her erbddiipgivhantfoooe@mic ¢avradiont %9 based on the wei ght of the forned

Stabi|i2@f zi rconi 0061] Accor di to the present inventions,
theré af

conponent . n p
Yho k]él;Ptg%faFt %ﬁt&&L%ﬁ Bicloay MARAE Hrist NiSEmBAYAETS BEF¥TENCR/81 d
carburi i : ' ' ' ' e r l,s of
yar e e BlidE SO ATURRBLE A Gl kil Ao FRFEPbIGrCof RY PR SRS, 0
Second, okpgennpdraali pressuws of hAvVebar, nresurodphartempgreienéd880%h destil wthar t he

oxi de for en _exposed to a.pyrolysis ga 1 xture havi ng hi gh carbon

et vi t STPUOEB ARy s Bl oy Sk BTt PeSh GRPerH: G B BErSH ar o
regener ahib¥s pamtla®lpYsbisre (FAQ Obaret o:3¥e partliE ptdshide R 10t bEatmdaSurld abear
than that of pure alum na (2050C), which 30 was a preferred naterial under
muchoof terprergpicort 2400°C. Dinemery ¢ iinehtesthe mefrastaay miagerial geseainy imi axadd forrs,

al um na S not I table for co rcial . pyrol ysiss at.te rat ures above
1500C. SR SrBRiEAY higichiviles ¥ RO afta) Birsting b of o beiit uf SXbeh el e

react or phavige fME Vi g, pridiired WOarP hihd QAR EARRERMISRLOHRSAAR Zingo dfeemt han
2060C. More preferred materials have a nelting point above 2110C, and even
nor e préﬁ@@ '@ 2080Have a nmelting point above 2160C. [ 0063] Anot her key

feature [M.S%ﬁ defjn ?é‘fr@ct&r?f FaeHar br e eﬁﬂe?ént Sn@itbh t $ver DAKSHRL afore-stated

15 challenges. Unlike ZrQO,, it has been learned that more thermodynamically stable oxides can
avoid the carbide-oxide phase shift problems. For example, yttrium oxide or yttria (Y,03) is
thermodynamically stable in the presence of carbon-containing gases and does not form yttria
carbide (YC). The undesirable compound yttrium carbide (YC) is formed from metallic
yttrium (Y), not from Y,0;. Since the stable oxide form, (e.g., Y,0s) is relatively inert (e.g.,

20  thermodynamically stable) to carbon or carbon-containing gases as compared to zirconia, the
more stable oxide form (e.g., Y,0O3) appears to suppress detrimental transition from carbide to
oxide. Surprisingly, it has been learned that at sufficient level of the stable ceramic oxide
(whether yttria or another suitable ceramic oxide) the carbide-oxide corrosion mechanism can
be inhibited or even prevented. In many embodiments, the preferred concentration of stable

25 oxide is determined to be at least 50 wt%, based upon the total weight of the ceramic
material. Other suitable and sometimes more preferably levels of the stable oxide form may
be at least 70 wt%, 80 wt%, 90 wt%, 95 wt%, 99 wt%, substantially 100%, or 100 wt%,
including mixtures of such suitable oxides at such wt% levels. The mechanism by which the
stable oxides work is still not wholly understood and is subject to some speculation and

30 uncertainty, but the inventive methods and material formulations have been determined
successful at inhibiting or avoiding carburization and the carbide-oxide corrosion mechanism.
[0059] In addition high concentrations of suitable oxides, such as yttria, high

concentrations of calcia (Ca0), magnesia (MgO), and/or ceria (CeO,) might also offer some
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carburization and carbi de-oxide corrosion is the degree to which the oxide
formof the 5 material is stable under the pyrolysis conditions. Materials
whose oxiwe 2horesei7s st abl e under all pyrolysis conditiolrsTarseooss¥d3t o be
free of carbide-oxide corrosion. A non-limting exenplary material is pure
Yttria. Materials whose oxide formis stable ("remains in oxide form" as
used or ligfct nessthgicedganst! eI cotsionP YW ¥&lr Sit hiaf disd ibeas landf thatndr htinpe
resi stant to carbi de-oxide corrosion. Hi gh-yttrl a zirconias may fall 1nto
this cahéfoeypeiatiigRydiopstbpmapnlrabonsnptleiaiagd wnagacyie staprizom e RioRs volgileh as
greater o t han
30wt 06 Jrruiustfl Wbl b B s VIR £ Rt Wbl oRlae b iEne 750
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of ogygehneiigssdharbdil 086 e H§0°Her preferablytnst fass ﬁ@nﬂ@ﬂ@ﬁ refers to the
effecti ncetratlo 0 in,a, mxture r.carbon, the species
& may. bl B e e R SORE s ol ahy e FRRATG ok RO,
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m xture can be calculated in relation to other gas phas
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is noted that parti al ressure nunerically approximates the activity
for a g@w@ﬁﬁs ah @thice snatoihalh eprcshet adthgadmalinagrfasesondare oyeleeriattbd stebiliggda

comer ci al t war,e known as HSC Chem str Ver on. 5.11, Quto

Fosoar CHIETS R o Do00S Ty BRI HoRt JORLY EAr b NoRe T5HEnE 3F B Maheby a
per sen Sl b 601 kAvt fisscat tip &F 10 Wn&dhﬁrkéﬁfie(‘&nboﬁhh&ni Hee @01 aadiablsakooror

i nvol ves recording a WD 2011/062775PCT/ US2010/ 055423 mass acti on equatl on
t hat deéﬁdﬁ‘?%]é'slntsﬁg @heri qmtmdimenth SoRe B towbWesl bascd paicthe svaighioftthe formed
envi rongﬁg}l%d%@g%a 5m ql%mactl vities of these two solid species are then
set to Ohe t6 rndlcate Thel'f co-existence, and the mass action equation is
convert ¢ghaint o Aacoaihggbds diccprespuatnventidiiatheredbawatiico dtdtyresof anegeridiehatange

boundary between these two solid species as a function of 5 environmental
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parti al essure lotted in y-axis ranges from1l tp.10-5 and oxygen parti al
pr essur &SP ¥R fha RYTRRysis %Haé@r@rhadﬁﬁgglhls%CEEgO%ecthlw Figure 2, regines
where 1Qp¢y bi deatisoxifle @ﬁaéf@&ahiate‘ﬁa}ét Fdrl M%@@%ﬁﬁrﬁﬁl@ &ga&kﬁlﬁrﬁyﬁsfsiwed
by carbon and oxygen partial pressures. SimTarly, Figure 3 illustrates the
phase stedstdrinyst direge amlfing pdint GaCissligherthan tl@@ 00ourel aiulﬁugL(QQS(}? Or egiches
wher e carbi de, .oxi.de talli i.fconium ses are Iab efi ned
by i b G e ppel o b€ BpbOE AR Br PifgTied Hef gficEied e
assum nginiatiohd) Aueiheleal XS&Qd)tabls f&%ﬁﬁﬁ‘&cf@lppﬁo?&fs% Wi per G@ss 5oVl SHOTCE

havi ng car bon partl al pressure of p bar and oxygen parti al
pr essur Sabffagiony(mytetialy foupe in thsdrigh Fﬁ@etaﬁé? AU/ AT Ecagivadavase asltingtnpint
diagramin Figure 2 teaches Y203 (the oxide phase) remains as a stable
phase. However, as reflected in Figure 3, zirconiumoxide (Zr02) is exposed
to the sanme pyrolysis gas m xture having carbon partial pressure of pC2(Q)
= 1. 0x10-1 bar and oxygen partial pressure of p02(g) = 1.0x10-1 bar, the



20 thernodynam c phase stability diagramin Figure 3 indicates that Zr02
transforns to ZrC4 since ZrC4 is the stabl e phase. Once zirconium car bi de
i s formedwotzhe/@e1760ni a ceram ¢ i s subject to carburi zaPCoUSaNd/055423

car bi de- oxi de corrosion. [0067] The boundary conditions for co-existence of
bot h carbi de and oxi de phases of yttriumare cal culated by the foll ow ng

equat i ofo 1&5 Y232 0604C CiMbre proferiédmatediald hdvd @hlclng @ISV 1 1B0°CY adid@/en
boundary conditions for co-existence of both carbide and oxi de phases of

zi r coni tHrapefeEddahayeymsitingoiftabpst 9 equation. zr02 + 4 C(g) = Zrc4 +
1.5 02 30 i L] - T - carb
(%pdr 3] SOARGROOILS Ralik! HRLr@linte £XARRLSr TARLGLS SYITHRI foZ Fygar bon

parti al sure va culated at tenperatur I'n the range of 0OCto
2000C aparbarygen par tarhldeprxéds uoreosidn lise tHeadegredite which tiykpogide fofmeof the

hydr ocar bon. pyrol ysis condition, WD 2011/ 062775PCT/ US2010/ 055423 Tabl e A:
The pC( g}at%ai'? asega'%{%avﬁeré € wg?yg)s cOngitgRT VIR 6?2‘61-166‘]0%6? gblpuedert hase

stabi i gy sr8ly§iRMBndiliBAPGIATHIE thBe BEE OF-caftRlic-Ffide [cdhroRGR I A doRllikRing 2]
exemplary material is pure Yttria. Materials whose oxide form is stable ("remains in oxide
form," as used or defined herein) under most pyrolysis conditions are found to be resistant to
carbide-oxide corrosion. High-yttria zirconias may fall into this category. A non-limiting

10  example is high yttria zirconias, such as greater than 21 wt% yttria, or greater than 28 wt%
yttria, or greater than 40 wt% yttria, or greater than 50 wt% yttria, or greater than 70 wt%, or
80 wt%, or 90 wt% or substantially all yttria. Materials that have stable carbide forms under
a large portion of the pyrolysis conditions may be subject to unacceptably rapid carburization
and carbide-oxide corrosion and thus may not be suitable for use in high-temperature zones
15 of hydrocarbon pyrolysis reactors. For non-limiting example, unstabilized and low-yttria
zirconias (e.g., < 11.4 wt% yttria) fall into this category. A detailed description of
thermodynamic stability follows below.
[0064] Phase stability diagrams were generated by calculating the boundaries between
ranges of stable solid species. These boundaries are plotted as functions of environmental
20  variables such as the activities or partial pressures of oxygen and carbon species. Here, the
term "activity" refers to the effective concentration of a species in a mixture. For carbon, the
species C may not normally be thought of or measured as a gas phase species, but its gas
phase concentration (or gas-law "activity") in a hydrocarbon mixture can be calculated in
relation to other gas phase (e.g., hydrocarbon) species via thermodynamic equilibrium
25 procedures. This gas phase carbon (as C) activity (or partial pressure) is used herein to define
the environment of stability for oxides and carbides of refractory materials. The term "partial
pressure” is the effective fraction of the total pressure due to a gaseous species in a gas
mixture. Stated differently, in a mixture of gases, a single gas's partial pressure therein is the
pressure that such gas would have if it alone occupied the volume. It is noted that partial
30  pressure numerically approximates the activity for a gaseous species. While the actual
diagrams were generated using a commercial software known as HSC Chemistry [Version.
5.11, Outokumpu Research Oy, Finland (2002)], the underlying calculations can be done by a

person skilled in the art of thermodynamics. This type of calculation involves recording a
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mass action equation that describes the equilibrium between two solid species plus the
environmental species. The activities of these two solid species are then set to one to indicate
their co-existence, and the mass action equation is converted into an algebraic equation that
mathematically defines the range boundary between these two solid species as a function of
environmental variables such as carbon partial pressure or oxygen partial pressure. Similar
calculations can then be repeated for all pairs of solid phases to map phase stability diagrams.
[0065] As an illustrative example, Figure 2 illustrates the phase stability diagram for Y-
O-C system at 2000°C. Carbon partial pressure plotted in y-axis ranges from 1 to 10 and
oxygen partial pressure plotted in x-axis ranges from 1 to 10°°. In Figure 2, regimes where
carbide, oxide or metallic yttrium phases are stable are defined by carbon and oxygen partial
pressures. Similarly, Figure 3 illustrates the phase stability diagram for Zr-O-C system at
2000°C. In Figure 3, regimes where carbide, oxide, or metallic zirconium phases are stable
are defined by carbon and oxygen partial pressures.

[0066] Referring to Figure 2, assuming yttrium oxide (Y203) is exposed to a pyrolysis gas
mixture having carbon partial pressure of pC(g) = 1.0x10™° bar and oxygen partial pressure
of pOx(g) = 1.0x10™"° bar, the thermodynamic phase stability diagram in Figure 2 teaches
Y,0; (the oxide phase) remains as a stable phase. However, as reflected in Figure 3,
zirconium oxide (ZrQO,) is exposed to the same pyrolysis gas mixture having carbon partial
pressure of pCa(g) = 1.0x10"° bar and oxygen partial pressure of pOx(g) = 1.0x10™'° bar, the
thermodynamic phase stability diagram in Figure 3 indicates that ZrO; transforms to ZrCy
since ZrC, is the stable phase. Once zirconium carbide is formed, the zirconia ceramic is
subject to carburization and carbide-oxide corrosion.

[0067] The boundary conditions for co-existence of both carbide and oxide phases of
yttrium are calculated by the following equation.

Y203 +4 C(g) =2 YC2 +1.5 Oz(g) [1]

[0068] Similarly the boundary conditions for co-existence of both carbide and oxide
phases of zirconium are calculated by the following equation.

ZrO, +4 C(g) = ZrCs + 1.5 Ox(g) [2]

[0069] As an illustrative example, Table A summarizes carbon partial pressure values
calculated at temperatures in the range of 1200°C to 2000°C and oxygen partial pressure of

107 bar, which is typical of a hydrocarbon pyrolysis condition.
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5[0070] -1 For exanple, at 2000C and p02(g) = 1.0x10', yttrium
carbide (YC2) is stable at carbon partial pressure of greater than

1. 69x10- Warrdiytse178um oxi de (Y203) is stable at carbon paritisadiopsaszure of
| ower than 1.69x10-7. At pC2(g) = 1.69x10-7 both YC2 and Y203 coexi st.
Simlarly, at 2000C and p02(g) = 1.0x10-1 zirconiumcarbide (ZrC4) is
stable at carbon partial pressure of greater than 3.77x10-15 and zirconium
oxide (Zr02) is stable at carbon 10 partial pressyre of |ower than

3. 77x10- 15. AtT%k}}Zé@\gh?ch(@Wh@S {mrhy P cal Gnld zbanfogoexi st. Therefore,
under the condition BfO& dBrQ< phagastahility diegransvi ng p02(g) = 1.0x10-1 and
pC2(g) in the|rangeraire3 @) x1pCE). fanlq 19X 1PCE).abr EQJAT, | bot h Y203 and
ZrC4 are stablie. [0Q0b] These paigaksodre 1|1 ustirgekeg?i n Figure 4, wherein
various stabl ¢ phasggpare i ndi cgi@d o ne [ I @mkhgure 4| represents the
condi tion for [Tar bijgy,0XT de| TOEX] LJoc as 1?%‘%5%1@0707*: he specific
yttria phases rand il —t+ots—of .j"p. <A— TS Ili" ne—fepresents the carbon
pressure (pC(g—ftor—ther rmjynar?’!', egu-H-bH-um wf‘\}w_%n yt+{rium carbi de and
yttrium oxi de phacpzooloi ne [P] nnl@?xr: re 4 ’pprégfgﬁﬂQ the condition for

car bi de/ oxi de coexi stence as defined by the specific zirconium phases and
condbt i GO70Hf TRl cxarhplcThi 2000P@end Pn@3 ent.8x H0HE yraiunocarbide ¥ Gh eis (EGagdt) f or
t her rodynam ¢ equi |l i brium between zjrcorni um car bi de, a 0. zi rconi um oxi de
phase. S%%Pﬁﬁﬁlégrﬁ?e?%? 8t greatst Bepdr Xi@cGP@VH@H@&XE%&P@%HPWW&HE °8ns
are nor ¢,51,ABl6qA0BF bber GRINDI 86 00T MR A Da R0k S0 ZbbHONE LM PUSNodkRlser i al s
are defined by having a carbon pressure C(g)) for thernodynamtc

equi | i bSimitarbe tav900 Tanbd ¢, d= dx0xde™ bhiasmitrhatrtide (Fr€a) ér stablamt pabph =
10-22 at a condition of 1200C and p®2(g) = 10-10. This specifjicatio

descri bedttiaharessie of %t@rg‘ﬁlﬂs?-mge @&iﬁif&%ﬂﬂwmﬁd%e&rﬂz By ptabiF |8t (fasopg) |
abovg 2 [ = 00 Q2 5110 i tl h
materi a?gltdv%} ?ﬁep‘%\%%ef lgwc%igﬂn%ﬁ 3 X%é(;ui' ﬁ“ﬁ‘jrt%% | ?‘?ex 0" Bpih 2189 aﬁ? %?{]cl oA [2]
but at dhkweéati omdes dbh comdition loé aspeolybiscgas Ghgure dlanmgapOA 2060 .Dsl igr eatler

th 10- 22, Pref d i_al g tab havi b
br ossur BCCRTLYY T O Ao iy riafh o Oadt i BTOCE bk Wen P de: HAtSoxi de
phase t hgj71js gﬁg@% ?éoiﬂt@aaﬁepfﬁ(lgt}ate:d 1R-A8uAt 42 vafapéiht\»a%uyfstéo%@g;@a@gda@OZ(9)

= 10-10. More pr ed WO 2011/ 062775PCT/ US2010/ 055423 materi al s have a
car bon preesgedt. e Lippd(1ld)on Figure Hhecpresbhptrathicccoaduioni for icarideéiade nocxastdricdersand
oxi de phase that is greater than p ) =.10-14 a, copdition of 1200C and
p025) " Seited; B hq SnsBe i BRove B Bbedpl P fletar y T BF TSEsIR B ng
to the REBSEPFesbil¥ eﬁaugqmr ktemb@eharat 8qdiAbsurh Bebti@n Qs {0610t andyamiari al s
whi ch al so have a thernodynam c preference to 5 remain in the oxide form
when expssledhess. alpgld] 95 Figugad reprrscnrsethp gondigor srirerbigelpxidalcogrsienngras of
greater than .10-22 at conditions of 1200C.and 7.10-10. Prefeprably
Tt or | ST B FESpefhc RO Bgs nd FORFEAR PR, T ik deuha gl

gr eat er chivan pkssh® (R (gPOn the@msdyahimic2 0QGliBiehn PR2¢EN ZirddhidA) carbidd amane
materials will remain in_oxide format carbon partial pressure greater than
10- P4 ( EEFRHEROXIdoMEne i Swidably refiaooey Byatprighcgyrdinglio-thppresans invaRbALY 41§ t ed
exanpl e .ractor jalqls: | ytéri dI'e [T 4 0073]
Tt arne BBk bELAR TaRe TRAHLR thort i bl Sl HERRER{ e Veltitd b))

| ess t haavidQaQerbontyredsures(p@hg fortb&ntudghanictdyailibiiat baweguecabidk und vaide

(20500 ich years of co rci al ,experience d r at.ed i nadequat e for
many hi @ﬁg%eet_ AR PibeeEes [Andalapprmdinn %ﬁ?&?&_&sﬁyﬁt%@ ?gﬁr ActBry
mat er i alg, Daydhign AciBibké AR %be‘hlaf@ialseﬁﬁosrg%fbi&@&gge 'eiuiﬂiﬁrilﬂﬁrlfdeg WAL Ke.

preferred since it enables to process hydrocarbon feedstocks at nuch hi gher
t enper athis e€.(2THub) > aatr BPORE raatli p@:(pl Fol §/Si @ndimot oBudppatcaialsswilbhave a

pyrol yzin hydr.acar bon f eedst ock e ratus.including,a revere flow

P2 gensr S iR Thealnts Rottisohdiar32h BhFAeE dbtor RGBS o8l £ ng
poi Nt ne(®Salidan 28600fs @fer thin 80 FheroRAYN A GiaRf £E 87 QNGB LaI€ hainghe

oxi de form when exposed to a reference gas having a carbon partial pressure
of 20 geregthon prassnrel @CER) Bar thermodymamieeolibriem bstwean pedfidy aebdoxidaphare is a
regenerative reactor d {4usQt her enbodi ts .t react.aroi [ rse

fl ow regé:attcl)sr%reé\?[\gﬁ t?ngn Pg?@t i M] 3& ?ﬁg?nagtl no?jtil @ﬁtéa{lag()?@gctlgr i lgdoge gegrreraed
conmbustion reverse flow regenerative pyrolysis reactor. [0074] Exanple 1:
(Exempl ary refractory material, but no forned porosity.) An yttria ceramc
conposition was prepared by m xing 50 y % of the first grit Anperit 849.054
Y203 25 powder (H. C. Starck), 30 wt% of the second grit Y203 powder (1 ilm
average particle size, 99.9% fromA A fa Aesar) and 20 wt% of the third grit
G ade C Y203 powder (H. C. Starck). About 30 w % additional organic binder
was mixed with the ceram c powder to provide green body strength during

o o B - o o, o N N PN o




WO 2011/ 062775PCT/ US2010/ 055423 produced yttria honeyconb sanple was tested
in a reverse-flow reactor for about 24 hrs wherein a pyrolysis gas m xture
has car bowoparitdeai7spr essure of about 1.0x10-12 bar. ThePCediSedo9s3¥ps e was
m croscopi cal |y exam ned by use of scanning electron mcroscopy (SEM and
reveal ed no signs of carbide-oxide ceram c corrosion. 5[0075] Exanple 2:

( Exenpl afayerfa6f haet orcyrbadat@edsale WA(H)) Hof afripdynakiic \eqlitbahimCeawse eirbide( - 105

+44 umparticle size range) of stabilized zirconia powder (10-15% Y203,
from Al Pad ppidg phasgrbpt ipgioanthan pE(He H | tatMOWI%@fp BPErGged pae@l tI18 si ze)

of Y203 Wer 9 . . i i Y ric
m cro béa S (15hge%161§}/8érsr%'gagr’[g p gtro rr%?t;e%]?%@f@nég?g%pk%gﬁnﬁée}gg%p%m

Nor way) niyeritdeinotheHBiREe farhnl amigmpterials Thkicl Qlsol kiva raethaasodyinhinédpifeforerdd tbour s
without mllin ned]iég? %n a ]E)all ml| at 100 r.gm WAt er s. remved frqmthe
m xed pé?/%%lPsm%{}e REYET R oM HHOS I8 @ Pyfplgsi R YO SR VIRE A8 act ed
in a 40 i 18,4 Ro@2 hyd t i @i P 63 ted
X pr oss) At E D08 el hal ol 1T ag P amn A ac e Torlas I arpod i T
800C at nRftiats will meradin iartbie beidd fatm 800@bbo matishmsessare def caegiasthapdi0y iati ¢

m cro beads, .and JJeate 15, 1600CG in air, and held at 1600 or

nours. _ prs g 0C STt  TEaTcRd hers R OOE S B, o,

resul t aghrbbhhdat Qﬂeysuy@%@aﬂea{haﬁqwﬂréf%n_cé SondtiomRloYol g@(&tsa&ldq;yz(%)ai Lo'9).
stabilized zirconia with average grain size of about 50 Jin ii) 10 vol %

f i ne0Y2@8nar-bmitok pxkaniif pﬁsméfséqéorgrrmtm%il&jétreﬁ(yabumltmdeu Ynf3)ii) 15 vol %
f or med ity conprisi i form.y dispersed, substantially nonosi,zed

bor es. TOURTI 62t SFARR W O8rUbdidnBlite RoBRSLRES BHRgh Fo el R RS e

( Exenpl apgoacefwiach @4 Yoomt BPCahighért haP ARASI purd afilhiBa Y2050 09WigEh (his-of
Starck, Grade C, D90=2.5 um DéO:O.'Q um D10=0. 4 u'r’r?1 was m xed with 15 vol %
pol ymrer icempicedial dxperdence dsmansteitetnast inpdegpite fommpany( high Guusratireaprosdssesaindeads

AS, No i. .b f HDPE .mi] 1. i . The. m xt il ed f
10" hour SPgeHBE - 1 e moaraa i plreing g g st haodl Q&S
r emoyed phfRMateprofoked PRVIRISaBYs IE Frbddass %?dr@@ar%_oﬂﬂ%ed@iogkﬁ at TRhAfiLed

powder m x was conpacted in a 40 nmdianeter die in a hydraulic uniaxial
press (SPEXIEEBS. Ahtsratcgehcrtpeayslyss recopeppitus firoyrelipes athydecafbonhe

resul ti reen, di sc pelle s ranped up to 800C at 25C/ mn i.n air .and

ot d at 190RErApe PR oI GEIRS o  Teb SRS aflo S e g

t hen heaf géhdt@rial GAGg imalkihg potit Helldls 8lan DHBOWC hld iifla HRENSdinamSd pleirerddae

di sk pellet. The tenperature was then reduced to bel ow 30 100C at -15C/ min.
The rest? pat theeridectogmywhcar appecs @i a 1efupnrgenihyviag spartpadpasiiad meesseiced

co ised: i) L3182l eyt | it h i i.ze Jim
Ty s B 0 0 th ch St BB HELAER SE AL RASAbor, 5

not gr eahérint bthor 2mbolmenes ithiktatagpar dsiat yeveaist hflaw D@ctav,ewage ipostdl sitke of
0.5 Jim 2011/ 062775PCT/ US2010/ 055423 [ 0077].The terms. "grain" and

"par t i cFELOdMEN{IAg 19aR108 Mg gfesthiamitishen Feverspdlowgiegsnissative ol i erepgPined
and are rv ter @ | i i : ticles
(sone oT[ Wwﬁ?ch%ﬁﬂﬁfe;ﬁso@xﬁ% {? e%gga\?%?}éﬁﬁgérﬁggﬁosuft qlﬁz)%vg?/éear?&? ﬁgxt)oélrl rrllyaxed
and conietmeuc permpesitian wanpreparad) by Griaing i wgo of thedst giteAmpard, 8406854r'eQz0 t he
effective di ageter,. or geonetric size of | ndi vi dua rains of the matrix
conpri sipﬁ‘dg?f WEEt S f%%%rpf&ilg 790868 ngApawgﬁmhoﬁmpaaﬁf%ge Pariels P

i ndi vi dyalgb i t foal i of .z i ttria
o o her g A B T 0 Do B S
or conpadybent 30 Thi&o gdditinsal corgpac thindee svar mixsi v ¢t acrdmibo poedert ogebhiel at

rain boundaries to create formed ceramc ¢ onent . nam c. | i ght
Scat t er B edY st UhE Rripk AE0ssn ARGIGSAST Bt fyruged into 4 honclComb

shape (300 cpsi) in the size of about 3/4" diameter x 1.0" thickness. The extruded
30 honeycomb green body was then sintered at 1600°C for 4 hours in air and anncaled at
1900°C for 4 hours in argon to form a fired ceramic body. The resultant yttria ceramic body
was also comprised of about 15 vol% porosity mainly derived from the first grit Amperit

849.054 Y,0; powder. This residual porosity provides thermal shock resistance. The
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10 unified scatter technique (Mcrotrac(r) 3500) can be used to determ ne
average particle size and particle size distribution. Mcrotrac(r)

i nstrumerWwe 20ameeasure particle size ranging from 0. 022CTas28005342m and
provi de good instrunent-to-instrunment agreenent, sanple-to-sanple
agreenent, instrunment internal repeatability and particle distribution

br eadt hprdd¥QdBlyfkHe hob&ondy sa‘iw[ﬂé a@@ R&ed i€ laerestzeflolv RALLr $bZ gbdwt aiahgd or
filled) nmeasured by a 15 | aser q&g»dlffractlon met hod i s one type of
aver age Y&Fan épﬁroysz%gas@yﬁw%h@w msiinl prespa Rt abarid e 0 Thee. BBotostedr age
particl r ze
R S G R S e R i SR G L
di anet erewshicd moisfznt b€ cabidevoalideneramic\weirgdion.f r act i on vaI ue after determ ning
the m ni mym and_maxi mym sj zes contributing to the integr | ume of a
specPfi é%éék o¥xample @ﬁxgmgl%r@f@d&r%ma?%@f WHR POSHY 1 5 |V9'qD9800%°fcng99
respecti of o] t ons
of the paft) it %8622%% BaiF of bt e SR TUR 0 A0t 45 SkE by
parti cl eesarzan¢ut vodtoust fdngrre(1dehar3o aegadeypatiicle 8PP YIB! howlders999%as
optical mcroscopy (OM, scannlng el ectron m croscopy (SEM and

transm $winor\lEd é@sm)rwwmmc@dow (TPEVPL% Tidymaeré agjeropheadsc(lé pinz diapstares

ot hods SRRSIRCT L RGSY FBT VR Reopay ¢ro SORDS b o b BDRs iR e ey

graiins alik@enahd wellad oano th@uﬁainﬁfdm ARNinR YnciSiney BalBl] BEEID HhaSHatdraalsi on
met hod as known in the art. [0079] The ceram c material grains or particles

can be sebetcaniom thy maingd sRwgers ynhepting cand el plait s The dpedfemdet minaye may
be t hos t I

opher o SPRPARFn, S ARES MR & SHARLAN WAL RARTSPER 1630 AlodREE -
exanpl eprdseCdtSIE00SIHIE Mhe bsultilel drpspiidabellReryhespad up & 80 @tdzswhﬁﬁﬂ iaal ,
distorted ellipsoidal, distorted pol yhedral shaped, angul ar, rectangul ar,

t et r ahediradnd lphddt i80QI@ il 2 hes tn getasmehosetpolynidis mm@é)e@ds @rrﬁatheerhegtedutn

RPN A R P SR R A AN
par | culigplg/ pepetiiaiel 10 Roe fit ) ARG dengi by, ORL My

porosity, uring po processing and rication.
preferredmanﬂemmmaiwﬁh&ﬂﬁ%@&gmheﬁébfﬂmugﬂaum,oanlmemahﬁmﬂﬁgﬁﬁmhedmbyman
aspect ratio less, of than 2.5, or preferably |less than 2.0, )re
pref er aBY§AgeeRdn sk At 0ot 2 gy 8 e el “y&rar iy CRgBHIAG PHG} yg¥@§f8ﬁ%y

al so besws%@mwdmasizeq@m@r\m1&s@ﬂﬁﬁalvemﬁamualgomlghl y irregular surface
shapes. herlcal shape refers to a symetrical %eonetrlcal obj ect where

the Bet [Hi764 | %%ﬂlnpke ?1 'n (Exgrarlagy; Wﬁrﬁ%tptyn@@teglahw (RBYSINN; ERNCaY P apov e
di st ancey .féc}Q{zkaGfrA BOU}tsthn tz}}@ﬁ R%GD Wﬁgr gmmai fix P&?A@LY? Vol

nunber e radi Us dspec o 0 ape I's the
ratio Ofp yh&rﬂcmﬁ%eaa%(ls {8 didnSot %ﬁﬁﬁers’v@(CAls Tﬂi&nMﬂéﬁ%eaﬁ@WSON@fway)
symetrical 10 objects nmay al so be described by the ratio of two neasures

(e.g., lengton barge of dRRemillinglier. abpenixtugtwes wiledder k@ dowsewthopt mikingscopy
et hOdS n% ?cf’at 1n%sba?lp1£ulf:§[| 10'6'1‘@r O%%Watércvgs re%%%?d}ERfl t’ﬁe %ﬁ%er(ﬁ%ownae [ QS ﬁ&ﬁ%ﬁ

(SEM, ransm ssion el ectron mcrosco I na
| mage al@ﬁ|aylﬁ)|t plasOf Tvadread pelce infix & ab WOmPhdian a(MTBinnS biapetdr 3idninQ) Isctadic

[ 0080] I n sone enbodi nents, the inventive refractory material, conponents,
and readpxial press (SPEX 3630 Automated X-press) at 5,000 psi. The temperature of the
resulting green disc pellet was ramped up to 800°C at 25°C/min in air and held at 800°C for 2
hrs to decompose and vaporize the polymeric beads and then heated to 1600°C in air and held
at 1600°C for 4 hours to sinter the disk pellet. The temperature was then reduced to below
30  100°C at -15°C/min. The resultant refractory ceramics with uniformly dispersed micro pores
comprised: 1) 73 vol% yttria matrix with a D50 average grain size of 3 um; ii) 15 vol% formed
porosity with a D50 average pore size of 15 um; iii) not greater than 2 vol% residual porosity with a

D50 average pore size of 0.5 um.
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15 systens may include ceramc matrix grains having a D50 grain size in the
range of fromO0.01 ilmup to 2000 !lIna, while in other enbodi nents, the
react or swetenvasen7si ncl ude grain sizes having a D50 graiPaT4diS2@oiops4ehe range
of fromO0.01 ilmto 800 !Ina, in other enbodinents, from5 ilmto 800 gm
The inventive conposition mght also include other grain sizes, many of

whi ch wifé077paveTige tormb MEAQYr @idn"pattzde ofre alsed @aSIChahgddbly Wil Tak "gRAs"
0.125 !lna, or at least 0.2 20 ium or at least 1 !lna, or at Ieast 2 !'lna,
or at | é@?étar%&rmed&nd&re loBersvablo afipn sipigringpae derived fipgy a trpigtuse 06 pagjickisn

Si zes pr i I 'l na,
oo té&%ﬁé&&ﬁ l({ﬁ%’lch agthf‘so%@gaq Fé\ze?eﬁ ﬁ&ngﬁ%&f%@%at zﬂ@or?&é% ‘AHd %%ﬁ%d ' na.
up to 1@ribt twasintotingl[ram ﬁze’ driparticde sieg reforsdo thaeffective dpmrte@arbr [gmbrna'the size

af orenen | i st. of ain sizes is merely exenplary and not exhaustive.
Cthef sP “F‘ngﬂPaalngjé’élS ot E? HATS CORETISHPE &0H modﬁggraerhéwfr fj /& grain or
conposi bl Qe Khd 'ﬂﬁiw%&eﬁly%&fn%l%%ﬁstﬁ@ﬁ/al gqlo‘?ﬁc} RS GsE zHr'ESmQ"Hrts;ht‘Pﬂd'd?r
conponent being prepared-and its intended use,” tenperature range

stress otrdigrdnuirs . m&onalghanfolres thdi ﬂﬁmstlymfethd: yelagnigeraterhagot icempamporidnt s

tili t t h b | ud |
s i & PPt AR silletel B iRl J0Eles il BRER pob B E B it iBREG
honey coBrafffad @bl Fb&n@r Bhaafic ighetdavetiNg Al 18Rt Sigh diFir8hioht 4RKGICHIRORent
m ght particul ar benefit 30fromthe relatively smaller grain size ranges.

[ 0082] | mné“@descmdmhmm(wcmrap nWénd) cea beeﬁseéctpdiqﬁrmeeweaage mﬁwg BEAt s,

and reagt o |ncI de f oree S|ty oresa%t cate
Caacr 1 rof B R R ot 8 TR RRER i PRUE T e Wes in

the size, ozartgezgot) éﬂﬁ)tandi ?&svl&éﬁgébopm@t%umsm@ -AQARAD aphidembm, SAhSIE-to-s@fple WO
2011/ 062775PCT/ US2010/ 055423 enbodi ments, the refractory materials may have
f or med @gﬁee@ewamshgmantus@nwbr@egtalzlélty wdpaéthladgé’llmﬁon beadh. 01 to 2000 gm
and the di t f said for or es i s wWthin of _not .l ess
than 0. é(i(?ﬂ%;n aiIE d)rgar\ﬁerag% Ipfulqe %}: OTpQre 812% %tlcate orafqg%gmeawred %apor es
haviigg @as%ﬂglﬁ@iﬁﬁra&ﬂl@lﬁm@fhofi oanDtypd o BV difuet furt2éO Cizg mprw@nﬂea ab ID50tdr@lican
enbodi nents, the 5 reactor system nmay include pore sizes having a D50 pore
si ze i ndiFmeteranide R0 fcHBep0TIgHTE o BUO SIS ¢ Halbe Adernared By HuRe & feateim 5 gm
to 800 e 0 i {en es,
many. of o TGP Rk ARG URAS b Rl £pRAcl"f O Bt cBOUBnRE

| east Owh2&h gsf’r’theOﬁO%t vdlemstorOw&ggﬂﬁaomOmtvallueaeﬁ“ter Megpmmirong ahe Inﬁamuurﬂ ag  or

at | east m or. at t An upper lim¢t for fhe oth ore sjizes
pr esent “??é;%’“?fﬁcﬁl%f‘démﬁm tigg 2%gh%fntiﬁ5atﬁ VPHIBY B ag“RFC%F PSRk 06 2 @Wﬁaﬁ}mor up
to 1900 4ot n.UpSﬁﬁlla@gxngm D400 D89 re%ec’dp n% %ocgm tQ"th&!Pot 3010Q m or

up to 50 gm or up to gm or upt O gm or up to 5 gm
or up t (volzln@mr vogightgracoons efithe iﬂmclafom rpemum @mﬁumwmtThﬁf avprﬂge (Bb@)ey dng

nerely e ry and not exhaus r.sinmlar ran ore si.zes are
Userul OOR THE s oRh 0 e Bnptapt [ ieriig o sheisPiany BRERdHay oS aRliEfn: neq
by the patlok&pyai OMNPRABATIgD IR BRGH&ED %WBEM? 4R 1 14 RAERNU SEectron

t enper at ure ranges, and stress conditions. For exanple, dlnen5|onaIIY

| ar ger, nhetos¢apy (& Eﬁr@or@maye@@n pattidld siec palnes mpgseredvityt migioschpy medwdealso
ranges, din [ | | e. t4l C r a
N N A S ST S S N

del i cat ef efic ﬁusg@raﬁisraetsﬁlaﬁoama@ Bt doicghincy &k ta siwead’lﬂdwnémﬂﬂi$iﬁcﬁﬁ@ﬂmfeﬂ©d
relativel z snal [ er pore size ranges. 20[ 0082] As stated previously, in

addi ti oﬁs oW UiBC ¥t a ceranic conposi tion neeting certain oxide and

parti aI sur g

Car bur 1 007550 2 S0l R Rerol ok BRTIORS B St RS0 ah P LB o mony

| ear ned etrfbadmmntwalmg/fenech stelps angyl Iy thasspatickishaps thalaee substannaltyoi;ﬂhengal

ceram c corrosion, ddition to arresting mcro-fracture a , the
formBd SbHIMUEY tseh%‘@ iy @616?%&81?% ‘ihf‘%fl@n%ﬂ%ﬁﬁl?als%%%nﬂ%ﬁlfl}%&ng F‘%?B‘Blglo g‘;? rﬁﬁng
the 25 ¢ei@ ﬁah@ﬁéa{l' élhﬁ@ufldl Cfxﬁ?hé’d?él' gis@re sBﬁéﬂf@ai tdigerteld %ﬁl‘pﬁ’&l&élo RisRfrtcROt h
mechani cal thermal “stress concentrations (particularly wth respect to

arresti mglybﬁcaaksmpcxpalggulaom?ctartguﬂdnomghhqdwlosuatdyﬂqubraysloagstﬁgmtcb| dhathapel e
wWth respect to the hstrenthad ermal shock resjstance of t.h
vent | 96 Soepns i ptes fish BB B Trrst B8t TSPt telsh e
porosity or too nuch interconnected porosity (open pore system nmay permt
coking and infiltration of 229



30 carbon within the ceramc structure, which in turn may lead to |ocalized
ceram c corrosion cells. Surprisingly, it has been | earned that a bal ance
nmust be swouek/dsetdeen too nmuch porosity and too |ittl ePCAaSoediossy2s o t he
present invention, many suitable refractory materials may include highly
dense materials that have |less than 5 vol % residual porosity, and in other
- 31- WO1a23r1p 6 ds! SBRRbridE2Q A0k QWB@pﬁﬁbmdﬂyrbaﬁeﬁcia@sls ptdiadin% clt Yaslasng, dual
por05|ty, or less than 1 vol % residual porosity, or even su stantl al |

r esi dualdepdiye @PHgUIINP/IGHE » e oo wientity. d Lsukghpqvéfiqromawﬁag et fpbrdeation. d| es
may ben I tion
w1 o f BT AR RERA BAP ek BB P ah st b SRR F

por osi t Q. S\Murqhefafa“ow ttss Shap? Oy ed nhI&qurefEratbfy At than {5exGhiihd twihagwhesillyengt h
as conpared to residual rosit also linmted carbon p ation_as
Conpar eampeth%évrﬁ%@ﬁ Bt GEPttgP ?Ff%wﬁ awemaﬁlieg&oe%rﬁwa. RIS Mg IR

por es, _ Weldaeha¥ac afthofiéa) shidcrorl Y8 s AmfRRicH] AR RficdobRRl wheRsn At he
D50 grain size of e refratory mat eri a ny ot her” enbodi nents, the

f or ned pbrp@mthavthr@ O5@nsioaatspece (R1) avhsilzare raaﬁgaedlsthnder Rrfromota ﬂb@slspd.ntta]f t he
D50 grai,n size o

10r ef t | th
oo r iy b Phee dF j pesupicped s Y o s st The bR or'y

mat eri alof 6 QAR i§ e AiBIoNSts Wngébtt dxliPho i@ shbktbdtiaRisS VBH dsh @@ datfePFPQuitAeti€al 9. |
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25 The size preference may be determined by the particular component being prepared and its
intended use, temperature ranges, and stress conditions. For example, dimensionally larger,
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ranges, while more intricate or delicate components such as thin-walled honeycomb
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30  from the relatively smaller grain size ranges.

[0081] In some embodiments, the inventive refractory material, components, and reactor

systems may include formed porosity pores (vacated (sacrificial), filled (durable), or partially

filled) having a D50 pores in the size range of not less than 0.01um up to 4000 um. In other
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porosity and too little. According to the present invention, many suitable refractory materials

may include highly dense materials that have less than 5 vol% residual porosity, and in other
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as up t@taﬂ;ﬁﬁ@@corhﬁ&ﬁﬁ, (e, With 8 eRRalestbb db BREdSa, auﬁrdoﬁla%zﬂﬁl(fzed%nﬁﬁhhdl al arly
as conpared to PI’I or art refract or%/ and t her nal conponents and reactors.
Such at oHiepstiEdlogriapicopdrtilas Sﬁ"ét? legabodingngs wehige sene £oraed PoEBEY grlict hat
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inrelati scal e applications t were previously not
econem wshsta)rce ﬂoen:dsfns ofh Isyglalyhpc&vmd)resoniemhpapcbmau tanmid bely)\Rreferably having
2011/ 0627 75PCT/{ US2010/ 055423 heat sitiabl e, forned cer Cc conponents,
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applications. It is believed that the inproved conbination of properties
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singhe &bystat bidieuprio ¥ Y60y Sthalubindevarious combinations of ranges thercof. More
importantly however from the standpoint of preventing ceramic corrosion problems, the
inventive material or compositions may have a maximum total porosity value, such as up to
10 vol%, or up to 15 vol%, or up to 20 vol%, or up to 25 vol%, or up to 30 vol%, or up to 40
vol%, or up to 50 vol%, or perhaps in some embodiments even up to 60 vol%, based upon the
25 bulk volume of the inventive material. The total porosity range of 4 to 60 vol% as used
herein is defined for the limited purpose of preventing carburization and carbide-oxide
ceramic corrosion, with the desired, more specific narrower porosity range defined after
consideration of other performance properties such as but not limited to strength and thermal
shock resistance. For porous embodiments, a suitable total porosity range may be from 4 to
30 60 vol%, or from 4 to 40 vol%, or from 5 to 35 vol%.
[0084] Fully dense or highly dense refractory materials according to the present invention
may enjoy the benefit of limiting carbon permeation and resistance thermal distortions, but

may over prolonged use be susceptible to ceramic corrosion induced micro-fracturing. The
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30 grains are substantially evenly disbursed within the first grains. In
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40 or 1Q{sterns thid ciiriedRdach TreintPordpideicrdin bY tefofentd® tBOettbntsiot Gicandistent
stabilized zirconia may be 800 or 500 or 200 or 100 or 50 umin dianeter.
The | owdithdhisdnygngipRat i on however, for the second grain nmode, including the
| matigRaior The IEREr Kkl SHEOMMANSMlccDIthie] SRchREr Gldinels? FABN! ent
with size mtatio or the other particle size limtations and ranges
pert ai nicrygtalmet breucsw@epndpgved rflaxocd sarogths aad Dbgh deraparstare ¢Bpabilifp of the
2011/ 062775RPCT/ US2010/ 055423 of at |east O (%pgm and soneti Sg,rg'r eL‘er ably
at | eastiENHVGERMPASH s cogmenets.Agfdeaciins phihgipyenent iy gtion ey 1dp evatang
merely exeimp Ql('ijl}{ dRcRrdlly Q@gﬁhes@@ﬂgl irrE?E‘lrri]c.al |MhTﬁiaPlé§ndﬁHQI$§ afRgnReRuRdA! |y

defined graih distributi'ons are also within the scope of the present

i nvent i dA00Y hartdhleigkerosurdrasmpdie 10100Yr.al SO0UT sarrin samic ambogd paents, sipi to 200€°@Gr ai n
di stribution sizes are within substanti.all ny of the |listed grain size
. oobs gt Rl A ho Rt dp b el ARl i Bhnclind RGBTSR
enbodi Manfibuted AROFDHAiIBRMYy EoHAGH FBApSncrtgd RhFGURIL Y afBdpRick *bn EARBARAISES A
mul tinodal (e.g., binodal) grain size distribution including a first grain
node an@efgacgg@gn@pdg@éﬁon fqg@l@t@‘ge upre of processes in relatively large scale commercia

applications that were previously not economical or technically achievable. In particular, the
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D50 grain size of said first grain node is not less than three tines the
D50 grain size of said 10 second grain node, wherein said fornmed pores have
a D50 di aweteri/iear7a si ze range of from not | ess than t hecDaB2goari2si ze of
said second grain node up to two tinmes the D50 grain size of said first
grain node. In other enbodi nents, the fornmed pores have a D50 dianeter in a
range ohedtr o@bROtfotrgss cbladfic loomponb®s, tdietdnROa@t Précesics em@% filte pReta
(smaller) grain node up four tines the D50 grain size of the second grain
node. 13PRIOVLUPNA inokeiining tehecheruead ehapicl pipcessige #nd gpthfn higihs tmnstatiisn may
i ncl ude Wt 0. i i 0

first g}%eﬁlﬁmp 1}[11:%%1?(2155: %ﬁg%ﬁg&ﬁgﬁaﬁg{hﬁ 1?1|p g(gregxcg)rrp %ﬁl:ag %&g?rﬁgsdpﬁoﬁﬁguti on
t hat i natecodéiag fto dma fredont Bi3clot e ofaysfacitinnde gsramorgd stividegeeriadd ob@rehior 8Anwt %
of first grain part"?cl es. Yet an%her non-1lim E_i ng%]gxarrpl eis agrain

di st i bt RIHZMPICAVERAE 9 PR 10 ¥EarB e 10005 YPLEUEWAd grain particles and
20 to 9 0 Of pifd Skt LRRALI] GleSithedt ki a SHi t.am :

non- | i m??(lmr?g englréplpéhg?&ag%?%rgglgl E%fr g):enélctjlilegt %llh lﬁt ?@%ﬁlﬁglg I Etﬂe@b}%}lst&gh%% wt %
of fi r stPobrcaistdlines gchnasrdumadeoof manyt edaliey eryBDBDitgramtiihc verysigz eriefitaBon.gm

and 70 80 % of second, graji.ns, such as, hut not limted tqQ a

a1 of Py bars 8f R eanRS bRl uReE feledhe fiet it B ey Brgidgnd

bi nodal sBiabd) fiicitdnidRiidhed, indCipHelediz3@ 19 ofd foMn%aiRf grhink Site MratcdUl as
but not limted to a D50 particle size of 30 gm and 60 to 70 wt % of 25
secdhd @midred powden vdschhift prastuced iyt speas dran®OId P ansncasien gonsistyig of Jingm
Anot her sui,t abl e, non-Jimti xampl.e.qof .a bi npdal rain.distributd o
el ugeobtE And orlf bl L EXAIRL Qe DL BEMer g0 A IneBN1S B AR
parti cl angcagh&f, witclgitiprédided By tfiasiddinr¥ofeihass ead drghaigns, the bsld bhsckbuh not
limted to a D50 particle size o gm Another suitable, non-limting

f 0.3, ,
exanpl e St agotheiéyg) ofthsi Hsdpure.itheraps pisciphawdized. sushay Ryt etpBrizatiopaf
grai ns, 0 i m i . S and 1
Yo 15 BB inedtblasit hidh{ 0 bitafe B RRA i3 SRpRloal O, 2751 2
of Q53 ¢Ma89Yet kmrokHerm,3hk inabhtée mfractbiymiterig aad aompbenats mapbapatahredibgi n
di stributi o%ci ncl ude%Ti]%4 to 99 wt % of fi 'i'St‘ rains, such as but not |imted

to a WOTPOLECHERR7ESETALR2GYEN 085458 0 iBUicHi 1 0By Fuiogr! SETARHE BAYMIL to 6
wt % of %%Qﬁ@mg{n%' B peatelsi®s dBuhidies, kim ﬁl%gn%on@llﬂ?é,o p_{%%&ih% Chi€ eRtrdfn@f 0.3
um [0095] Ot her Key materials propertieS have Deen previously identified as
havi ng singariniand repolimg emipbnydeg fsortars pgrmnatarabsdi svetabls cofanmih @owdereamdiagnnder

particularly with regard to the.5 i gh-severi t erf ormance .§0

Dot r act 6Py iate e SR e BmaRig. { TheobaBrb e eind R (R g origif Mhor

cor rgspAnhibRYagent)t i Préfetablyf BlenddPinte @l Gfeti Mixh@t'get tealpprdphi@fc BhcdOgRSSes;
nanely, thermal shock resistance and nechanical flexural strength (nodul us
of rupt graaufacioReproashieraverbpdstened crushite aslcpiiayipgthe|shapa and grain size of
crystal li ne m . S L hi, gh t al so
i nport an &aﬁ{éte?flﬁgt Cgegéagloﬁ@?%%rstéy S\%% bgeﬁoégfqﬁ %%%ﬁajglﬁt%&g%roﬁg%pe Q%S)a%%%gm' C
mat er i alpsrasity e fokMin@Nprapatics autions biRahendib®nf etridw Mbhairasatngf

t hese key and ot her properties over the useful life of the ceramc
conponeRtONsHy Alubingeand, pracassing additiveshind aggni Fepsrampls. Mis HYQionimee

| ongevi i L 1 . i .

factar s Hod pEHAMEE SRRICL RS kb QTRRBEEL GRS nfly edITR e o IRRIA Bbhe,
sui t abl prdseinrei df ahedgoacrpgudstichnustthamet ar heptbise fohartimd sighicickt toessbsebiatly and
mechani cal 15  flexural strength_over_a suitable lif.e span by no

pr emat ufimrsa&&r%’ﬂﬁas Breagha goifﬁﬁe%f?%vsf?apm%gyé?%?%ﬁg ,Ca%la%ﬁé%eé e to

oss of &bl KiIBetsiANGH: Qg Hind Mardd bRt denaan oPHifle, THRNR! Afler
I nventi ons | ncor porate partl cular features that function to nmaintain or

pr eser veowder andykquadd imag bstratovéd ynd theenitiet ohwolek driedidacdoe a dadr form,

mechani cal fJlexural, strength, and,_possi ofher rel ated, properties,. for
Tt ehtodnetd St FnEadilae SPOaRERRE Tottl Y ot ST E B b 6B hinkor
nor e of "sieeh bBdPPR thdreSintefed Rt &hp@hrdsagidt Mehst NFOOPCVRAtdoMENdHTIL S 1ty abduite

and/or ceram c corrosion resistance features. [0096] Regarding the two
above- r éB@Yéntos @t least tpe pTiBHARBRS OfeD purtimesstypictlherargingsiiere jabout 10 minutes

to about two hours and in some applications even up to 4 hours. The sintering operation may
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resi stance and nmechani cal flexural strength), thermal shock resistance of a
ceram c conponent can be defined as the nmaxi mum change in tenperature that
t he mat erweal20tizwe2?25 wit hstand without failure or excessipeg/usammeyss423her mal
shock resistance is an eval uated paraneter but not a material property.
Description of thermal shock resistance may depend upon the type of thermnal
cycle, oompaoamdd Geanetitizingadhospiced)gtducas; milokplase, Wt i@t @mdphdt oRelrdti es
or factors, Sinplified mathematical expressions relying upon a variety of
assunpt ABYWEeNE RFesHEC 9§ agderovageaer ifise crample; Hic prediping ramnewharfdenuldbg et af

Conl 1 A0SR RLARLPHEL o UG I B TEA R Ao IEP: M BE DL o
anal ysi She Houeuey atnfosphen® ttempahsirg eint dilnesmegonmenpanays elvo prtrqiose sccoadary
Tt Sl SR DB P bt B el By
wat er VIR 20008807 BPRTALBR0L0408 242N EDE o RXRSLL TERbS) SUCTSutier. the

TM C15 I k d ge result

illustrated In AS 25. "Thermal shoc ana from bui | dup of
t her mal satmtepbydyi sallostd éssed, typsaly Ity ambienhgpndapind. Adatcoolgngrata mpy dlso

[ 0097] E I .1 ASTM C1525 t | hock i st t est
ot hoa e PRI % A i e O R LT A Pl BT BT, of 5 ¢ ot
speci menoded] 9. . Inl sorhe XHBDdiBEOMEr the PFesént2inRbStBnX ikl RIS Mofarlic3 26MpSsitiise)

froman el evated tenperature (e.az., 1100C) into a water bath at room

t enper athaviag aAinge made er "ma ggratthezes@eteibieen,ios adepssatialhdnon-modally-

dye- pengf, 11?e§d99rota8 'ra‘i‘ées?&e' U r?bul%l%%h of %eé‘ub%{a%g&ﬂyoss%glec E;\r;%%{ Rize T Bloib RS ANGS:
Zygl o(r) "wat'er washabl e"dye penettant's” may be ‘used. he~zirconi a’sanpl es

are typiceablntivdy tigeresf. yahl etver Rhibodiy@ityr ¥ presend Mivatitidnd aRheles oderahic
cracks and helps differentiate cracks from background or grain 10
boundar C@3PONBeHIHY IR Mykineddyd (5 &gbimedal mapdali ¢fe) grain disHibugipaciadiasgt h

per uni i speci gan -kno i - de i.ned
by scansragtisylt, SREReRCHOIR AARST M Aok for Bk @RS o orRfing Rkl
backed upcaiii borvpasitddnscordf appamtusamatlaye tekistiteetohuiida@mnbidd beramleatrrosivingthe

scanner resojutiaqn or magnification is ? nerally not critical, e%a% from

as | ow R&UCHMEERR Sfryces i G sdovapb snsidgraiiqnabing is e BYpg ity Stahilizgs) (8- o

differ _e@,%th@}, thelmindRlim@lon&dndaksn {He%‘f,r%ﬁ%r&‘éﬁbl} Q4Rd %ﬁtﬁﬁled%’érd’éﬁtﬁr *i’an%@y
specifiéd paraneter, the value determ ned nmust be made over 'a suificiently

| ar ge r ¢¢09h t ollpr grésdet ansmaibhsisi mat |lymigesirid mepemsdait at i onltiofodehegrant i r e
sanple. [The total crack length per unit area may bhe determ ned over such
ren by dRUgMEGE s BRdss artrEly M lr oS e reD T R aS e 8

col I,gct ichdiz4tRANES Rt m@hSd el St iheadin, Yand QeTrab RO 1@ inc dIMpOh ScAARRRAGRL MRY
be studied or one or nore 20 re1g| ons may be eval uated. The studied or

r el evanexhibyiaskgrsiarions fpsrapitopesiosmapeeneiopcitiay sveh eohyt det baited te stipationt "
for tesﬁheﬁ’fﬁﬁp%ﬁc?% Eeesﬁs;?@ e, ﬁQx99ﬁa%b’{<i'zédo%' PRI ' 5’&{1& re%fo‘%%irﬁ&%?f%ﬁ%d 'n
a test speclnmen, e ermal” shock™ resi stanc or a particular regron or

conponentvdiitypcbes poysial ipzefdrmaaide qitapdriiad hvdby cliaadt@thtics WE hh@sndterum (3.g(,t he
| east resistance) to 5 (the npst resistance) as summari zed, hereunder: 251:
Open cr g@yggrabﬁ@eqﬁlhﬁn@ thpzmgl shogkrgsistance) may be enhanced or realized in part from

25 close packing of the ceramic grains. For example, in a multimodal embodiments, one mode
of a bimodal grain distribution may have a D50 first grain particle size in the range of from 5
to 2000 um, or from 5 to 800 um; and the second grain mode of grain distribution, including
the preservative component, has a D50 particle size in the range of from at least about 0.01
um to not larger than one-fourth (1/4) of the D50 grain size of the first grain. The second

30 grains are substantially evenly disbursed within the first grains. In other exemplary
embodiments, the second grains may have a D50 size value that ranges from 0.01 to 100 um.
In other embodiments, for example, the second mode grains may include a D50 size value

that ranges from 0.05 to 44 pum, while in still other embodiments the second mode grains
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2: Many closed cracks. 3: Sone closed cracks. 4: Little closed cracks. 5:
No cracks. 30[0099] The appearance of various degrees of cracking in rapidly
guenched wpreoarica77speci nens or conponents and their cor PesasaEiNG423
qualitative, normalized thermal shock resistance (NTSR) value from1l to 5
are illustrated in Figure 1. Arating of 1 is |least acceptable while a

rating @hvda DSONRRLvaARCAR RRL&. froh®.0%ee) imdi R lcRE@flc] VAT divif deasmOfiet | ONs
will typically produce a nornalized NTSR rating of 3, 4, and 5. To quantlfy

35pr ope rh"lssttgyalmfqule acdkyshagb 8 d¥50exizal thataranges froeh 26 o2 mreswbtlaﬁxwotregiondlng
speci nen, penetrated WO 2011/ 062775PCT/ us2 10/ 055423 sanpl es were
opti cal |S§ﬁ0§éa%%dn dney Bnge e 0 924A 3Gl Wnil)dther «Bbpsliments <8 segand

progra rd:rlg%lo%é%@] ificlufe 5%5@' av%fa%% ik %rf'egﬁ&ergfdl’t )gi‘gytetr tl?inb?weogl fithke HBH ts1ze

speci e sured by use conmmerci a avai ge anal ysi s
sof t war ef the. @rresgdnelimextingt glrannmlaﬁe assareepembemnients'lfh@lDéOB;zeacrfctheﬁne esplendi ng
generally . with the illustratiyv es of. Figure 1. IyS|s
S vy &t i o s Bt Bt e BP0 e 0F 5 Bih o e Uy O RGeSt

crack | gpgblic®for Hﬁa"gnﬁﬁ?@&brﬁﬁ[br)thé‘f%‘eﬁ‘r@t gr‘alﬂ ﬁh%Hé)aWh‘{l@ 1§>6€’r{&9|e%§>081mé’1‘1@§ ﬂi‘é' i zed
thermal shock resistance (NTSR) index or rating, ranked from1l to 5. NISR

| ndex ME¥Owizsbftthe sdcond gukn medgnll generally be less than about two orders of rnagmtude

smaller than the D50 size of the first grain mode (e.g., the second grains are sometimes not
10 larger than about 100 times smaller than the D50 diameter of the first grains).
[0092] For still other various exemplary embodiments, the D50 lower limit of the second
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 second 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
15 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 um. The stabilized zirconia and stabilizer grains that are of at least about 0.1um
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 second grain mode
20  of many embodiments of the subject invention might not include nanoparticle D50 size grit,
unless such mode is purposefully introduced into and mixed with the coarse and second grain
modes as a third or other mode, or as a secondary oxide. Commonly, nanoparticle modes of
zirconia or stabilizer may generally only be considered as the second grain mode of the
multimode structure when such grains are of sufficient presence to combine with each other
25 to provide a second grain mode after sintering that provides mode grains of at least 0.01um
after sintering and more preferably at least 0.1 um after sintering. The D50 upper limit of the
second grain mode, including the preservative component particles, may be 500 or 100 or 44
or 20 or 15 or 10 or 5 or 1 um in diameter. The D50 lower limit of the first 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
30 first grain stabilized zirconia may be 800 or 500 or 200 or 100 or 50 um in diameter. The
lower size limitation however, for the second grain mode, including the limitation for the
preservative component particles therein, is consistent with size limitations for the other
particle size limitations and ranges pertaining to the second grain mode and is a D50 diameter
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per unit area (cmicnR) Criteria of total crack length (cmcnR) 1 81.2 >50 2
25.6 >20 - <50 3 16.5 > 5 - <20 4 3.5 >1 - <5 5
WO 2011/062775 PCT/US2010/055423

of at least 0.01 pum, and sometimes preferably at least 0.1 um. "First" and "second" grain
sizes referenced above are merely exemplary to a bi-modal embodiment. Numerous modes
and non-modally defined grain distributions are also within the scope of the present
invention. In these other mode or grain distribution types, suitable grain distribution sizes are
5 within substantially any of the listed grain size ranges discussed with respect to the
exemplary "first" and "second" grain embodiments.
[0093] In many embodiments, the refractory material comprises a multimodal (e.g.,
bimodal) grain size distribution including a first grain mode and a second grain mode, the
D50 grain size of said first grain mode is not less than three times the D50 grain size of said

10  second grain mode, wherein said formed pores have a D50 diameter in a size range of from
not less than the D50 grain size of said second grain mode up to two times the D50 grain size
of said first grain mode. In other embodiments, the formed pores have a D50 diameter in a
range of from not less than 1.5 times the D50 grain size of the second (smaller) grain mode
up four times the D50 grain size of the second grain mode.

15 [0094] A non-limiting example of a multimodal grain distribution may include from 1 to
20 wt% of second grain particles and 80 to 99 wt% of first grain particles. Another non-
limiting example is a grain distribution that includes from 1 to 50 wt% of second grain
particles and 50 to 99 wt% of first grain particles. Yet another non-limiting example is a grain
distribution that includes from 1 to 80 wt% of second grain particles and 20 to 99 wt% of first

20  grain particles. Still another suitable, non-limiting example of a bimodal grain distribution
includes 20 to 30 wt% of first grains, such as but not limited to a D50 particle size of 30 um,
and 70 to 80 wt% of second grains, such as but not limited to a D50 particle size of 0.3 um.
Another suitable, non-limiting example of a bimodal grain distribution includes 30 to 40 wt%
of first grains, such as but not limited to a D50 particle size of 30 um, and 60 to 70 wt% of

25 second grains, such as but not limited to a D50 particle size of 0.3 um. Another suitable,
non-limiting example of a bimodal grain distribution includes 50 to 70 wt% of first grains,
such as but not limited to a D50 particle size of 30 um, and 30 to 50 wt% of second grains,
such as but not limited to a D50 particle size of 0.3 um. Another suitable, non-limiting
example of a bimodal grain distribution includes 85 to 99 wt% of first grains, such as but not

30 limited to a D50 particle size of 30 um, and 1 to 15 wt% of second grains, such as but not
limited to a D50 particle size of 0.3 um. Yet another suitable, non-limiting example of a

bimodal grain distribution includes 94 to 99 wt% of first grains, such as but not limited to a
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0.01 <1 10 [00100] The inventive refractory materials and conponents
preferably denonstrate a total crack length per unit area after quenching a
t est specwoeniigf2t’ie i nventive material from 1100C i nt oPaTWESE0/ bR at
roomtenperature that is not greater than 5 cmcnR; that is it preferably
has a NTSR of at least 4. Still nore preferably, the stabilized refractory
mat er i alppolfart@élsic@ PN andi td Bindod sT%eENdAS it RIS he RitRodlindkdko £D30K

| ength per unit area after quenching a test specinmen of the stabilized
refract q)alylcg:ra:cbsafi]}pmm a at 1100C into a wat er bath at room terrper ature
that is re pr fer not. reater .th cm cn?; . t hat referably
has a NHOHSHs VoGt RUSO i A I M PSR, ey o
conmponeRios; ANt ﬁ%&aﬁém& ok 8GkodiRRALT thinQXARYS pticHadyvetibeg d%urto the
preferably not greater 20 than 20 cnfcn®, thus haV| ng a correspondl ng NTSR
of 35 or highgieaerity Tiivaformaessdeldsapp Féftratary materiads pih gsranties mapygelysfs Ia@@eq@t abI e
crack length.. Thus teri. .accordi.ng. to. the pres ventian inc

Chose na0f NG TSPt BT S otrthER ichoiol GBS Fprmis HERSRT LY

her ei n. tH@RA0TocRSresiBtanéO b nigdh AT flextia? t@dgtht (ARVIIRIs Shaglure,eNIORance
can be assessed by 25 measuring the reduction in flexural strength (MOR)

pr oduc e @thsr nreRsardcse sehcaibhgnesflinpitash to cpeséd id/scheaagad gtabiditn atdhigh teamgéatuiﬁ
tenper at GES%@{ 3 Era%) éﬁan‘i Qﬁgr Oﬁtfﬁ?&&é d%'llg&l SeRbtid % ab@%@ﬂﬁﬂeon

regardi ng qu FVe measur enen r 81 st ritical
t enper aterami¢ Marall orrmynpogerde f@ram appticdripna Retdumtn onmaintdnhgceaathedel keyur al
strength é)f a determ ned aﬂvunt hf%gh s for exanple, at le st 30%
However an¢ QEGF QERPBESO Y5 the apehit HESTRARIC COMRABERISMAR OGS Y Pically

result RES i
2011/ 06%75%;%’%)2{0 Sy Euet Cel?%%l%@ﬁ%%&?%&ﬂ? teﬁ%érsﬁggoegg}gﬁlg’ e of thent ch

bet ween nost mmpomuhfestorsFisrthhecrrystaﬂdihes/scltehécetl&ablhsz atehxghttenhpseunesal Tthenes,
the test . i inits a vely determ

| titat
e S oty i Pompinenr et i Jo abei, hock S beeRa methenicsl; | o
prefier r edxiMpttrbdlgh tRSE Al mfa%eﬁfeegpén%ﬁnﬁh Yﬁ@mﬁﬂﬂﬁe&fc{e%@afdnfgf of W@lérgoing

t enperature shocks, such as may be experienced in 5a regenerative reactor
[ 00102] cpistad liresr altcea}wpemmrmm@ do hose 9é rstaimlizsr fndeoadusl toytartedﬁgohde ghiretiocan be

measur ed. b bendi n sts a ust STM The test
Spoct e i T AR e B G A RN Rinlif (Ml o prti B3
SuUppor t gryistullehCRURNES HeBNalt DStk PRBENGE-anl tmdchakiedltfldRMral b@e@jﬂplama zpbmmyof
force, at md-span, to the opposite face of the bar fromthat resting o

the 10 ofhst ﬁlpts@rptf@em%equé%ﬁnﬁed peieds qfira as cempayd 0 the; mS@flwﬂlrm@rof
(i d%ﬂt : %ﬁ%r o&@@ﬁrﬁltcﬂ?f%%% ifma rﬁﬁsﬁﬁg%hgg{% ﬁQ&ﬁﬁ@%&%sh%ﬁvygﬁd/& éepﬁn

speci nen g ro nsi ons o e specl nen, nd the
test spaorrasien tissthintofeealreul ate flexural strength. [00103] As a ceranlc

material s heated, .its density typically increases as a result of residual
pore shiffhge Rererdine fetny mheerh @R ke BHHQBHNEY PEWEtHeatth er@aLebé}c ng

may resyldstddle and mechanical flexural strength), thermal shock resistance of a ceramic
component can be defined as the maximum change in temperature that the material can

25 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 performance under a set of conditions.

30 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
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15 sone of the ceramic crystals or conponents therein nelting or undergoing
ot her high tenperature fusion or shrinkage, resulting in a slight decrease
i n bul k wsbuns/oeb176 Wi th an increase in conponent stren@Ch/USTNOO554a3 a
ceramic is heated, its MOR or nechanical flexural strength may typically

al so correspondingly increase slightly. However, when the hot ceramc is
subj ect gderdch dxprxhentebychGidiitkstraedlih AGTN @82 RS THértnalWeiRk dabh@pe fushlgs frer ess
20 fractures may be introduced thereby causing a weakening or reduction in
t he nechaiduef thersal and plgtsr%hﬁijﬁseswa%ﬁwwp@rheéﬁng peramdi copleglal  gr ai ns
A0 Lne 1 BRTRS, o SR 1 ALHAC SHALREIIONGER el durlcl 181 Bl $5i14Y Bfinc
structu at provi e i nproved stren stress dissipati and
handl i n@xpdmneamﬂqrrlmtplesf rapid quyndhing bﬁerteﬁl sp@tms(erge,sl'lmléxﬂd&" sqiaee, (rer am c
corrosign resistance features prevent degradation of these desirable

pr opér t Pe¥emhpdem X0k Az sauaiy EIr3n ssvetediteraperpon G4y M0 Mortaa v atHer mal
Shock. PRARSH o ALHESARL Ak NSEREARCIXNAINSS, SRLERM Bedhaldlee o
det er m matinstigdte rhiotte dpeiuraatii doscaxqaskst e Fof ihdiencs] mygro@dwamﬁpmhaﬁle tdye
anneal i ng tengg%at§ges i n %f es? oL.lSOO : uchlgs in excesg of 1600C or at
|h east 1888 iy t«fa fugpd-ne | fAgENIAHEMP ?ué};taé Phophitt cey ]é%wdl rqyﬁfﬂ
erein. er
ot ove PRe et e P ek GRS RTr SRR T oRRESRA K ddh
conponebsndangs.r M@th@d’ssfoasietcmqmargaﬂletcmmsmmvemrdpw craek lafgtle peonnigiareal in
sinterin%. After such kanneallgig" ﬁf t he SE% d cqgggpent such as at
t enper attiresPFATER HE KBV Wo E137 0857 22 8 08Hve rU R Cus e
t enper afewe@@mwgmg%%ega&mgﬂleqé@pd Sl drEsRREsRKE €p Qﬂithazﬁsuhp@o%tﬁn%@&w # two
hours, the formed ceram ¢ conponent according to this invention w
denonst teshaiciny s deadropésy ssenngy rasolufieni errmagnehgrsiontisigendrallyt e qrmqgle e@f, from
a1 so dofnsEy BREESrPRER Ao TR RG IR b Raf PRI s L TR RE bl v
?t |1@(3-Z;210tl1@1 K]?Sks tf)ri@ﬁd nﬁiirf)\glrﬁﬁ l?)uhhz&%dgm Aiii_ E\Qﬁlk/él%?ﬁp‘é&iﬁ@@lq)afﬁhétﬂg tﬁé vfatuelheast
our prefera east five : e exural strength of the
r ef r act GEITTRRES MPEt %6fm@¢ﬁ @qurﬂ/élfffﬁickﬁ‘fﬁzléd%rg? EaRIPR O @é%%érﬁtaélsae%br tung to
LS T TNGRLLARGSHOYUA U OCEANEL 16090k BE Akt B B PR dbhlP)
?nbl Ent totzemm&haami ‘?y g@%g@ﬁm’rgl‘@dl\?ﬁragmgmti ahmrga:bbﬁ/srgalmneglohspﬂra: ﬁollébfiﬁelgua: I
o abou a en ered conpone urt her ermal |y
condi ti 6??6%?63%&?“3%“&‘/ SP%‘H\Q%%I% gn\ﬁfhaﬁé’HHWPﬂﬁlt(f%aYgQ? S%la’ﬁ dArédy qrgnore
opergt i RGGANHL} bOBudrQl. PRATRISd of Fé‘?evtaﬁ@ﬂ’egﬁlngﬁ QR et W RdlE B8m en@fﬁag'ble
reheati ng the conponent to a tenperature in"a range such as from 1500C to
1800C omomﬂwnabs"@mmnmamWﬁm¢%ﬂ®0@m&$dmpnn3|ngly, many of the inventive

conpone outjnel. dennns.ra e a of at ast 6 kpsi (41.3 fter
o o s hps] po e GEARER Y, O S el i Bt sronbhe s DG ak
shock T e&i#4RBGEr & 9&ﬂu@glapfeg4on W Edmpsoneht MERLE nbBNAIAd Iafid GBEIREBIN AL dedied el n
as a mniml MOR and shock resistance properties that are necessary across

t he requiehess fhrmoddthedenst tﬂswta@ﬂq)é@ at(theanaspraststange kas spmovirided hgeundsrg- t er m
conqgr0|al utilization of e%%gggrgﬁynsn Mog&ylac chem stry processes,
over~a desired life cycle dﬁp he corrosion

resi stance 20 conponent of |%V% TR functlons to prol ong these
properties of the conponent>: OFﬁl Fw finge of acceptability,
correspondi ngly extending fhéJ%@ékﬁP Fieeks. of the conponent and process. |f
desired, the effect of Iong5dﬁT@?@@n MOR changes nmay al so be evaluated to
det epni He09bnmeFied appewncakbif] varous sdeghecasoft eracVinR iafapid]y slayndhod mcampl e,

one nmonth of cyclic ro SSi anneal in Th onponen par at us of
The SubfBEIMPIN EherBROVDE Rehauir Sodrso it ctafufe praTild MeatRh itk on
for ther&ﬁhﬁ%@ﬂbﬂﬁmﬂpﬂﬂ&ﬁhﬁnﬁmQo&pﬁﬁfﬂhﬁﬁa@@%ﬁmﬂg&QGI|QNthﬁ@@f]M@ﬁbam
previously available in the art. [00105] In one aspect, this invention

i ncl udegoeeptabla adtilsr ¢ rasiner PRIS, is UBest nedceptible. hélihen@e@ppldlsﬁ&sr:@nlnwntwﬁe
aspect fgﬁlpés'ﬁ&o&" i c%ﬁ§$?§£¥é ‘éenohlﬂg LY N”Pé’l&c%%é{%gr 3t3€ Catn r a %O%tﬂ?e o,

such as conponent’s or pyro yZing a oca on fee
pet el eppehsitii 8 cracks observed in a thermal shock resistance test specnnen dye penetrated
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30 hydrocarbon gas, carbon black feeds, and/or coal). In other aspects,
this invention may be utilized for pyrolyzing or otherwi se thermally
processi yovarliwawsf eedst ocks ot her than hydrocarbon fe@d3/ustolaiogis23
tenperature, such as but not limted to other high tenperature chem cal
processes, reactions, such as but not limted to using various oxidizabl e,
fl ammblsﬁnplem&e Zldpﬁ@@l%Y 6bdiatd Und0dd) Lok &3 af Oififugs t dIﬁl}%lS esmpitbe sufrware
thermally reactive materials, whether solid, |iquid, Al t hough the
i nvent i @éogmler Fen §X3émée,u% dotal crck lewthtr@rm@#ta@rswi ths tq_@%@@@lﬂl@ﬂﬁ@% by
aI SO be I kg 0

hydroc 841 egg ?Mgesljcugg&v%lga!rggel %ﬁaltgg g ? Qgédﬁ\g%ﬂga%g Cg-%&l}%]g l’?crllePE’
vi rtual ly r@mytedjly[dﬂ“@biarﬂmna@ene@oﬁdiﬁg gamialrlmyvnalth@llﬁlstrmdmelgsybﬁhgntei Bl ly

car bonac s.feeds ch jte or co | ar.y . hydr ocar bon

pyr oPys.@F&éa%%eofaa StSh%?tWﬁgQ/ Iﬁﬂ%t%ﬁr? éGP aﬂwa'é%ﬁ? roc%%nﬂrlﬁy e (8194 t he
present .}y éﬁ?t thé( &hdy) conprises but are not limted to one or nore
hydr ocar bons thane et hane, propane, butane, naphthas, gas oils,

condensat es, km Iheﬁtaiting emmpleﬁbmnwlitﬁﬂdh@whdmkeesimmher -Tr opsch
i quids, al cohol s, di sti(NESR), ind¢xooratiicg ratkedyonghso Hi |, st eam cracked gas
oil 10 and residues, crude oil, crude oil fractions, atnospheric pipestill
bottons, vacuum [)W%I | [stMeaan®l tbiacdrattlilanghbpt ¢ asms ofh@@\yacRdn- vi r gi n
hydrocarbon strea A ef | e hi€Srea (caddmiin gaS Gdnk, (cthow)sul |f ur waxy

resi due, heavy waxes, 1coal|, graphitge, coke, tar, carbsn bl ack feeds,

at nospheri c resi due, heavyl resi duejhydrocarboph feedsgy-and conbi nati ons

t hereof Undesiralple Tgactijons, soligs and nonfvol ati§ eggcontdi ned in the
feedstreans may Optiopally I5 be rejipved by OpNEe or {pres separjation

t echni ques, priof to teedijng a vol gjZzabl e 1rgction iquo the |reactor.
Dilygnts or other—additives, suchi as put not rimted to steam water,

nmet hane, and hydrogen, may al so be included within the feedstreans. [00106]
Thi s i ny@0it00opn ThIB:ﬂnueiﬁiafehafradtsryrrnﬁteﬂizilsrhhdadorhponwfs otfecabigpderarissateaptoeal at us,

reactors, d net hods. discl osed in .various, previous patent applications,
t he ent iCFaéEgelEﬁnEé’SE N GIEE 2 |‘E’ﬁn§}1’ég et e Tardi ‘?ﬁ‘e BE}Vﬁ}n&f’%r‘”&%@@?aﬁom

i ncl udi de) ; [ I Lt RO iql cgrperi; 23,
2005, ¢ 10158 PRl 63h o loafitBbertdth KAt el o SHCRERHIR g
appl i catp'referalsl@rhaala NiLSibef atlltdsH 39 %Mknoﬁelﬁrefdralbgcﬁmmablﬁﬁed 2f108orytindteaals

" Cont roI I Conmbustion for Regenerative Reactars; US appl icatj on

serill Plpfﬁl?lﬁw%tﬁlis iveniden BSMERTEYC 21 fotal pergek tl?ptgﬂéd’er M¥ithagga after

Conver si t:1.on al
nuntber ﬂ%%%&%%% P 36y ge bbby SRR R REPIOCE B SR P o
of Hydr badr haﬁoﬁeteﬂ@bmaks thantio nidirg Ipeerfefdalyunaot Hy citarc thady dn&n/cminthaU& padrent
applicatiaon er 12/467, 832, ed 18 , 2009, titled "Pyrolysis
React o PATEPSaRS Al NELHoks. HO"T‘Fﬁéﬁ‘éef% RS AR S A _

di scl osgg g&ﬁ&%@?&@rﬁé‘ﬁs‘tﬁteﬂ&%l{r%ﬁ;ﬁgﬁl éx%ss@frsoérﬂ/%hlﬂgoﬁﬁpé éf-e%f% s In

reverse fl ow regenerative pyroly reactors, 301 ncl udi deft grre
contost itlom %)mzin/cmﬁ,tthuﬂ hathghe earrq:spsnd:mg)NTS@ qfrbm*dsgm Thé) ﬁﬁaﬁﬂed'ﬁpphqmels ent

nventi agns di cloedheen be t abl e th n limted to
Fof r act SPGTRRT {EaENEnaT SeiTa Py SRy el bHe /T HEACOSNEE 48 T BErBbed | n
these phRehaS idMRld GRkd BRving BehckhMedNotl GcSQMRN@nhS dbrP¥t d€ af Rigs@iegngt h,

t hermal shock
herein.

[00101] As set forth in ASTM C 1525-04, thermal shock resistance can be assessed by

25 measuring the reduction in flexural strength (MOR) produced by rapid quenching of test
specimens heated across a range of temperatures. For purposes of the refractory materials of
this invention, regarding quantitative measurement of thermal shock resistance, a critical
temperature interval may be determined by a reduction in the mean flexural strength of a
determined amount, such as for example, at least 30%. However, the test does not determine

30  thermal stresses developed as a result of a steady state temperature differences within a
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WO 2011/ 062775PCT/ US2010/ 055423 resi stance, and chem cal stability required
to enable comercialization of such apparatus and processes to operate at

t enper at we=o0afo6at75| east 1500C, and even in sone enbodi PEMUS2010/083deESsS of
1600C, in still other enbodinments in excess of at |east 1700C, and in even
ot her enbodi nents at tenperatures in excess of 2000C. The inventive

mat er i alcsrant® BPGNENS Sthefnal RRPATsEInUSIsnRAR BtOeaSHirRdBddRs| Fughers aaless the
cyclic, high tenperature, reactor systens that are useful and operable on a
conmer citest ISyregeed syicel simesethsriest iis igiteg dn & aP@meBpuapﬁéatWﬁveciﬁtffwe the

mat er a!résls%h%e GPUROAGRL ﬁa{gﬁﬁb&ereﬁ ed| &ﬁgg/chg ook afmls it id Prefiiied Pat B Est

pyrol ysis reactors, suc ted to those’ reactors having

regener at repeatecéaacztmtyzbeldSefﬁafct obcwdictthraperates sivekylsudhods may by ex;g:rmmtedanhl gh
tenperature chem cal reaction. The 10 inventive ceram c conponents al so may
be ued?IFECEHEVF (RE1%n of one or nmore reactor embodinents, components, or
regi ons [gf1okpe ARGGLAL ﬁ\é%ﬁﬁam%qﬂo DR FYRSEAN Ln am%&%&a%e
geonetry, formor s such as b limte o0 spheres, beads
honeycoﬁmqmmtendlag$¢sts m@sstrq:btcbmsASm bigrs |, Tlid tﬁstokpmlmn,sa smat bhres, sqeaatr uded
nonol i ths, bricks tor tra tra and

o s nct RS StHgOnsb on e SIPEEH HEBHR a o R P apaRsh e 17 i i by
conponemSapphisatibhest foftedat @A, toMY oByoske Th@of thE 'bb.'ldﬁmfrﬂ RNy &hﬁ@r&i the
conduits, or other space which may be regarded or referred to as "void

vol ufre” tvh senpghiswhihe herding tresais 9pplicsisbypat rd@ﬁ/hn&ﬁé (fdgnieeal enthefothenewo) at a

Conpone?)%ef_slcnbedl c':sonlsltra]l{qterrf qq tltlhatemsnlljé:nhbre Ol 1tl)Jlre I > n(f) l;t e nselllgilg{lse glf g be
part of or osl eram c ma erla SCf’I erel n.

ceram c spaimasi, tandﬂmaestfspadaﬂeels@itﬂda&u&ltteﬂ@afurmtrblygtﬁor the matrix or portion
of the 20 conponent that does not carry flow, often referred to as the wall
or the $MMO3I pohs idoseramic Metesighpohesed. i Aensity| fypicakly dnaprses at ¢ it une

f th
nct udi tg LRy R ARE RS bR el Sl by hodREE SR ek EIHET.
chansel some ofoihd MﬂmnmEmyﬁhB susbamnﬁdn$ﬁMﬁa@thmhmg oe vaddry@ng neh¢rbh

propertles of thﬁplnven nater als % rovi de for mﬁder Lan ge, of
conponertTRFEYHET HP08 4 A ffob 1D TpHadl g@r Be5TERTS 11 Dalka v Pl Bce DNV @Nar ¢ |
agai n algQcdseafi dendoReR’ Q&BH. | MALOVATE Nefamit 09 1Red! fts MORESPESdchartifh
invention includes a reactor apparatus for pyrolyzing a hydrocarbon

f eedst odkxutehetraggfamay Ugpicab)l aldo ngrre@onélagb@mcmmsi@ﬂy ddompevicsi wigenathe
refractory material .i.n oxide for ractory material havi a nmelting
ot it ofohgTRBES iy e G LTl T R sl e Rh s bev#6F kLR e 2B8ed o

a gas ( ErabturcsdmbfiRrianeQu@aShereds BagimD a GRdkahilg Y redidien iande axdaadicat the
stated conditions) having carbon partial pressure of 10-22 bar and oxygen

parti al ﬂﬁmr@lsi}re@gthf H@@@Wlonr@wé@nmdahgmmm@déhwwmy reoRo@e $fEr ei n
th f | t d
e MBS £ e DEIASRR, MIRBF ARG AR RO ey TR

necessauissipatitre aﬁxu ﬂlkndlﬂﬂgudl‘ﬁr&ferisﬁ@s AN 20411d G258t LSARHOE 0584 23 rdmicmed
conmponent.) I n other enbodinents, the typical forned porosity ranges may
i ncl ude CBRIPSIAR dHYANGC] FAfBEs PECVERb ﬁiﬁ&rafiatw@s of tthers desirables RigPEECR %@Fe@sf. ty

val ug t itdejiflesirable feature of maintaining a majority by
nunber %g%n&'gtan??a ;ﬁisolated or closed pores. Exenplary maxi ma for

formed pelidd|t yTimaWOR upd tieriol v]mjc% popertyp viabicsefeol t0g those Hrapprty ovali@svol %

or up tg 30 voIW or. up 0 vol 9 or u to vol % Exenpl maxi for
Cotal pdraniigd alis” Hatipe: bge Jerdeotsr Do ERbB Tt S5y Brtog or
up to 3G Rl (%tet’ﬂ{lné{ﬂ)nt O 2Rt U ihatiOh eB!Bostu?e %@ tYOLHrerke %bt’hﬁ@ﬂe%t M8 ahéain
strength and thermal shock resistance properties should al so be considered

in sel ectmpryatitee inppeessrafat WOFGr et pomostceys ahd6@Gabr pokeasti 1%00ﬁﬁxmfm I n

e s S R e e T R R A

parti al opa@saUhe ?’ geferhfly Bavther mﬁmeﬁk atenath aP@eahAls8od re@gﬁﬁé‘e oif theSone
enbodi nents the re ract;&g material has a nmelting point of not |ess than

2160C. [nwmt_mq coOmpesits PidefeaptorsdasepribRiirett it Sucht preperéiey a&@ro@rygm@lt BRiCENS.
remal nS)A'f%a tAen O’)éﬁ&%h%%r H}‘g(pfgm 8%&9%81% 5iPen gx%g %5 attempBrdi G G EesI BT

m xture ving a car préssure of
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15 bar and oxygen partial pressure of 10-10 bar, neasured at a tenperature
of 1800C. In other sonetines preferred enbodi nents, the refractory nateri al
remai ns iwotzhg/wxi7’de form when exposed to a gas havi ng &crarshaw/opses i al
pressure of 10-14 bar and oxygen partial pressure of 10-10 bar, when
measured at 2000C. In still other sonetines preferred enbodi nents, the

ref ract eomnivediglnisdlteriRirmuRs sidh 4shie apxke@phor mnipbeturexpasrasttigoec@as thavi ng
a carbon partial 20 pressure of 10-12 bar and oxygen partial pressure of
10- 10 ba&pursyhe doimodsigrapic gomppNent @pqosdiag (@ tes Byeptiqmnwilk dgmonstipiga reRigedom
1500C t ' t,4 pyention, |

embodi maa{a Y Fib “E0R SRRahie i rihdolf PRSI 44 DHEEbhT ul (Omed,
duri ng kehimaugl the compREHEC Soc@&bfionewsialse damonstigr acfidyachl seaigh (MOR) of
crystallipe structure the r actory material is cubic .during.cool-down
25”1 F o bay s kr&l,fz%fs@gfw ﬂq?ﬁ;@ Bp%f A T e CRESRAES IR @is¥ur e
of the ngff askquy, RtBiiRlar &l §88 (NAMHLOVORMcx@al 20006 Jr9d F2kaddryot her
aspects, the invention includes apparatus fashioned fromor including’the

i nvent i weitered exfi thissinventom aph agaaton scopimehentakgortiangi togthasppivicntaan elrould thh hi gh

t enper at ure hydrocar bon r o) ysi. nd .met hods. I n so di nent s,
e’ cactiarer Gt Bt Kauds b BN RE e e terhairrer LSOSC Aot | on
fluid mMopeequdn Qu@nclhﬁ%(?tbia@ﬂ[bi&ﬁ%m?ér@ﬂﬁrﬁem,r thel MOR RereRRIBR} biter Bl@fgr red

enbodi nents, the reactor conponent conprises a honeyconb nonolith having

f | oo chaawd| ® whauii ¢ ke (fbAoMbah win dendméarphgomponests fnthepfthermally

pyr ol ysi . t.ant . i I thro he | .

0111 bos AR 0 Py ey B e BN TG ¢l RHR I ERAR Pt hor, ¢ e
i nvent i ¢garheitl @6 ttdnhamediitictise fRaeteneilehcaphgfiley é@tpciel toCatchPRrature in a

requi rements, such as nechanical strength and thermal shock resistance. In
sone enbdEeraeh & pmel 508 e i F QB e HIaPE BY§sy 115 ©s2000t e SHEITISEYEHE fnany of

resi st ance: i t i

frer quanmrentboithele SRR b PG B e e MbaPRR,
t enmper atfuntter dierdBGros@einki Jhe eothpiahiat of § nombalgee dtcemalt shack BBiscmte rdingwhi | e
i n other

nbodi men the total crack |length per unit area after quenching
is not §f dabeh BHANTGR regib seraHzEhitsoe BB e § Erjﬁ%s;awefer
that thedRARLOhaC AP AL arf QTR SRS ré’%lﬁ@éé%r’d% QEactdtPlcHiperaiRe N@RLEEh to
flexural strength of not I ess than 13.3 MPa at a tenperature in a range of

from 1006@ido fO00@@-tetd| 0@hmdicidl nuigloratior ndfo dighe tansperathes ippxodysid whemistry

refractory material Tprise at | east, 50 wt % yttrium oxi de ttria)
based. ugitierne P4t Tategr o tinal o Rkion g Meghdi Lre RtafiE Hinnc?
enbogi maﬁlgonetnh@f ek FRehaby fiRtighd &) pioBdhgCOBR! prdferfibs bR cohthonbRio withini a,
at least 75 % yttria, at least 80 % yttria, at least 90 wt% yttria, at

| east 9thajranggtafrdcacptahilitye setrespondinghyyaxtanding e veofnt liby ok g somponeit| apdof
yttria such. as nti.a 9 L or.di 5 irents,
the ref igoccig or yﬁfrg Szlie?’afhs? %ft)e\/clt\ (])0? q‘lﬁ)lri(%/ %1{&{ ('28% el\'rﬁ?% (C:Iga,n@g%( ?I%é/gﬁ 9%/ P%cﬁvgg‘?%g 10
conpoundsteanihe elogimedrtia) stibubilitpRyucheast thyiMOR aftdridayn Gorberampdd, dnenbdmlt dfo
bei ng radi pactive, a carcinogen, or other potentially hazardous . substance,
such as CH@y PTocsHen (Pl ighm Theogpeperanty pragd Spparptus | thaeSulisceihgnEohayi ng

an ej ghtho@x@%r, \é\%i o 86 3}9&% %(B?és HiBtibh Tt QM reRvant! a{rﬂﬁi)n-%ﬁ'ts aainE'atngrg‘gt&ﬂ In

many aspects, the inventive refractory materials conprise a substantially
beyond the level that was previously available in the art.
[00105] In one aspect, this invention includes a refractory material, such material having
application in one aspect for use with a regenerative thermal pyrolysis reactor apparatus, such
as for components useful for pyrolyzing a hydrocarbon feedstock (e.g., petroleum liquids,

30  hydrocarbon gas, carbon black feeds, and/or coal). In other aspects, this invention may be

utilized for pyrolyzing or otherwise thermally processing various feedstocks other than

hydrocarbon feeds at high temperature, such as but not limited to other high temperature

chemical processes, reactions, such as but not limited to using various oxidizable, flammable,
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20 nononodal grain structure, or widely distributed grain structure, while
i n other enbodinments, the inventive materials may conprise nultinodal grain
di st ri butwonsivdea77sonme enbodi ments, the refractory natePCalGs20mpsi4nE] ude
(i) at least 20 wt% of a first grain node based upon the total weight of
the refractory material, the first grain node having a D50 grain size in

t he rangembfistiblNdd otlerw380theimdly aedttibe i that@tialseadethbr V@o‘}fd,Oflin& osd ggg.ai n
node based 25 upon the total weight of the refractoré material, the second
gr ai n nedhongly thegnzentye rgatenials aicAscluh at Righrtamperapiest oka09 Ox theynngp atse not
greater ne- t | N:Sjze. 0 b [N »[,Q0116]
T rany PR P Bl B Rt Mo Bl Dk Wt of o i SRS L
yttria, vasd hdrtéiniisudefo@dttadailng mohdo wirthallgndy dodivcadbnansud fleed ewd may alsot her
enbodi nents, the 30 terials conpri se one or re of yttria, another
yttrpum ea%llh?tﬁaﬂaé&anﬁf&m&,ce%s Vods SHYTL Y ERS A PR &y hypcarbon
combi na 'le'y%'st RRAUEOEKsARNRARI Ma¥d bhdiRuERYp R 36 fdruss QHBh & FRREL R MERiont hE
i nventi ? reflract ory Smat er iggl g 6”%cllulée 0 Iﬁera oélgder corrpounglgé,g eit herlo\l/lvi th
or wi t hoypicdllyecoppessentme aof nogtlinniied, to whe ohmeeehy drd@riels tsicigaspoéthencathanxi de
stability WD 2011/ 062775PCT/ US2010/,055423 requi renents. of this,invention.
Sorre enﬁﬁ%aﬂ%ﬁ%‘ianﬁagfp@wﬁrgaé 8§F’e°PP9%ﬂSBtr°§/%??ﬁ‘%sgﬁ’QF%“%Q&{’ %aqsgh VURCRRar 1 1 y
or neat FeRRéEMopsdMliduedsQtRBhol8 QG & NHrSmAmS, ﬁéév@e%sloﬁllt, StehinQRadkled o5 oil
incidental |y include other elenents or conpounds. For exanple, some
enmbodi nend sesigugsf aprdhetl, eodpoilseastipps mtmogherioupipesioll Hotipms. beseemuppistitlhe
wei ght of the.refrac terial . 5 of conpgunds that. conprise el enents
sel oot ed TBTREE Bllomeg Rt oy gt pyarlirbog Strepad sl Fibicrigy, Vgl
Ti, Hf, g% oMy .low 3ulfidowaMy reSidue, lRavyandx&se coangtaphixt usles tirhedrbs blatk £REE

exenpl ar%/ pyrolysis reactor applications, the reactor apparatus my

conpr i s@imospherig segidue.orhcany Eeskle o hadiosabpdr fqeds f 120¢h combinstient i barepft h
the fir 0 | ea 1 first ] act or
conpri singei R Eperns FA: 1R Ro R ol g A R S Rt aIF S

i nvant i bo remevaddesor® arehdraGtmarytionoeclosdu@s; prasits feudingpy vahtymbg fireaioh atito

system f or rolyzing a hydrocarbon feedstock.conprising: a firgt reactor
and a sél%?orﬁg&% ity 6 ot p B LRSS B Pl ERTERED %tfﬁlgtwqi%faewﬁwpe,aa@ | east
one of 4,Dgrobik $hay BEFEOcRA WBinSBE RRAstFRARE Or conprising a refractory
material “in"oxidé form having a nelting point of no |l ess than 2060C and

whi ch r ¢8@li06s i ‘Rhipxindentioor mclvden bek poset! linvitedl tpasisd S haonpegents c apipostus,
partial pressure of. 10-22 bar, an.oxygen. parti al essure,of 10-10.bar, and
B oo PSS "0 e SEHEY BrTae 8Py alPLE TS PEReal PPos 1y
in the owanggcPfaré iAdided QeRfh ¥9! Medased indaling N9 VSl bsRicafiord Reridlehuakdror y
material. In sone enbodi nents, the reactor systemthe nmatrix or continuous

phase cé&PAaBO6poilgdomPceembere2s.cLPRbt Bilgd Mhpeiroliad rabyeticde fere REBerskithg i n
it ftrer, . i . wWhil.e i i t tgrial..
o L SIS, B D7 Bl TSl

vol % orCbontesticd ComBOstioal %or Regdneaitivd Rec®bs;V qliln Usasgdicupien st w@hbore of
the refractory ma i st ot her enbodi nents, the reactor system

terial. In Il oth >
further 1&6ApARseldled DQepember i, @96, tidlgd ¢ Mietlane Coay crsionyse ifiglher Avdrecbadrannel
for ,con i i : C i n 8 :
channel Foi apReh fdicARACAl nbiBbl B0 RS DR MR F PRORTU CRRBRR
first r&asttanCoterannbliéhynraation Feedadcksgnwi Higheh® abeddydtocabatsdnind OS
generate heat; (ii) the second LS t ed the heat to.
t enper aPgiB! BivIfston w26l i erﬁ%@%@i@sﬁ@?%& o} 8ed' Rinlspisoecas,
Sonet | MRg,tf%alt &REMehRs 17 Aese Mtert APBhdaABRs RAcH £RidibdI2 ARBRGpphRkus and
pyrol yzing a hydrocarbon feedstock in the second reactor, wherein the
second megutdsrior oyl yzes hydrecirheme fitady én reforscflow yregacativalpyralpsis ogastors,

enbo}gh rr%{]ctlgdiné crilgferrlreedle gotn%us%ixg teu?ﬂo”n%%ll%&’ e Ip%?ltigning processes.
[00107] The present inventions disclosed herein may be suitable for use with but not
limited to refractory applications, and pyrolysis and thermal reactors as disclosed in these

previous applications. The inventive components provide the strength, thermal shock
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30 reverse flow regenerative reactor system and in others a deferred
conbustion reverse flow regenerative reactor system [00118] In many

enbodi mrerwe,20tie2176act or system nmay i nclude a reactant RCIAIS261I0053400
internediate the first reactor and the second reactor to conbine at |east a
portion of the first WD 2011/ 062775PCT/ US2010/ 055423 reactant with at | east
a porti egisdnctndsemindl s@BititaRiquiréd® dnablidRimditiikzatideof k@dh HPaRkLisHndg t he
refractory material. In sonme enbodi nents, the mxer's refractory materi al

i ncl ude$IeFEsses &0 apIASrat dprepeatursptafrat ipast dAPACniaRd ckhboimiee cmpedimenisgat or y
mat eri al__| ! a: i I b #hodd ¢ nge
o Trom B 0] Oh e FAC L ne it Y SRR Lol BT, B Lo s
(vacant embodlinkdneddt tetripbraaurB5th sx@es of 20009. . The uimdnavé A@deriaie, doBPdi&its,l n

still other aspects, the invention includes a method for nitigati

n
car bf de ABRATHHS CRIAMPEESE SRYUS IR -8H01% O €% AL OICT PRETWFT BACPRSYS pHsEhce of
a_pyr ol Y&l MAHRRAIAN, EERASIPAK  deBITRLNOMAAATRILE! NG the steps of

providing 1n a heated reglon pyrolysis reactor systemfor pyrolyzing a

hydr ocal®Wf8] eeltist wekntivappeteadlsisnd oormppérehisgnay beproxatedr for tRampleemi aie arn

oxi de for havi ng a nelti oint of.np. Il ess than 2060C and remains in
oxi de 1 BI RHBISEXSALER ti5hg OB PGl te BaruBAT R I BRRskiE gr 0. 22
bar andpads exY&es thardkdé abefr &¥SdabS i odOs AhbRMpcBAS WheMlidl réctigipamat ur e
of 1200C;, wherein the refractory nmaterial has no | ess than 4 vol % for nmed
por 08i t ylventes gerethiarcompacninslksd mpohe tused bl donstoictine off oncher mefe geactry
material_ .ln ma enbodi nent s, . the.ref ractory. material -has. a, 15 | ti ng
o it ormepTrBRLY STRGRAT R Rl BB AR, S PR aRD e R e i Vs
t her nodynigdble gpsraéey, eoed droshapsbdudhidd BienodXNingieedd & BpHaRBN beadspsetkyicomd gas
having a carbon partial pressure of 10-12 bar, an oxygen partial pressure
of 10- 10nagals, dHbESatPiReSt Pat filiyid Bixers teezlen| ¢xtiugdag angsiolifhse rigkpoidet. o

2000C. i o] r i j S i

etr ot ur LB ey *hlF o ORI TERANIEC IR EA R BAIR I Sat Bt SEYSCPI hRR
1250€ t cer2208are. Whidhecontpoatiterasamsbd dn aeeicsort hay rvgt dsigal inclage Bewcehaheelgur i ng
such cool down. Although cubjc formtends to give the Jongest |ife at high
t enper acond e RET 5P8 HGh gRt B Fegocdk ‘Pfelie?%dd@ & rie JPE@_% Erpugl

tetr ago%ﬁcl?ﬂfﬁﬁtﬁa%% alp¥rt Re t@&ﬁ%@ﬁﬁpbﬁth@%ﬁﬁ)gh&ﬁ t0is i Bers %8 MhdtQch LHdmany
ot her enmbodi nent's, the vapor pressure of the refractory material 1s |ess

t han 10~v@lupzr isatot 2000@;redto Hompetti ofetbe |"pemsityiaol tho-@rdvaic nadter2) O Cles@ed

[ 00120] . I n.yet, ot her.aspects, the.invention .i.ncludes a nethod for

Doty ki TS SRS St e WY SeuRE oF S B af the
combi Sichgpbitdit Ha@@ScPhot dady RIVOVIfEINNGfedao R @R all @FkIRNsAd Foridi 6f ¥Si S
reactor systemfor ‘%yrol yzi ng a hydrocarbon feedstock, apparatus conprising
a ref r aco@pynanit Srudrly; refereness t¢ gierjolurne ot e mpderanl r pemporicat algavicrgngo
mel ti ng poi f | t 060 Ay ins. i.n _oxide. en
e posed IR0t R nify \BRind, NR0ARE A Ffosii) Hhe LFTT Ao MoOBE Fip A THYACS

parti al cpfi®esbg ehaihch®r I0id@lumat Tac tieresdaditehgthaind ¥2Q0¢ insheEss ipfopché:s
refractory material has not |ess than 4 vol % formed porosity, neasured at
20C, ba®Edhqpvisntive nrgriels BlaynRrogidet ige & wides drpgsy ohspwpPRant ‘gepmgirisaand

enbodi : . r: r Y] of atin
The “heat digon R JREHORSY f1sbiih HE'art AERA 454 TRgiSo kel Rt Pl ot
| east 12001@9] orlni ons apecemiedinventien ahclhdast *kBOOC apparatus fonpyretylzogy ment s
at Ieasth aﬁ?@oog; c), introduci ng & h gr ocarbon feedstock inta the I?eat ed
regi on; "ENQ né%?fiéﬂoa%iﬂhf‘gaﬁﬂﬁ‘éa ‘F%‘P%‘ b B ACHCE FSTBERC SPRETHBA R TFF RS
W thin i & §-dE E&hDthe mafdridPRY i I PBotnt IS 18%/tRAY 2069°C

thin theheat 6d A8 mh A | Jrt 4

reactor apparatus is heated to d tenperature 5 of no less than 1200C, or in
ot her embddittentreniios mo oxelsformawhdib G scdrto iy gat heg., ensbuermengas, mixunao

| ess than 1700C,_.and in still other enbadi nents. to no | ess,than 20

wht 18"  AORERT R S i B Sl SRR RET B int 2aOnai i RS ERE OhAR
2000C, ahtakPoBigeatphAns ptRareof 107 hbat ARhsREPSCE fenterdtite JfNLONIT;Alheréine
inventive nethods include the step of heating the reactor heat ed region to

a t enpeith wwiiaciory mytdrial §ag pefnlespthoc4 wl% feroed derosgy embodiatest 20°Co birgd| ess

th 15 ' i I - 0C .1
emboci minrs e S vPhEE o R PHTER Sy Bl e S b BB & s
tenperature of not greater than 2000C, and conbi nati ons t hereof
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[00122] In other enbodinents, the nmethod may include the step of heating
the heated region to a tenperature in a range of from 1500C to 2000C. In
many enboslorzeny®26 t he 15 nethod, the refractory mnateripall/usenwiossi2§ e. g. ,
has a thernodynam c preference to remain) in the oxide formwhen exposed to
a gas (e.g., a reference gas m xture conprising carbon and oxygen) having a

carbon paiiddadonfpo@sEyr & ethed §nBadilahits, B tPpiyI Bl pdrasdityPragssungy aiclube- 10
bar, and at a tenperature over the full range of from 1500C to 2000C. In
sone entiBtpiterRtslimited to dfomy @obieps e wloneR toer pyPsy slug thh ptajes et o 28
vol % | I r ¢ : I t f
heating%fﬁ%%kéggé gﬁégﬁ%ﬁgggﬁgéﬁggﬁgg;gg&Eﬁggfgﬁgﬁ%g%g&ggggg%%gﬁ?§§%?8the

i nvent i percye tHxothplampynaaiso fdrdbirhel parosipr nae bt e te ttOp1%f or ¢p Jo 50 cvlfhgprat

| east one reactant in a first direction through the reactor system (ii)
react | n@ptt‘hg 307hue 1830 VPRATAR ORODI T PRI PRcEHe- %@fr@#ﬁw graxung k The
heat ed (oYaliir | 1 b G eat ed
Fagi on 1 b L o ey Bos PR e b E o
pr oduce ua te2cioékh, by dp ¢ 40 brolvo prixduelle njdid 3jrerytle enditimymibsleokeesistance

enbodi nents, .the i ntjve nethod. conpris roviding a refractor terial
conpr i sPpetics Bl S bt SpPtes i, SUBUnE oh SPREPTHE 4P RSIDr APl
refract @odosiPh@kimh. i hadl Refboa RGN, MRNtcFraglory hfitdrAY ethdiNeinBt g, foldie
step of providi ng the refractory material conprises providing a refractory

mat €pi aWheoeppessil iya gas havarg caDOVpasidpryssurci of 1925kt ang onygdveparial preswicght

of the refihactory, naleni al, (ipptheroephad mate,, 0, Siee,ofpr oyl dino the
refractory material conpri'ses‘providing a refractory material cohpristng at

| east 96natéridl kg 4 maltid@etht dpast ledahiro? Boc@ei ght of the refractory material.
According to other enbodiments of the nmethod, the refractory materi al
conpr i sé801d0bsongpgieprefesed epbpgigmentinte roltrdory ngend rspens sty idson3 of

1M 0 Bk ,8000 RGP LR 5 iy 1 ETRGHLISHAR iy o
2000€. baOARUIxyERe paniabptcssvee p&10 Hcthany measateerit al temmpyrahee us é80G°0. dnpyhiol ysi s
reactor Sgr?lgtirnes preferred embodiments, the refractory material remains in the oxide form when
exposed to a gas having a carbon partial pressure of 107 bar and oxygen partial pressure of
10" bar, when measured at 2000°C. In still other sometimes preferred embodiments, the
refractory material remains in the oxide form when exposed to a gas having a carbon partial
20 pressure of 107'” bar and oxygen partial pressure of 10" bar, when measured at all
temperatures over the full range of from 1500°C to 2000°C.
[00111] According to the present invention, in some embodiments the crystalline structure
of the refractory material is cubic during heat-up from 1250°C to 2250°C, while in other
embodiments the crystalline structure of the refractory material is cubic during cool-down
25 from 2250°C to 1250°C. In many preferred embodiments, the vapor pressure of the
refractory material is less than 107 bar at 2000°C.
[00112] In other aspects, the invention includes apparatus fashioned from or including the
inventive materials, such apparatus preferably having application with high temperature
hydrocarbon pyrolysis systems and methods. In some embodiments, the reactor component
30 includes at least onc of flow channels, a reaction fluid mixer, and a reaction heat sink
member. In other sometimes preferred embodiments, the reactor component comprises a

honeycomb monolith having flow channels within the monolith for conducting at least one of

a pyrolysis reactant and a pyrolysis product through the monolith.
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pyrol yzi ng a hydrocarbon feedstock at a tenperature of no | ess than 1200C,
or no less than 5 1500C, or no less than 1600C, or no |ess than 1700C, or
no | ess twaroP@BECs or up to 2000C, and internedi ate ramrge/usSeeioion#3 ons
thereof. The refractory material may be used for any of a wi de variety of
refractory conmponents, such as but not limted to, spheres, beads,
honeycon@n1m8} er $@h&ima it g, bedprpfep@d thathé Ubentide fdftabdrimnediialsam@zthe, an
extruded nonolith, bricks, tiles, catalyst tray, reactor tray, tra
conponetefened appicatiideair EREs: Spely %ae@%wcql@tré@%ﬂa 3R Hesmahhpek rqszrs{anp%
merely 1 VSl S,
and sucht ronsarbsimaREHng pERRR SRARERET a thitho KA1 RLSh P kA

pyr ol ysitist rdemohstrags 4 emelscragn tbnpthopesegisarch Q822 Hjenchingrtee asqoettcontpoaent
inventign includes a ceramc refractory nmaterial, suc s may be useful in

l, . h as 1}

a pyfol yors ! Qe o weteyah tha fmnsrafyicd S8 € 4B digwe ) Birhisngt ewaws theek
such as y . i . r il
e a 1 oansera e gl LERRAIBRS, ok RdRNaRAR R Parch Wier RN

r egener abi yeateedeinof cmAni’e gotier atbvédinteracooapplisation shanpicsr| tiatathy reaeaat or
which is cyclically heated and then reduced jn tenperature, and then
r eheat edOTHOREPEAPPHIHE PRS0l BPRELIP nispl a?wl_tsr%g}g w?flﬂfelefsef%&@ b8 s
not cri Mlﬁa{"ét-at@m\[,)ﬁ’éﬁfr%ﬁlﬂaﬁgé LEH6R908HIVR, Jpactor is a pyrolysis reactor or
reactor system ereby flurds flowtherein 20 for a period of tine in one
di rect i ¢e0114} oulghsoalel enopodsmb@s.ttbel ipentivorsractory meterighuiapcompdse atdesst 60 ar e

t her wi se, d, therein. The direction.of flowis th d_and
ot her  mavery SR arie e Bivet fgod oIS il PSR P Sign i MaRdr «o
i P! AC@nABONinkARBHR Aliablof P Mnafa iad! oufiist BARLLOT) REBUNELS abREk Fsnwide

direction opposite fromthe original flow. The cycle is then repeated.

Ther eby ytttipeatrleast 88 rvibenittiae, atdeast 80 wikdytéria aimeankeMt svt%r dtrex pbest Fowrs
materi al s .fl owi ng in.each.directiaon. through t actor.. For exanple, heat
oy be pREEean g dufafN S rakalet & P R06, [EREY g MRprfiR TR afny

di r aet i embadichdnbathehefbctomymirerials @ nbOinplyd© batail ol &re (iMe1§&inf @6mboiliralse
product -generating reactions in the reactor. A substantial part of the heat
i s thenap¢ ﬁ@ﬁ@atsaaw AEY pederietineluging byt petrdimitedste bepigosfioactiicr a 6RicBREEHom
the flo I I i Qi r t : S c System
i ncl ude\gr glﬁl{ee?g)troke%?@ R%%?%(?{SS%bﬁeacteéggcgle%{%%gﬂgl?? 3 e%@ﬁﬂc{)%{'zc*ggc, ltﬂg{r?gﬁ%

pr ef er allay iaclid@atctieRPaviaR uh @idht aeehidghtzabagt bajoseRries of 0 2ahsarf b digat
fromthe reacted product to quench the reaction process. After cooling the
react i of0PASHuck, maRE #pedtedtigubwen VLo FiTasiyy HBAEHHI ePIHYISE e¥ Substpryially

Chr odgh TRETelan el el of PRRGE SBRTPbES PRRerrtHRD) Yol B
zone heambadithonay, the ihhattivhe@terddchay compasa aktinicaial ganedisdugodshdnrsemever ed

heat is conserved and reused to pre-heat the reaction zone and reactant
mat eri alf® Oaﬂeé‘FS’ Fl“é‘a%‘ﬁiaﬁiﬁ%ma%eﬁégﬁfl%i w&é&d@dsraéi@tsfam YtV pfen gé%éf%? mage

"regenenaldinoAM hBANdhP o PHE %ﬁ‘%@g& e dbyAr Qs ardp gfhiﬁ faat ﬁQ&ingEtD%roi hin
(i ncluding arIIJy diluents or co-feeds) flow ng throtdgh the reactor system 5
[ 00126] skt ih dastange pHfrbmoh teo20Athemf ewdGit)ae keast amgleof @doidgain fede baded t he
reactor systemis, generally, (i) pyrol Ztﬁd (e.qg., cracked).in thS reaction

i |1
zonést o UPoR Fhettﬁgjﬁ‘fﬂl%}t)?éit%e Figaesy mpgergl, the seqond graig haying & PP grain
acetyle . i to ©fF r i oduc k) ol din
the quonzhimiahad dr b6 BRIGRCTER IR (AT HE 3d gl QUEBEES,
step tofirfigrdbynodcel d the pyrolysis product. If the reaction is not tinely
quenched_ and stopped, the 10 reaction nmay continu (Pecorrposi ng the

mol ecul éQ01At o Wokany aprsiisniln InveNBENBALE2ISIRaYL ierdq Yslsadte¥erafbyiEia @dct i on
product yaaRe @&E{Eﬁ_inr% QQ&%E&néeﬂﬁlr A &MidaHbnS 'tﬁ@%&f@”%“éthbﬁteh%ﬁﬁﬁéxﬁé‘, @ two
or nore‘reactants 1nto the reactor system such as through separate flow
channel matgals frayi tam@aise oef er medte rodayttriap ranother gbiust camnaiofngt bempeadt ant s
unti | theg are conbi.ned with eac(p ot her, vviﬂhi n tﬂﬁ de%i red rea_gtor zone to
zircontum containing compound, and combinations thereof. hough yttria may be used in

some embodiments, the inventive refractory materials include other oxide compounds, either

with or without the presence of yttria, which meet the melting point and oxide stability
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15 react with each other within that designated zone. Thereby, a heat

bubbl e may be controllably and repeatedly positioned within the reactor
system Iwo=0m#@eeTibodi ments, the reverse fl ow regener at iPC&/USe@oO06F423ray be
described as conprising two zones or reactors: (1) a heat recuperating
(first) zone/reactor, such as for quenching; and (2) a reform ng (second)
zone/ r eagqudiemeB T tBS ihamtipi Hoyid Emb&AGEN MmBNEbngiseairdgory(thheriblsthdt and
second reactors 20 need not necessarily be separate conponents, but instead
may be AEr B @ pYiity cqft nesb contSAS Wil othseBrbodmaato magr cithek ditentionally e The
terns f C; r e r ion
and To PR EEIEME R SPENRRoRE, TRE BmRS SohGlenFBihdntL BRY

pr ovi dedurthul eompds@tient bé)Oﬂ iwt%d toanett’s damddipoe alod weight of ths safﬁabtomy hfatdmaxi ng
and reacting the separately jintroduced reactants cat [

pref éraB%;C/Ol%B?unrdéd B ngaemstsaféteéir%ﬂﬁrgfpﬂg C?‘Fﬁé“ﬁlﬁdg aPhoe vahor to
acetyl eqg, Vin"NIQRS, (R B B @INEMROAIETBRT Sc, 19, &Rf @L Yl nhiRnPEaR&RLE IR shiRe
react or beds. Howéver, 'there may be sone applications that benefit fromthe
presenc exqﬁplarycmralyystrewtmﬂnpphbatcteonls,eme troact@yapperatisonac boreprescaa Gest treacmrr an g e

of refor erformance .and su nts.are wwthin the sc

Phvent | 6t SsBTsLRGRE B 000 B nEg e MBS At St Wl gy ait g Jist
reacti Oﬁ&cf&ﬁn@ﬁle%mtﬁl\&ﬁgct&yco%fbrﬁf@&hé RAradtoly Blatdranper at ure heat bubbl e in
the mddle of the reactor systemor within one of the reactors of the
reacpor [884d7km Insglh ether aspsatskdbie onvensienl inchides e deflsyceraraorrphios- rﬁﬁe%t@nt
bubbl e may . be created VI ste 5388 aL&Ln heat. d to
the r cadui R 0B Sttt ol Raliect pEiBEFRSL MAE BN s0EPuhE: LAl FRERT o)
r enoved ahd argetdirl Ractoviid ﬂbw SontirduMEut R 1:1t0 6! TP EddctéD2 Qtlﬁéﬁﬁﬁlé?c& the first
endothermc reformng. A key benefit of the invention is the ab|I|ty to
consi st &y n@@esea%i E‘“@ﬁ%r (FOMPHSINg; Rcirasti¥rmriariel Buppie fpenghavinpeoc,
or 1500 I S t
materi a an{ig can otol gésasttgais%%& %3&%%@% 111%%1 Bgl{raﬁn &aﬁﬁgﬁ%ﬁ/ngx Ogédl%ca s
appas at hsviapa @mmgpatlﬂrmbésara)@bt(ﬁzlhm aof o>eygsm I@sttahpread;dry of dﬁtl? han;) uﬁdl y

S5operatin |l arg cli nmer ci al r eratjve r.eact
[00129] ¢ erﬁ@r%tﬁve% f%P@Lﬁiawﬁ%/ t%ﬁa9f° ragony aAeHR an BrmeshROrRIEY, I m)r e

regener gy # 1§ 605b04 bR&ASupbRdte #5I8mEE R reﬁ%to%ﬁﬁéh&lg A%onR éﬂh&*alments
t enperat ure chemi cal reactl on. The inventive réfractory material nmay be

used i ntlooregttpusisian thef matmie ercontm@ue pheshi ¢rearhic poctmm@ﬁ@ntrsfraomryrmqemds of

S R Ch g O S RSN AT e T

tubey PR, coipridB Yordsltitlall2GACKRY the rﬂﬂigé' oF frax uUrt d8d omanet b 4 BY 6¢ kol idre,
catalyst tray, reactor tray, tray nponent, val ves, and/or other

r ef r act dioyn & dorp8 el son fiiem 5aﬁ0e35evqi%s @asqdmmnghe Y@lﬁﬁ@roétthﬁ eefragiofy material.
embodi ”? D1 TRy eﬂﬁ)oa%?enttsh fhd ]%\ggtn ?enﬁ AR LR r1 ¢ %12 @l g1 %jaclbo? Cfulrthelr
a conb rmn , a

fabrication o one o react or

react or cempdidsta, fidt cleaatli fon ccﬁﬂdéyﬁhgrﬁl ﬁh@t’ rea&aﬂﬁhf@@ﬁ&l@dﬁrsﬂt@ﬁ@ﬂ’or and a second
checker-brick, and a reactor heat sink penber. Additional I%, i.f desired for
some enSBHINGEPS cosvigtnge tecandntgastant dhoggh athP Bt giracigist o fery Tandient

ConMpg| S%X&h&%ca{lﬁzf taGh S‘)Gltﬁ'ﬁ%eﬁ GdcBhE riddiaAf ﬁda%éﬂ%?até AedihBi QQI Y SBEdnYi&e re{sfsf" S

in other reactor “regio e reactor t are not posed to t
severe thempeérbatthe dwat fuehempegtuas of oot ¢es aharc lb@a()&fdls odrsogpheare 0 llasm tlanbeads

or sphe eramics (in Iud ng [ on|a cera ho conb
mat or 1 allS00°CE P TS s sy bOLE" GRS Ande fen 0RE 'C. fovirasd oy
are Com%ﬁ%caif%nnﬁ'e@stt@dknld Hee@tbtdy reaEfé?C'th&@ﬁll {h%ysec&ﬂgré%{op%B%ﬁsésoﬂlg term
exposure to the relevant tenperatures for that respective region of the

react or mx{eﬁt)i@@qfraftmylmax@mh v $mtmb0@m§mthfayeag1tor sy stemi mee gpinpeise a
{rﬁg%rgx,? :r%v%gs%pfzqggg%g}{l:%ggge resaﬁg)ﬁ S gtgrnozm n otlilgr%Ct 8efeltlr£]dle tcorplge(stito)g rgxlljet%-eeﬁgv%d to
regenerative reactor system.
[00118] In many embodiments, the reactor system may include a reactant mixer section

intermediate the first reactor and the second reactor to combine at least a portion of the first
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25 tenperatures in excess of 1200C, or 1400C, or 1500C, or even in excess
of 1700C. In sone applications, the inventive material may be useful, for
exanpl e iwoappldieeEsi ons havi ng tenperatures of in exces®COfUSOOS42anhd i n
sone other applications the material may be useful at tenperatures in
excess of 1800C, such as up to 2000C or up to 2200C. [00131] In one

appl i catr¢aemnoivithhe [Qes poitionrvfend beednd deaktahs ithd RACTANNIXcS Y€tioAToprising
hydrocarbon 30 fuel, is directed down one or nore_ designated reactor

channel éheoie fragianumetsTialyhin somg %@Mﬁﬂe%é@ HWECT'S SeifEartary nagterialy@ndes offtigi ni ng
gas, is I di d, nel s
t hr ough ? gyfégggggﬁ&%ﬂlcgﬁﬁ#@gﬁg &g%&gﬁ%goﬁfrec ?@ﬁh&ggé’erggﬁg bot h
of the &iri&tred@ingecDBOl gih Siz0fin aiaaaﬁ@ &f fadre 080 INintta.20001 sy, wiiliel stifledhdro
convey WO 2011/062775PCT/U82010/055423 the pyrolyzed and |ikely expanded
prodéct cobbdimentsinex iy ctpoecsr(Eetapeeilind) Mt 1550 sigpobitemedrbpa tagP0 Lihe

et or NS ool Bhordn P M TRGlel SRR EREOT ek ShbURet6e

i m t edctaneXtcordsign oFed abirfctSiyl thatckiEs$n abe Pr@chH@Nef al byrolsa@&vrhyufbctafwn
reaction |ndustry, such as in 5 catalytlc converters, etc., capable of

conveyi fepdatoei.uing neathesh gompring theneoir /F povishiah Hep dicatpi gegien of we&yé@nb

is also d t,0 I

egar di SEERSIEACH AEISLG O EhEoP A LE AEPARLE SmfHLE Saciory
subsb antmaadriay ipaxidk [fedm fHaOmgpﬁlﬁlthgI’poﬁhan mel Isssathah Q%m@tandn*emaﬁhedn oidei m t
the stryctur r shape to any particul ar geonetric shape, The channel s each
may havoTge R Z‘F%IQXQOS&HW& S%%K%Vé’&% Rorstonspaifal PTS?SPFR)B%B Brarrdadn gxyigsn
Sy””Etrb%@hl ﬁ%&ﬁe%@Qb”m%Qﬂrﬁ&@&%ﬁ%?&t%&,&%ﬁﬁ@%EQQogﬁﬁﬁph&PBth%Q&ﬂﬁ&y
include a single channel, a few channels, or multiple channels, e.g., "tens,
hundr edsqatoral dae no tlessuband svodfo ﬁ)h&fd\pbmsltyjapwdredgat uz;@a(a based supze thoef bmlhe
particul a liths. and reactors utilize her exa

P rbod: AT Ao to FRTTEILGY (g ST o TP R B g RrE G eI HLPeT & o
about omeltfd hbiiloBrat 104st %‘6@1’@ i bdrhdRbDodinddk, QH@'}eﬁ@df@I&alnaféﬁﬂt hgekers
in 15 diameter in some vessels. A reactor may conprise a single, a few, or
even numlmrmgéywn@mr@fh@ncerhe rerodiol intthe qxa@e tpemf whethexpased dndegis pavong el | s
or groups of non each cell or _a,group of hd edj cat ed
Lo SondatePhg B ke e W e e il SSktn Sl Fubishienas a1 beh SR RLE

anot her t@ngudpruef oveetHeSull @impe Y fiohe 1 SUherto T80T, alh.-stifh omeefs@rhmﬂememrﬂeah
arrangenment will provide | ow pressure | oss or drop during reactant or

pr oduct eonbogiments Secqirdallipg pructiye of thei isfasieteatsriyl probeewbie dutingbeatiupe and
heatol rRE PrsderhnBosRndelAnGe: TR ARIRTTRECRISAET APLI LS PLRK! deS
adequate m XIng o e conveyed nateria ter exiti e nonol | such
as in orCOdsiecmWIt hAlth@tghtmxbrc foomecndsrto &g thic dongest lpicav ihcghrtgmaerfahmwmdmdyl t,

t he channe itate effective materi al |solat|on barriers

functi oﬁ? 08 pégf%{i%ﬁid?} B % ‘Fé’)‘u‘{t‘ér%rslé%ﬁ% tetragaal SPHRHLS mMayi t??ga‘l%?t\?x}é]-én t he
first andR&nendiinl&iiohanh ?na%?%ﬂ{@'e%@h%&ts”ﬁie%ab&b’pl%ﬁsuwGf {h%%t*ra?d%
effectively séparated fromeach”other until m xing IS permtted. me

pr ef er r et odessthars 1 ®F barhe 20008€e ot sanmevierss ilow thanhld rteast 2008°Gr e corrpr i sed

f t d h nb d t
R T R o IPQ? it BT SR e AR B ACk] ng
W th an fastoal 8si ﬁgtat@%lgyg taer @yaanrée %m&ktwoft 0AtprbABBESn farRAcabout
30 50 ft-1 to about 300 1, nore pre era fromabout 100 ft-1 to 2500

ft-1, ametieniofla mprodyspy edagtoatiyytenr &m p:bf@lytzngoe lfyﬁrwathwnzﬁa@@stmh Tapppased
Shoh vetpERHPE a Ry il F B T B PP i BB Pl e Al
second beaoet &k $han\/\az060)°(:ed1ﬁt ﬂhweernaliﬂ[H ﬁh mhé $01$xemreatdxpgsetihe £ hanhelisg ko
facilitate good heat WO 2011/062775PCT/ US2010/ 055423 transfer between the
r eacdP antcarban @atibpichenel W~ et an paySenTRE Brassure A HO WA @t @ fERRTEURETt he

Component SR er e e R VTP E BBl PR

di anet emt 264t basefdelqmﬁlcthe etk mimqne io$ lthmgrelﬁuameypnmb:rmb nd othbr smbeditngnBsthet he
rel evant di nensi IS SI t hi ckness separating the fl ow
channel é‘?e(g@é’efﬁﬂf M%Wp %&%%ﬁﬁégﬁ‘gs of Guitins Etafeaw& TRGABIT £ IRTSERBRRA ng to

the present invention is less than 2.5 mm frequently less than 1.0 mm
down to a probable m ninumwall thickngss of not |ess than around 0.1 mm
These relatively thin walls are enabled by the strength and thermal shock
resi stance properties of the inventive material, as discussed previously
herein and in related patent applications. The



10 durabl e, stable, corrosion resistant and heat resistant material is

i deal at enabling use of thin but strong reactor channel or wall
conponentwo 20tieeEat i vel y hi gh density al so hel ps mti garaSc@aosHn:
cross-fl ow through the conduit or channel walls. The relatively high
surface area per unit volunme values facilitated by the high nunber of

rel ati vet jfeast00°C e@cih adincCdmvigtheras atRASUISNS°@r & ihiskle)eniodiredted: fe@st many

enbodi nents to aid achieving a relativelé‘15 qui ck change in the )

t enper atluP® G Hedoigrdudiee p dxdrosprborieedgioick kntp dhg beatediregionn and éd) iyrplyemer r ed
to perm el i qjﬁﬁj] At I guenchi ng of the
reactigﬁ&?g%gﬁgkéﬁ%?ﬁgk%Eg@gggﬁ ro%%ggﬁgﬂﬁgﬁﬁg&%%%ﬂ?feating coke. The
rel ati v¢0012i] ghinthedynehbsdimbiisj thy,pyholgiis tdaetomabpahias ks hesddstoan eepegatatehi gh

heat transfer capabi|jty of the inventive refractory materi al so enabl es
thesé d&§ite Saéﬁg@klk%ﬁew&t%@h%awae@em iodp 1BxpBRn el RE R TR

20f ai | urg pa4endn®, 1RS MR 18R a960«e AhadattPhthel QRGBT 1§ AR sEFRADOIBRE S, @
reactor wil[ provide nedia channéls and ot her high tenperature-exposed
conponemthsleamd spHcathag enitmtlimentd udes tampemghuiry cdfunet Eraatdretiiant 2¢HSECerand
coefficient.(e.qg. reater .than o al. to,.0.02 cal/enBsC, preferab

o eat er conbirGpR negoBs 1S aiel Al e imieinhdfie iRisni " el T it
cal / cnBsfep.of WehtthoCtBE QR MAhBd rdQ¥n B0a feRFicdt@RGE nbeds R (200AC PoEHIKE
drop), have operating tenperature range consistent with the highest

t enrpér acmbedinmméoionae tessl thur | 59§°¢ cefeineatheri anbodiaerts.Hiogte Iees thenal79e°¢,on
thermal shock, and ve hi b beat . capacit e.g....at .l east about 0.10
P S S O el R et SR R

enbodi menhét dregteitign 20TH° CnaeNdonEndidhe ticedos. and conponents for uses 30
ot her than the described and often preferred honeé%onb monol |t hs, such as

wher eby [8H22L hanether: gmbedipents) Gig pathed mpe inglwler Bgtsten Pl beatigathe dipgted

t ubul ar i ok t i e t ys
(o g, o Tl BRERA NS AHLROR ABR IS0 1 RRUOET 1Ry sPiRHEPEE e

t ubuk ar mdthodo tighre&ractorypmnaenitl, rebiadm (elpge has evhausldyndeeqrrefoedcd\d remain) in
2011/ 062|}7ﬁ75PSJT/ US2010/ 055423 nonol iths, including but not limted to

| abyr i nilHi FEIC {IF WHSh BPPFON HEFHE, & cHRIEITEE StUBBLUICSPBIPESINg faf9F A dvoi d
struct upgyhayhBgng RaRARh Skt BHIrE 0P 14 2R (&) 0:8ket PEHEPASIRFe SNEH By,

i nclude barrier portion, such as along an outer "Surface of a segnent or

wi t hi n sodasegmreperayrchaver thy Sillbstgmef vyl 580°@td 2000°Ce Ipsomeadpitiodingernts
gases, and/ @r other neans suitable. for, 5 .preventing cross f1low. between the
enct antigsoas SR sERR R oS raidrat e B Bty PelDrubi huBgLnaR:
subsh anthcahbithos eRgrintiesk fheMpaTRa@i@e hekted foodtl B Hdfetrb@BSthbusignt BBme

reactor. For such enbodi ments, the conplex flow path may create a.

| engt hegadoginfeags ofiee fmventisanethodsiamedse firdigr ¢eprrisgrieastersif: (thplopurg #Heat
transfer ch I [ rred.faor re .en i i a
e e e S S
react or r¢n@t Rsthimghe @¥RedH §BEeR toreaenhs ddated eSgom; andr(ipsidwingudtydtdierbon
react or. for such enbodi nents, the porous and/or perneabl e nedia

However,
may i nclfepdetock ghrough e dicated 1egiopt top prrobfzeaatpleartet) NoEHON f the rydERSABRD of
tiles, J I i.al |y honeyconb-type structure, a
fi b?gus%%érarg{ao%g%e toﬁggnﬁcrga&;giﬁgﬁfgﬁgﬁgﬁ%ugg structure. It may often be
preferr¢adi2Bht Abmrdiegam sonra¢mbodipemy thesinkergivesmethad eoarmeacs profvakng iat at e

good heat_ 15exchange with. the reactant and produced gasges. [00135] The
regener 5?fr%0rw%}r~‘f3§i rmpiitior Byst Sy ﬁa%qﬁieu TS Haele ek o
t enper atUfRforl TS iy SherldPYdimPiebeiRBAYentiDe BXARTS, tBE sidp Q@ﬁ'bovm?ﬁ§%he

preferably in”excess of 1700C. In sone reactions, it may even be preferable
t o heat refhastdrg edatefidr congnmses porviding reerafitactary omtersliclompsisingsa edsar800wo

seconds, .t.o,a tenperature in .ex s qf 1800C or,even.in s 20 i nst ances
' elcedtigpRsgnan thn ol arieli) T ierPiumBidiebe i ol bty sws: HE Mk
stream Wf&gfﬁvﬁkiih@%er R&GE0BFy matteihl asm@isch 9@@@1@%@%&@&%&%@%@& 2800C,
or from1500C to 1900C, and sonetines preferably from 1600C to_ 7005.
Exenpl algast ¥swife rvétyia bpsadsipon diiosth weighipf e refigttery majetialaddcerling teaiha. 1
Seconds oA IARLIIERE iAol bl SEEQNRRICL 0 ISR BORECh e L
conversion or cracking o he separ t &g vapor 6%ase may® 25 be per?or d

t he presence of hydrogen, hydride, other hydrocarbons, and/or other

di luents or stripping agents. The convg{sion of the vapor fraction into
hi gher val ue hydrocarbons such as acetylene typically requires a high
reformati on tenperature, which in the past has been a significant barrier
to commercialization and efficiency. [00136] In one or nore enbodi nents,
the reactor apparatus for pyrolyzing a hydrocarbon



30 feedstock may include a reactor conponent conprising a refractory
material. The reactor conponent may be nade predom nately fromthe

refract orwyormatigwems and nay be utilized in a reactor sy®CEmSI10pFICESS.
That is, the reactor conponent may have a conposition that is equal to or
greater than 50 wt% of the refractory material based on the wei ght of the
react or oM2oA00b1 262066 DT/ U2SHOpiZ3otha @R ARIMentS ¥ dhe Methols, Fheahyr t han
60w % of the refractory material based on the wei ght of the reactor
conponemntssswgothetrofrantonymaatemal is lesnthTOw Vot at 90Fef r act ory mat eri al based
on the i t he reactor. conmponent.. equal to or. greater than 80wt % of
Che rer (AL, s dFvafPE2haCBIP TRESa S s ' Rrd 2hcPuPhabn gty tores

equal t eymilydfieaheirobidon GdakHeioht 4 Renferdi@kroaaabaey thdt e200al, basetbsothahhe
wei ght of the reactor conponent. The reactor conponent may be a reactor

conddi t 1580%Ce & todasst tham d 689 %eror ng lasnidyie AP0 o w6 mot lass p2RAY° oo ¢, t0g
react or A : i 5] g ent
o A0S S AR AL RO SRR Sh IR The rotacl Y RAEN s PETRREET
t hat i s fegungloftaovide variagnioé reftadotiny dOwpSacnts, kv aséiut acttloniyednat ephicads, lxaded on
t he wei ght of the honeyco monol i th. 10[00137] In another enbadi nent, the
present %9%%9 d%@erﬂagﬁ,éttégg&plp%.a B&-tv@aetﬂélﬂdl ala&éfaa?%?% 8P cpyHgadyenakith

hydr ocanppog; fRedstamkst @%%Q&&?fﬁ% Ugad %hﬁghagg valves, aifl/6CBHEP reff nent

conprising a refractory terial 1h oxide rm the refractory materi al

haviing aompbndntsy os hst inmerndy Exemspladyard s@06 0@nawd ophipohentenwidnsith pyrokisde

form when exposed to a s havj ng, carbon parti ressure of 10Q-22 par and
oxygen et sy sieB e atlsils Bar SheRBE wbi HESSHEr sesdly 8708 200¢
wher ei n rgRtds, T8Idk adryccdgikeri al has not |ess than 4 vol % formed porosity,

measured at 20C, based upon the bul k vol une of said refractory material .
2. The l1@HESbr lapparapass thd inyentagriaghdds a ¢oiemisirafraciore matemalciushys mayéei al

has tot %lse 1rnoa§ i t%bilsri] }ehc 0{ or%qlee%fl f1t0 {In i1£1l %Oc ﬁ)%nyc%ln%onir%ofese' I r%aﬁ:t 9 ra
appar at U of TpaPagraph i, erern ST red poresitYE s G AT S &t t er

si ntier i hgd@tardoi Egasioal. ulremahy Baiboli@&sits fancddOOilf BE a M@icntRESe tdaawrone
hour. 4. The reactor apparatus of paragraph 1, wherein said refractory
mat er i althea$mbediventps ety fIpw type of APRFECIBHVE IeAeTOs. 14 13geNgHitiyy reactor is

substantially any reactor which is cyclically heated and then reduced in temperature, and then
reheated to repeat the process. Direction of flow through the reactor is not critical. A reverse
flow regenerative reactor is a pyrolysis reactor or reactor system, whereby fluids flow therein
20  for a period of time in one direction through all or selected portions of the reactor and react or
are otherwise processed therein. The direction of flow is then reversed and other materials
are fed from the opposite direction through the reactor to displace any remaining first
materials or reaction products back in the direction opposite from the original flow. The
cycle is then repeated. Thereby, the reactor bed or reactor media components are exposed to
25 materials flowing in each direction through the reactor. For example, heat may be produced
or added to the reactor by reactants flowing in one direction and that heat may be used to
pyrolyze or otherwise facilitate product-generating reactions in the reactor. A substantial part
of the heat is then removed during product flow, often in an opposite direction from the flow
direction of the original reactants. The pyrolysis reactor system includes one or more hot or
30 heated regions or reaction zones, and preferably a lower temperature quenching zone that
serves to absorb heat from the reacted product to quench the reaction process. After cooling
the reaction product, the heated quench zone may be cooled by reversing direction of flow

through the reactor and feeding new supply of materials through the quench zone to absorb
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5. The reactor apparatus of paragraph 1, wherein said refractory materi al
has total 25 porosity in the range of from5 to 35 vol% 6. The apparatus
of par agreiphrofi/oeattérei n said fornmed porosity conprises rh@/usedialoszaes both a
formed vacant pore fraction and a forned durabl e conponent pore fraction.
7. The apparatus of paragraph 6, wherein said forned pores have a D50

di armet eiquérth 4088 $ichthaid dae BROh@E Bhdk ®i the rédctibRizond @heRcthorycovaicghcal is 30
8. The apparatus of paragraph 6, wherein said formed pores have a D50
di amet econssrgdgind dcysgf d@ PErhdat dip isagtionezoac phd reackat pRETigai Mfte reection of 3 d

refract ' j kT r.ai [ [ tor
ot et s R FraskBes BhetefCiab BBt Hd B & R0t 3R BdEhiAN OV
6, wher etactanamdtorief (iadudingy ampdidudnal orconpedss Bswingnitduighiidadca@odystesi. ze

di stribugj including a.first ajn de and_ a secand ain node, the D50
grain sﬁ'éfb%g} oAl fffa%a?gqm% af terptistack ThareTad © ok Tniny e RIS D50
grain si i r aj 1= ' L do frgmreick : D50
1 oot o frftly. 38! fyrogea0te 0t 2L ARAR ERELELR, DRt o TR PAORRMAG 00,

second ¢¢.gi plafmeearomatics, amdot hentdend)earlds(1) ghati anackicd ecagfios aratluti frem (griai n
node. 10. The.apparatys of paragraph 9, wherein, said forned res, have a
080 di abensho i e aaEeg <o Rt TedsiePhan e SorPhaydiNE MBS os: ve
of sai dugeasn@clrde Pyroddes piodh@urf thdRactioneis BoPtiteBl JuentE&l afd seppédsaeond
grain node. "1011. The apparatus of paragraph 1, wherein said formed porosity
conpli se&ciippMageoRtinc1IP0ompesiagihg mejeellesporootkeyclemontaigonopantat artiad

par agr aph % .m@Frein.said f rnedlporosity Is created using at | east one of
. dCSS eﬁlra [+ raactloné)rodutc CO1 CNLS T . .
a sacrificiral 'voiding agent, a durable voiding agent, and a conbi nati on of

sacri fi ¢o@R27pndSepuraadl Butwirhdicahgo@gi@fbsuctibh b3 Wb &r apfra Faictidtsahtonde agicaph 12,
wherein said voiding agent conprises at |east _one of a sacrificial .
pol ymer S¥Steras weh ap threu epwegﬁw rhangels 638 facildigte defgyeadipeqtion or combustion

of the reactants until they are combined with each other, within the desired reactor zone to
15 react with each other within that designated zone. Thereby, a heat bubble may be
controllably and repeatedly positioned within the reactor system. In some embodiments, the
reverse flow regenerative reactor may be described as comprising two zones or reactors: (1) a
heat recuperating (first) zone/reactor, such as for quenching; and (2) a reforming (second)
zone/reactor, such as for pyrolysis reaction and reforming. (The first and second reactors
20  need not necessarily be separate components, but instead may be merely different sections of
a common reactor or reactor system. The terms first reactor and second reactor are merely
used for simplification and to aid in discussion.) In some embodiments, a reactant mixer may
be provided intermediate the first and second reactors to assist with mixing and reacting the
separately introduced reactants. As a catalyst is preferably not required to facilitate
25 reforming the hydrocarbon vapor to acetylene, in most preferred embodiments no catalyst is
present in the reactor beds. However, there may be some applications that benefit from the
presence of a catalyst within the reactor system to achieve a certain range of reforming
performance and such embodiments are within the scope of the invention.
[00128] The requisite high temperature for many pyrolysis reactions may be achieved by
30 creating a high-temperature heat bubble in the middle of the reactor system or within one of
the reactors of the reactor system, such as in packed or monolithic bed system. This heat
bubble may be created via a two-step process wherein heat is (1) added to the reactor bed via

delayed or deferred, in-situ combustion, and then (2) removed from the bed via in-situ
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14. The apparatus of paragraph 1, wherein at |east 50% of said formed pores
have a three-di nensional body factor of not greater than 2.5. 15. The
appar at uswof2opamarysaph 1, wherein said reactor apparat uPCTarsprises2h
regenerative 20pyrolysis reactor apparatus. 16. The apparatus of paragraph
15, wherein said regenerative pyrolysis reactor apparatus conprises a

rever se chdamerhgedternahi v e\ keabérerit appariatdision id the abilery appafisdteialyoianage
paragraph 1, wherein said refractory material has a nelting point of not

| ess t hand 2aB0E, thodugh Prwcesparbabbls (of. pdr8giaph 21 S00Mariaianreseipriragemict or y
mat eri al, remains i.n sai d. oxi de form when expos tQ a gas vi ng _a .carbon
par o1 o st SOBPS bt HEERRSEHeahe eYREn-Sh s o Bt B dfhRed G2
measur ed'hat inaeﬁt%p@]ls@wﬁ@ At PROEE. cldicpcalparait uSsudbtapfdlBgicamubusly
wherein the crystalline structure of said refractory material is cubic

duri Ag RegRlg leeerraasydic, somprousl regepgrative repsios sutiens. of paragraph 1,
erein é%(glgg}'a%ﬁ CERRA Hat al%gdrydope;lfrg{nﬁ&rl Ye %, i bné 3t 8?681‘6%%}%?&11&7%

bar at e appar at us graph 1, erein said rea
conponem¢actoncddadsl@batadre [vsalsil foneardfing oueachigh tempeudture cherhealc tdaotior. | dihd

m xer, a honeyco nDnoIitgﬂ checker-brick, a reactor bed, WO .
2011/ 06 2VEBBCE F¢heestorn/ MysU3maR PCaused ot Fapatradion Qfi Ane Re pYF cmbpdipents,

appar at Usm@hnddd), 39F@Rhs b INRLEIsy3RNE hEREL Ve SHATPRARATLY GRIBSHSESsHpe,
10 such as but not limited at least one of spheres, beads, honeycomb materials, a tube, pipe, U-
tube, fluid mixer, nozzle, extruded monolith, brick, tile, catalyst tray, reactor tray, tray
component, valves, and/or other refractory components that are exposed to high temperature.
Some embodiments may include the inventive refractory material used in fabrication of at
least one of a honeycomb monolith, a reactor bed, a reactor conduit, a reaction fluid mixer, a
15 reactant mixer, checker-brick, and a reactor heat sink member. Additionally, if desired for
some embodiments, such as to control costs, a reactor system may also comprise other
refractory materials in addition to the inventive materials, in other reactor regions of the
reactor that are not exposed to the most severe temperatures, such as glass or ceramic beads
or spheres, metal beads or spheres, ceramics (including zirconia), ceramic or metal
20  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 for that respective region of the reactor.
[00130] The inventive reactor system may utilize inventive material components in all
regions of the reactor that may be subjected to the extreme temperatures, such as
25 temperatures in excess of 1200°C, or 1400°C, or 1500°C, or even in excess of 1700°C. In
some applications, the inventive material may be useful, for example in applications having
temperatures of in excess of 1700°C and in some other applications the material may be
useful at temperatures in excess of 1800°C, such as up to 2000°C or up to 2200°C.
[00131] In one application of the present invention, a first reactant, such as a hydrocarbon
30 fuel, is directed down one or more designated reactor channels or conduits, while a second
reactant, such as an oxygen-containing gas, is simultaneously directed down one or more
other designated channels through the reactor. During flow in the opposite direction,

preferably both of the first and second sets of channels are simultaneously utilized to convey
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honeyconb nonolith having flow channels within said nonolith for conducting
at |l east one of a pyrolysis reactant and a pyrol ysis product through said
nonol i t h.wo 28B/06bEsappar at us of paragraph 1, wherei n saiPdTriSacoOss4eDNPonent
has a thermal shock resistance rating that denonstrates a total crack

| ength per unit area after quenching said reactor conmponent from 1100C into

a wat er ti@pfrolyded ah® NREK akkphtlcafpréddict ivoluitt thefugattRE rddipsraid®d réddtdiMn one 24.
The apparatus of paragraph 1, wherein said reactor conponent has a nodul us
of 10 rgpbadiecbdhashearisreinghded &t prhet ROBT hapsycqral s1onphth type grugbyeat a
t enpera L 0 L . nat 4s.:

par agr aphe ol ohERBRACInah bRy YL aFERGs SR to aheiydS BuPRREAR HEiEh 5 o,
t he t ot aktridxidglotraofic satctureefasaat greyicratly eimoaln. in the2@actidne inapgay, atudls a9fin
par agra wherein said regéactory mat er S substagéiall excl ude

ph 1,. | al
150x de§at6%’“9 FONETEE, £ cgapablgof C?ﬁ@eya%arfémh dhrgpgth e %raaﬁg%qf haeredi n
sai d oxi " i fam i AR i e
Sapar o oae e AGHEY Cori? RTESuIAD AR, REFOA Id KRBk MRk of dnnell
conpr i sesgardless of crosgis§ctmnall geastetrg Othatt i loflesamblitipkt sustantmliygaeal lbhfed paghsn t he
total weight of said refractory 20.mpterial, said first grain node having a
000" gr agh Bl 3% B ator GRS o fainTBe FhiGuseorial ' aty Peiclal RismRY 09 ¢
1 wt % ofkhgRCcamd cHimicly JABE fhahdaesgaReMytne ctr@mlectmhgmap@fa_nﬁai%g« 4 @heaglory
material, said second grain node having a D50 grain size in the range’ of
f r onp 0. GIMiIcHIagp crogs-pestionelediape mayahe pisécrfedur E4eht men@dBh magyainglusie zesinglesai d

first grain de. 2529. The a rat us of paragraph 1 erein said
ot ot SRl feo ERAMCI Sy RARLE| finfeis, RAE AHSP RurforcDSE Blh Hands of

cont ai nichghneBraepsAdingaupdin B BiZd rBf A haxitioulag ARG RAEd réditbre antizdiathicans
t hereof 30. The apparatus of paragraph 1, used in a pyrolysis reactor_ for

pyr ol yzifRY xamples JB aposbedmange khe gendyits gipe rhavgr & Bametet of ey thdaw

éi?glcy . ?iﬁl"g)lijrrée-m@, SPRRLALHS m%lirr%%r?glr ?lelara} miHﬁﬁ“é%tes Mnd Rl %V)é?d.l %eﬁtﬂﬂ&te&rinf or

15 diameter in some vessels. A reactor may comprise a single, a few, or even numerous
monoliths. The monoliths may be further arranged into cells or groups of monoliths, wherein
cach cell or a group of cells is dedicated to conducting one of the two simultancously
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

20  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 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

25  reactants and maintain a majority of the reactants effectively separated from each other until
mixing is permitted. In some preferred embodiments of the present invention, the reactors
are comprised of one or more extruded honeycomb monoliths.

[00132] In some embodiments, the inventive materials and components preferably provide
a conduit packing with an average wetted surface area per unit volume that ranges from about

3 50 ft! to about 3000 ft', more preferably from about 100 ft' to 2500 ft'', and still more
preferably from about 200 ft™ to 2000 ft, based upon the volume of the first reactor that is
used to convey a reactant. Such wetted area values apply to the channels for both of the first

and second reactants, with relatively thin walls separating the channels to facilitate good heat
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hydr ocar bon feedstock, at a tenperature of not |ess than 1500C. 32. The
appar atus of paragraph 1, wherein said regenerative pyrolysis reactor
conpri seswatoimet’sone of a deferred conbustion react or PCHASRIT0O8342DN
reactor, syngas reactor, a carbon WD 2011/062775PCT/ US2010/ 055423 bl ack
reactor, a steam cracking reactor, and fired furnace reactor. 33.The

appar at wenstr pawagl tphcdetankyidd@e iRV SlatgiaR Th ®km Meae alls'aftera tstigond
reactor in flow conmunication with said first reactor, at |east one of said

first réutanse thiouek ayhichs dedmaustiecmeved oviin shineplishpertipas padhiorympencst al .
>34 A CALOSHOD LS SRflal Iplgéllgiﬁ%%hﬁd S 0 théxﬁﬁe%‘dfa%eté%r “ézréa{&gor{g)ed

hydr ocar borni conp rst”reactor a sec
react or compfitiogy lokpeomlc ahorohithmstrhctagisd tid rdtvaneaditnonsiomatis | staply drewafl sai d

first reactor and said _segcond reactor_conprisin .refractory material in
oxi dé& f JHRENCEREPIEEato Wnﬁia@?@%u W@wa%@ﬁ?w[ﬁ@%cﬂfnﬁo BRRAYCPBEs
t han Zo%oﬁﬂﬁ a}e’e(l)lﬁﬁléi'%rﬂélg 3 Jant ingeﬁiﬂdndi% lEégrﬂth{"ﬁ%"nﬁPﬁpr .gntfbp 1&s @5 Vi ng

a carbon partial pre 10-22 bar and an oxygen partial” pressure of
10- 10 bam, deas to edrababic mempematmatlshwknd2 @@t less thanvdrewrsd . 1smind These
from4 to 60 vol %

refractory.material . has far orosity in_the range of

based. utaNivRe Hin Raneas e aurEty B SRpih o s ole sdisuphePiogeh@s pr ot em
of par aghRRivSmatMEr &1 Ms@RLA pRrMLIY IRYSh R fiHthRed SRORHdppESitioad (hesai d
first reactor further conprises a first channel for conveying a first

r eadb antluthicosighlcs aprbsian wyistenendbhcannesissns suberinl chidemlett chahlingonvefitiy a
second WGESHR AP Mot PTG LA PRt el o o
second hEAEAtO Feactnh@dtLflow Yhidaglttheahdiitorechbeig) eratlt UTRe eflatiielyl Igigh burkaid0C
arca per unit volume values facilitated by the high number of relatively small reactant
channel or conduits are likely preferred for many embodiments to aid achieving a relatively
15 quick change in the temperature through the reactor. The quick temperature change is
preferred to permit relatively quick and consistent heating and quenching of the reaction to
prevent the reaction from continuing and creating coke. The relatively high thermal stability,
high thermal shock resistance, and high heat transfer capability of the inventive refractory
material also enables these desired quick temperature changes, without experiencing material
20  failure due to thermal shock degradation.
[00133] In some embodiments, a reactor will provide media channels and other high
temperature-exposed components and packing that includes a high volumetric heat transfer
coefficient (e.g., greater than or equal to 0.02 cal/cm’s°C, preferably greater than about 0.05
cal/cm’s°C, and most preferably greater than 0.10 cal/cm’s°C), with corresponding low
25 resistance to flow (low pressure drop), 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/cm’°C, and preferably greater
than about 0.20 cal/cm’°C).
[00134] Some embodiments may use the inventive materials and components for uses
30  other than the described and often preferred honeycomb monoliths, 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
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20 for pyrolyzing a hydrocarbon feedstock in said second reactor, wherein
sai d second reactor conprises said refractory material. 36. The reactor
syst em ofwpapagwaph 34, wherein said reactor system compCTABI01&/05RBr Se

fl ow regenerative reactor system 37. The reactor system of paragraph 34,
further conprising a reactant m xer section 25 internediate said first

react or n@dlite] theRRGRNBUtIRAIndTedito [s9FDithige, ataricgasd flawpgihd, @Bndifitss &ibds,f i 1 st
reactant with at least a portion of said second reactant, said reactant
m xer s&©tS 3adEBBPYAIS sHBCtaLs bpving ehpanels hiopgl i partion(spef theHgagtanardbmagy st em

of par agr gl e MG My SRhOabR! LAGLRE Y FRLaIAloohil HAERK L] BaAadLOr

anot her yttriumc ntélﬁing conpo said refra ry material 1n ng a
gr ai n 30asihg umbstadidligynmgiciDa0 pgmaiabilsy 2€ dases hadfoangkeromednsomi@bR1farl m t o

;2)3?815 Vo ﬂ)gevgg%%&AaFon%t% ?fgg%fh%{%%&}%ﬁze%%gmﬁ&%? ;ﬂgéa%%?l?aééﬁge S;ﬁ%%réﬁ g Precid
heat ed r.egl.Qn Ak %b@béhﬂélléﬁée%a{aﬁgl%&ﬁ cSSSRPAle a9<¥a{18/| Yesitibe @ MPactor. For
2011/062775PC%/U82010/05 423 hydrocarbon feedst ock, appara?us conprising a

ref ract onsh nmbedimghtsi thaoxomplek ditow i dayefreatctotopgtimnet icHbcthavilony rath,
mel ting.point of .no | ess than 2060C and.that remains in oxide rm when
exposed GG R HA s BAPRGR Har EPaforp b Araen ey e DTgard Bha bRy gen
partial cRieasne Rivid©-alRIRRkly BRASUKRY IéHoti? thBiRERR Waotodf AZRAG lohydrer ein
said refractory material has not |l ess than 4 vol % formed porosity, neasured

at 20C, r¢ratnedengilonmen exparickey giciamsedopressirel drops thotgh thenigeeiol. aHowagerT foa

met hod of .par.agya further, conpri.sing.the ste : (b) ;heat | sai d
noatod SuciPERBREAR: 3Re bt DRI ERIRELRL MR tisBhRe Hor A LR iR
hydr ocawban pacledis hegk ah Nirargaindnth @t ids, " € gpd@icalild dsolid( ehedpy r OlsyiBitagialgi d

hydr ocar bon feedstock using heat fromsaid heated region. 41. The net hod of

par agr aBRNSGOMPriy PhEFuUEERpE (BTN HHBLERE W hEweh-hgcdaltiae Mawtws. rlegiagn
often be preferred that the ceramic matrix provides high surface area to facilitate good heat
15 exchange with the reactant and produced gases.
[00135] The regenerative pyrolysis reactor system may heat the hydrocarbon feedstock to
temperatures in excess of 1200°C, preferably in excess of 1500°C, more preferably in excess
of 1700°C. In 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 1800°C or even in some
20 instances in excess of 2000°C. An exemplary preferred process may pyrolyze the feed
stream within the reactor, such as at temperatures of from 1500°C to 2000°C, or from 1500°C
to 1900°C, and sometimes preferably from 1600°C to 1700°C. Exemplary residency times
preferably may be short, such as less than 0.1 seconds and preferably less than 5
milliseconds. In some aspects, the conversion or cracking of the separated vapor phase may
25 be performed in the presence of hydrogen, hydride, other hydrocarbons, and/or other diluents
or stripping agents. The conversion of the vapor fraction into higher value hydrocarbons
such as acetylene typically requires a high reformation temperature, which in the past has
been a significant barrier to commercialization and efficiency.
[00136] In one or more embodiments, the reactor apparatus for pyrolyzing a hydrocarbon
30 feedstock may include a reactor component comprising a refractory material. The reactor
component may be made predominately from the refractory material and may be utilized in a
reactor system or process. That is, the reactor component may have a composition that is

equal to or greater than 50 wt% of the refractory material based on the weight of the reactor
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to a tenperature in a range of from 1500C to 2000C. 42. The net hod of
paragraph 39, wherein said refractory material renmains in the oxide form
when expoweadotinéar7’gas havi ng a carbon partial pressure eCTAG2MB/0bHR3 an
oxygen partial 15pressure of 10-10 bar, nmeasured at all tenperatures over
the full range of from 1500C to 2000C. 43. The nethod of paragraph 39,

further ce@ppiidns, dy@alt tber ph@Perahah@@V 0N f trirdfrieat/adateLgitatedoyn thefvedisacht
conbusti on. 44.The net hod of paragraph 39, 0further conprising the steps of:
20( Of | ofiarigagier ¢asmpancetn 8qyad i eiagfeatPithan 7PwEp of itheeréfrﬁ@wrn@téu%rbaé%d ep theact or

N ‘ L . . o S . "
Syst om {1515 of WA teabRR bR T i 1o GASE BN Roh RBShAT ML SUIGS B ERC 07
f eedst obksddhsrotighwsight ofidlat exdctoe gompohant,pyrr eduat o at Jreast than POwtYooof ke sai d

hydr ocar bon feedstoq@gan roduce a }:r acked hydrocar bop Er oduct. 25 45. The
met hod GFIHEgRapiR! Sgscdapie R Weight gl Siceisaqiay COmPHIcBY i dPREeE T FOPBPPERit or y
mat er | almagolg@ﬁ'ré&%orpéo%hﬂ' z{‘gea%ti&?fﬂ'hﬁﬁhﬁiéf, FBoREY BbCRABRG ! %cﬁér-l%rﬁ%?ta 50
W% yttri ased upon the total weight of said Trefractory material. 46.
The et hodtasfbepasmigorapteadion bdwe smknmembet. sl éipe (caytootomppandnt isng herdydomb

refractor teri onprises prqviding a refractor terial .conprising at
L east odaebit forithe BRER 3B BT h Sl e i ish (513 ehl § oF grer

mat er i akhan bt IdRhORITASErPaRALPEIBPBn &R, wMbIRIoTite iSsHefcdrel rdabiahy materi al
conprises a D50 grain size in the range of fromO0.01 to 2000 !lna, and the

D50 18i af®187] of Ingapthet embedimgot, & riresont tcplimqeesrelagdoof not | ess than 0.01

ilmup tto 40Q0 VWO 2011L062775PCT/ US2010/ 0554 48.., The t hod .of
ol atn 36 A R R R RGP VAR ISR sk g ArdIEL R o | o
great er thanalQactobesm@incdO08prisid® a rEhectoBt madriof irpatidgfemh 8O refrdt@si n

saidr efn{a%ecr%acl) rh%viggtaeﬁlieﬁilngh}?osintaofrrgol tleisg %ha%oéongoogfanr(]iovtvhilcﬁ S{rgmgigg ri]n 203-(i6d%Cf'orm
when exposed to a gas having carbon partial pressure of 107> bar and oxygen partial pressure
15 of 107'” bar, measured at a temperature of 1200°C;
wherein said refractory material has not less than 4 vol% formed porosity, measured
at 20°C, based upon the bulk volume of said refractory material.
2. The reactor apparatus of paragraph 1, wherein said refractory material has total
porosity in the range of from 4 to 60 vol%.
20 3. The reactor apparatus of paragraph 1, wherein said formed porosity is determined
after sintering at a temperature of not less than 1700°C for not less than one hour.
4. The reactor apparatus of paragraph 1, wherein said refractory material has formed
porosity in the range of from 5 to 30 vol%.
5. The reactor apparatus of paragraph 1, wherein said refractory material has total
25 porosity in the range of from 5 to 35 vol%.
6. The apparatus of paragraph 1, wherein said formed porosity comprises the total of
both a formed vacant pore fraction and a formed durable component pore fraction.
7. The apparatus of paragraph 6, wherein said formed pores have a D50 diameter not
less than the D50 grain size of said refractory material.
30 8. The apparatus of paragraph 6, wherein said formed pores have a D50 diameter in a
size range of from not less than the D50 grain size of said refractory material up to five times

the D50 grain size of said refractory material.
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550. The net hod of paragraph 39, wherein said refractory material remains in
t he oxi de form when exposed to a gas having a carbon partial pressure of
10- 12 barwoaniigeyyen partial pressure of 10-10 bar, andPat/us2eepEeat ure
over the full range of from 1500C to 2000C. 51. The met hod of paragraph 39,
wherein the crystalline structure of said refractory material is cubic
during beat - Gpef aEPrd@SQAE HoaragRPRCo, Mhcddn Thed appat@diysmatriplacagpapl 39,
wherein said formed porosity conprises the total of both a vacant pore
fract i omuEgodal grsiglsize dvripinannclyemg o gt giaghmodaanthea speoRd w2hHn Apsisr BCus of
par agr a A el t [ er
Fhan-som ot RS T ap e AR Abas RIRRRER MR (3 FERRD shp R B SRHET
conponentcond poin Tieler @dcitcar sy sdrared glorg@adraagndpsl Jdmevdnen eisivetragga eatdmar

conponent conpri se gual to or greater than 50w % of the refractary.

mat ef i al°hl§ss alaﬁﬂefl%io wetghte ‘bﬁzsat C?Iég%fta@rme {Pelio, e, tii‘ﬁ@ﬁ&*%&lz&f

par agr aphs 39 firWfighiddthe apparatus conprising a reactor conponent
conprising equal” to or greater than 50wt % of the refractory material based

on the Wi ghtlhefapp@ratuhef mesgraph & onpoeiastid fodDdBprevibialeatih prestentn a

i nvention ha een descri bed. and il | rated. w t.h respect to certai

enbodi refed o fork dof g os RS bt BRbeMimaiat o SHEoRoTcee G Mok Gt o
t he parTtﬂnié'd'ﬂ@erES@jFﬁﬁ{ﬁ%@@f@@se@éﬁi@@ﬁﬁlﬂl@d@'| equi valents within the scope
of the clainms. Unless otherw se stated, all percentages, parts, ratios,

etc.l0ar dlby i ghparatyaoé peragraplrnivderan seid formaecd pdresisheampiies drom ¢@wpound
or conp t dngl conpound or conponent by itself as well as in
conbinaﬁpgﬂﬁﬁkgﬁtggﬁéy%gﬁ%nents, conpounds, or conponents, such as m xtures

of conpaonds ThEwppdretus ofiparngauphalyeititicin coiddBIhédBporosity BreredtBusiv@buRaqr
paranmeter is given.as a |list of upper preferable values and |ower .
pr ef er aBPe of gisgerEficiglhyadding agentpa duribls widing agents pa pfooppinajioniof spatic) al |

ranges f IR ARy ir of an upper preferred value and a 30l ower
preferrgg&va Béf%?%§§r%$%%s of whether ranges are separately disclosed.
3

15 13.  The apparatus of paragraph 12, wherein said voiding agent comprises at least one of a
sacrificial polymeric material, a hollow particle, and a solid particle.
14.  The apparatus of paragraph 1, wherein at least 50% of said formed pores have a three-
dimensional body factor of not greater than 2.5.
15.  The apparatus of paragraph 1, wherein said reactor apparatus comprises a regenerative
20  pyrolysis reactor apparatus.
16.  The apparatus of paragraph 15, wherein said regenerative pyrolysis reactor apparatus

comprises a reverse flow regenerative reactor apparatus.

17.  The apparatus of paragraph 1, wherein said refractory material has a melting point of
not less than 2160°C.
25 18.  The apparatus of paragraph 1, wherein said refractory material remains in said oxide

form when exposed to a gas having a carbon partial pressure of 10™* bar and oxygen partial
pressure of 10™° bar, measured at a temperature of 2000°C.
19.  The apparatus of paragraph 1, wherein the crystalline structure of said refractory
material is cubic during heat-up from 1250°C to 2250°C.

30 20.  The apparatus of paragraph 1, wherein the vapor pressure of said refractory material is
less than 10”7 bar at 2000°C.
21.  The apparatus of paragraph 1, wherein said reactor component includes at least one of

a reactor conduit, a reaction fluid mixer, a honeycomb monolith, checker-brick, a reactor bed,
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WO 2011/ 062775PCT/ US2010/ 055423 CLAIM5 What Is Cained Is: 1. A reactor
apparatus for pyrolyzing a hydrocarbon feedstock, said apparatus including:
5a react owoconpweEat conprising a refractory material i RCOAISA@ 065423 t he
refractory material having a nelting point of no | ess than 2060C and which
remai ns in oxide formwhen exposed to a gas having carbon partial pressure

of 10- 22ndakeaadtioh By g@R npatibdral pressure of 10-10 bar, neasured at a
tenperature of 1200C, wherein said refractory material has not
| ess thdA- 4 JoPosprsedtey Qopaapraph heydiprein D¢t reador (eaywacRip SAMPHEESHE| k

vol ume g, Al brrﬁé@?ﬁ ﬁaxng%w Lihnels %vithi'€id SRGbAM APRALAKHS gi lteﬁétad-n@ 1

wher ei n sal ormed porosity is determned after sintering at enperature
of not loéspytdhesis tZQME ahdr pyadlydiepwdudrahroagie sdiduronolih. The react or

appar at of claiml, erein sajd refractory material has total pqrosity
in the ﬁgnge Tilf: APPYHLS @a@g@% L;@WISL@S%P?H@ LAY SRBROTSAT RSy} ﬁh@{@ahﬁw in

sai d foromd,Re rr]géﬁg Yhaf 31@1%11 Best Deothot @bk @éngﬁfw fnil QFABHY AuBALIRPSAd

fraction and a formed durabl e conponent por action. 5. The apparatus of

cl ai m 4 reastvercenposaitdrdroriifd(partes waee bahDbG: thgeeiter dfrb08CsE net peage of
fromnot | ess thap the D50 grain size of said refractory material up to
five ti B®O grain size of said refractory material. 20 6. The

appar at yg of ¢Laj, .ﬁtusW?%%%ﬁ?@ilg vﬂféffefifl:ij&,taﬁr yeae@i %h@bn&ﬂrﬂa@ia;%dal s of

mul ti modal grain Size dis Ion 1nc ing a first grain node and a
secand guire moudenicelhiexDED sgeraitin of natdesfthemil 38 NIPs at gicaiperatwden asangstof] ess

than three t| t grain size of said second grain node, wherein said
f or med 6@%@6®g§é028%g%odi aneter in a size range of fromnot |ess than the

D50 grabB._ si Agc@bpsiaius of ERREpHN abdnpRAR; #RedsP50 WevtytiRSn bhi8c BaRiagbaica Size
of said 25first grain node.

upon the total weight of said refractory material.

26.  The apparatus of paragraph 1, wherein said refractory materials substantially exclude

15 oxides of toxic ceramics.

27.  The apparatus of paragraph 26, wherein said oxides of toxic ceramics include
beryllium and thorium.
28.  The apparatus of paragraph 1, wherein said refractory material further comprises;

(1) at least 20 wt% of a first grain mode based upon the total weight of said refractory

20  material, said first grain mode having a D50 grain size in the range of from 5 to 2000 pum;
and

(i1) at least 1 wt% of second grain mode based upon the total weight of said refractory
material, said second grain mode having a D50 grain size in the range of from 0.01 um up to
not greater than one-fourth the D50 grain size of said first grain mode.

25 29.  The apparatus of paragraph 1, wherein said refractory material comprises at least one
of yttria, another yttrium containing compound, a zirconium containing compound, and
combinations thereof.

30.  The apparatus of paragraph 1, used in a pyrolysis reactor for pyrolyzing a
hydrocarbon feedstock, at a temperature of not less than 1200°C.

30 31.  The apparatus of paragraph 1, used in a pyrolysis reactor for pyrolyzing a
hydrocarbon feedstock, at a temperature of not less than 1500°C.

32.  The apparatus of paragraph 1, wherein said regenerative pyrolysis reactor comprises

at least one of a deferred combustion reactor, gasification reactor, syngas reactor, a carbon
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7. The apparatus of claim®6, wherein said formed pores have a D50 di aneter
in a range of fromnot less than 1.5 tinmes the D50 grain size of said
second grwpreommde77ap four times the D50 grain size of sacu/useconss4gs ai n
node. 8. The apparatus of claiml, wherein said formed porosity is created
using at |east one of 30a sacrificial voiding agent, a durable voiding
agent, ®n@kReAAIFPi $t8drh OfhcRing Sautdrf ardl faked didaciueadide voi di ng agents. 9. The
apparatus of claim1l, wherein at | east 50% of said forned pores have a

t hr ee- dBAensilbaapraady of Retasrapbfl, Agthey cempaping ffrstreactonymd a second reactor

2011/ 06%?ﬁ§5%{-n%%a91/09 %ﬂlzs%id ﬂlgt relg'tgr APRALALY %F g’e{id (ﬁlr&'rggcgdr a\ﬁ’ﬁ' §Lig'sBond! d
react or apparatus conprises a regenerdtive pyrolysis reactor apparatus
conpri sircugtoa compasiag siil ovfracege medtaidlve react or appar at us. 11. The
apparatys of claim1l, wherein said refractory material remains in said

oxi dé f ofm WHerFOSBI08 o EFSISENG  SHEOLYRAY iTRRFLOY é&srt%n%%apﬂoéﬂutﬁf s JuABcaIboRo- 14
bar and rQxvgepR Hankdigl- Spressure of 10-10 bar, neasured at a tenperature of
2000C. 12. The apparatus of claim1l, wherein said reactor conmponent

i ncl udes at ladast reacter afd a se@adtroactaronditvw commuemetiowmith| saiddfirst xector.aat

honeyconb nonol i th, checker-brick, a reactor bed, and a reaction heat. sink
menber . ea0nerRb Sl IRCHGIEtoR An A sbrOndaaciar ol Bk & B QXY ARUHENt "has a
t her mal osf¥e Ghrrd QafdasiradiéGRatb A4l HA%inkhahclBEBHBE bBRR Jesd A0 AT agkwhRATt h
per unit area after quenching said reactor conponent from 1100C into a

wat 6f bagrhainpinsoxiénfoemarhanexppscd0caiges hotinga earben patiahpregucawfcl9f” bar apd. The
apparatus of claim 1. whereinisa d reacto onmpaonent .nodul us of

bt ur o helkad R presfiF BF 1) PRk gefSBRU AL SPIREAFR 1T T pa et
tenperat ure iwheeeif 3giderefhctbfyomatbitDAACIdrmed YORSsity ihSthe Tagcagpao@mt 4130 @0
claim1l, %onprising at | east 50 mﬁ@bg}triun)oxide (yttria) based upon the

t ot al wépbﬁba%ﬁL@QFHwﬂéﬁWﬁ%95$?dﬁ%®§ ramaterigh  The apparatus of claim1,

wher ei n,sai d i t ri X i .east 20
W56 of ' A5r r JE SRR QLK HhlaBaph 44" WG AR e85 pystom fuhellobufhel: 0001 20
mat asi al , said fi kst fgstacactonddahdravonpgises DHBt giiaanel for z@nvieing hdiktmegeanf
from5 to 2000 .!1 na; and é%{) at least 1 wt % of second qéain nnge
based upBRUgtherld Srsireagiqrgind aprecand dhaprsl far evyyiRgrercraid reagipny throygh deigr ai n

mode hayirfGezotdd M IfiRk Dot ckthécdIBNRSct HiBMhO sQbnli IBARL kO oPRtrate
greaterhig?n one-fourth the D50 grain-’size 5% said first grain ngde.
(1))  said second reactor is heated by said heat to a temperature of at least 1500°C
20  for pyrolyzing a hydrocarbon feedstock in said second reactor, wherein said second reactor
comprises said refractory material.
36.  The reactor system of paragraph 34, wherein said reactor system comprises a reverse
flow regenerative reactor system.
37.  The reactor system of paragraph 34, further comprising a reactant mixer section
25 intermediate said first reactor and said second reactor to combine at least a portion of said
first reactant with at least a portion of said second reactant, said reactant mixer section
comprising said refractory material.
38.  The reactor system of paragraph 34, wherein said refractory material includes yttria
and/or another yttrium containing compound, said refractory material including a grain
30 structure having a D50 grain size in the range of from 0.01 um to 2000 um.
39. A method for pyrolyzing a hydrocarbon feedstock using a pyrolysis reactor system,
comprising the steps of:

(a) providing in a heated region of a pyrolysis reactor system for pyrolyzing a

- 60 -



2517. A nethod for pyrolyzing a hydrocarbon feedstock using a pyrolysis
reactor system conprising the steps of: (a) providing in a heated
regi on ofwea 2pyr@b¥ysi s reactor system for pyrolyzing a hpdrasariooss423

f eedst ock, apparatus conprising a refractory material in oxide form said
refractory material having a nelting point of no | ess than 2060C and t hat
renai ns hiyirooxibee 3€dstaakMappaatue xq@ageRing aarefastoRahAgia naohide foan! isald
pressure of 10-22 bar and oxygen partial pressure of 10-10 bar, measured at
a t enperdftasfasy gratqrpd deying a meltigp ppwit f gqilepsrthan 20q05E andehede@pIng 48 oje | ess

o d r ol PBrary e BPFER Ehpr IBT T B0y Pun IR a5 A RS AT o

cl ai m 1preswirenéil o' ‘sair dnesiircdat o rmpeedtercicdl1 20@9@i ns i n t he oxi de form when

exposed to a gas .having.a carbon.partial pressure of 10-12 bar, an oxygen
part?al pres@g%el%ﬁaliégfw%rr{m s agt leps thap %\@%%efoamaﬁ} BLrosermeasuretl ) |

range oty 6150060k A0 FLYS THE IRIARI Ofcr 8l m 17, T ur ¢ her

conprising the step of heating said egi on by deferred conbusti on.
20. The HBt hodheimathad ohphigraphelde furtheatamptiene (ha)steps ofir ovi di ng sai d

refractory terial conprises providing a, refractor Jal conprising at
| cast 90 wt o0t PifgesRsga SR sonis < brdrukf ghes b balld2ftiTacary
material . 10 (@LlinfldgudBt BAd@tarbbRfdiddek MRELRd Readd dgloff 4Rt ory materi al
conprises a D50 grain Size in the ran(&e of fromO0.01 to 2000 um and the

D50 18 armet er (& pwalydirfeoiarely doegagaon; fsedsfackiuging heaingem stidheatedl egggort. han 0. 01
umup tqg,400Q., um ..The od of claim 17, wherein said refractaory
mat o 1 ot emarhgtetied A R P AR en ik A6+ B B SR Phaed ARbR

parti al tpsesgpeifuRfin 1Qank Hdfom as0OKgeooEarti al 15pressure of 10-10 bar,
and at a tenprer ature over the full range of from 1500C to 2000C. 23, The
appar at d3- of Topansthadyof perageph 3Qamderct sd rplirgayt Patedplpicmedys nrHae ostds) of

both a YaGaQkheR 9&1?05@& @&Eiggg' hg\qgg 3 cqwbﬂtﬂa?tiaq %%Qlﬂ%rbtf 19°F Barf Eﬁg&ﬂlé)e'ﬁ partial

15 pressure of 107" bar, measured at all temperatures over the full range of from 1500°C to
2000°C.

43.  The method of paragraph 39, further comprising the step of heating said heated region
by deferred combustion.
44.  The method of paragraph 39, further comprising the steps of:

20 (1) flowing at least one reactant in a first direction through said reactor system;

(i)  reacting said at least one reactant within said reactor system to heat said
heated region; and

(i)  flowing a hydrocarbon feedstock through said heated region to pyrolyze at
least a portion of said hydrocarbon feedstock and produce a cracked hydrocarbon product.

25 45.  The method of paragraph 39, wherein said step (a) of providing said refractory
material comprises providing a refractory material comprising at least 50 wt% yttria based
upon the total weight of said refractory material.

46.  The method of paragraph 39, wherein said step (a) of providing said refractory
material comprises providing a refractory material comprising at least 90 wt% yttria based

30 upon the total weight of said refractory material.

47.  The method of paragraph 39, wherein said refractory material comprises a D50 grain
size in the range of from 0.01 to 2000 um, and the D50 diameter of said formed pores is

within a range of not less than 0.01 um up to 4000 pum.
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24. The reactor apparatus of claim1, wherein the reactor conponent
conprises equal to or greater than 50w % of the refractory material based
on t he wawghmwiiaf217Re reactor 20 conponent. 25. The net Iraui/uskololosisns 17,
wherein the apparatus conprising a reactor conmponent conprising equal to or
greater than 50m % of the refractory material based on the weight of the
react or 48onpamemicthod of paragraph 39, wherein the vapor pressure of said refractory material is

not greater than 107 bar at 2000°C.

49.  The method of paragraph 39, wherein said refractory material has a melting point of
not less than 2160°C.
5 50.  The method of paragraph 39, wherein said refractory material remains in the oxide

form when exposed to a gas having a carbon partial pressure of 107 bar, an oxygen partial
pressure of 10™° bar, and at a temperature over the full range of from 1500°C to 2000°C.

51. The method of paragraph 39, wherein the crystalline structure of said refractory
material is cubic during heat-up from 1250°C to 2200°C.

10 52.  The apparatus of paragraph 39, wherein said formed porosity comprises the total of
both a vacant pore fraction and a durable component pore fraction.

53.  The reactor apparatus of paragraph 1, wherein the reactor component comprises equal
to or greater than 50wt% of the refractory material based on the weight of the reactor
component.

15 54.  The reactor system of paragraph 34, wherein the reactor component comprises equal
to or greater than 50wt% of the refractory material based on the weight of the reactor
component.

55.  The method of paragraph 39, wherein the apparatus comprising a reactor component
comprising equal to or greater than 50wt% of the refractory material based on the weight of

20  the reactor component.

[00138] 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

25 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

30  lower preferred value, regardless of whether ranges are separately disclosed.
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CLAIMS

What Is Claimed Is:
1. A reactor apparatus for pyrolyzing a hydrocarbon feedstock, said apparatus including:
a reactor component comprising a refractory material in oxide form, the refractory
material having a melting point of no less than 2060°C and which remains in oxide form
when exposed to a gas having carbon partial pressure of 107> bar and oxygen partial pressure
of 10™° bar, measured at a temperature of 1200°C;
wherein said refractory material has not less than 4 vol% formed porosity, measured
at 20°C, based upon the bulk volume of said refractory material.
2. The reactor apparatus of claim 1, wherein said formed porosity is determined after
sintering at a temperature of not less than 1700°C for not less than one hour.
3. The reactor apparatus of claim 1, wherein said refractory material has total porosity in
the range of from 5 to 35 vol%.
4. The apparatus of claim 1, wherein said formed porosity comprises the total of both a
formed vacant pore fraction and a formed durable component pore fraction.
5. The apparatus of claim 4, wherein said formed pores have a D50 diameter in a size
range of from not less than the D50 grain size of said refractory material up to five times the
D50 grain size of said refractory material.
6. The apparatus of claim 4, wherein said refractory material comprises a multimodal
grain size distribution including a first grain mode and a second grain mode, the D50 grain
size of said first grain mode is not less than three times the D50 grain size of said second
grain mode, wherein said formed pores have a D50 diameter in a size range of from not less
than the D50 grain size of said second grain mode up to two times the D50 grain size of said
first grain mode.
7. The apparatus of claim 6, wherein said formed pores have a D50 diameter in a range
of from not less than 1.5 times the D50 grain size of said second grain mode up four times the
D50 grain size of said second grain mode.
8. The apparatus of claim 1, wherein said formed porosity is created using at least one of
a sacrificial voiding agent, a durable voiding agent, and a combination of sacrificial and
durable voiding agents.
9. The apparatus of claim 1, wherein at least 50% of said formed pores have a three-

dimensional body factor of not greater than 2.5.
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10.  The apparatus of claim 1, wherein said reactor apparatus comprises a regenerative
pyrolysis reactor apparatus comprising a reverse flow regenerative reactor apparatus.

11.  The apparatus of claim 1, wherein said refractory material remains in said oxide form
when exposed to a gas having a carbon partial pressure of 107" bar and oxygen partial
pressure of 10™° bar, measured at a temperature of 2000°C.

12.  The apparatus of claim 1, wherein said reactor component includes at least one of a
reactor conduit, a reaction fluid mixer, a honeycomb monolith, checker-brick, a reactor bed,
and a reaction heat sink member.

13.  The apparatus of claim 1, wherein said reactor component has a thermal shock
resistance rating that demonstrates a total crack length per unit area after quenching said
reactor component from 1100°C into a water bath to a temperature of 50°C is not greater
than 30 cm/cm’.

14.  The apparatus of claim 1, wherein said reactor component has a modulus of rupture
mechanical flexural strength of not less than 13.8 MPa at a temperature in a range of from
1000°C to 2000°C.

15.  The apparatus of claim 1, comprising at least 50 wt% yttrium oxide (yttria) based
upon the total weight of said refractory material.

16.  The apparatus of claim 1, wherein said refractory material further comprises;

(1) at least 20 wt% of a first grain mode based upon the total weight of said refractory
material, said first grain mode having a D50 grain size in the range of from 5 to 2000 um;
and

(i1) at least 1 wt% of second grain mode based upon the total weight of said refractory
material, said second grain mode having a D50 grain size in the range of from 0.01 um up to
not greater than one-fourth the D50 grain size of said first grain mode.

17. A method for pyrolyzing a hydrocarbon feedstock using a pyrolysis reactor system,
comprising the steps of:

(a) providing in a heated region of a pyrolysis reactor system for pyrolyzing a
hydrocarbon feedstock, apparatus comprising a refractory material in oxide form, said
refractory material having a melting point of no less than 2060°C and that remains in oxide
form when exposed to a gas having a carbon partial pressure of 107* bar and oxygen partial
pressure of 107" bar, measured at a temperature of 1200°C;

wherein said refractory material has not less than 4 vol% formed porosity, measured

at 20°C, based upon the bulk volume of said refractory material.
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18.  The method of claim 17, wherein said refractory material remains in the oxide form
when exposed to a gas having a carbon partial pressure of 1077 bar, an oxygen partial
pressure of 10™° bar, measured at all temperatures over the full range of from 1500°C to
2000°C.

19.  The method of claim 17, further comprising the step of heating said heated region by
deferred combustion.

20.  The method of claim 17, wherein said step (a) of providing said refractory material
comprises providing a refractory material comprising at least 90 wt% yttria based upon the
total weight of said refractory material.

21.  The method of claim 17, wherein said refractory material comprises a D50 grain size
in the range of from 0.01 to 2000 um, and the D50 diameter of said formed pores is within a
range of not less than 0.01 um up to 4000 pum.

22.  The method of claim 17, wherein said refractory material remains in the oxide form
when exposed to a gas having a carbon partial pressure of 1077 bar, an oxygen partial
pressure of 10™° bar, and at a temperature over the full range of from 1500°C to 2000°C.

23.  The apparatus of claim 17, wherein said formed porosity comprises the total of both a
vacant pore fraction and a durable component pore fraction.

24. The reactor apparatus of claim 1, wherein the reactor component comprises equal to
or greater than 50wt% of the refractory material based on the weight of the reactor
component.

25.  The method of claim 17, wherein the apparatus comprising a reactor component
comprising equal to or greater than 50wt% of the refractory material based on the weight of

the reactor component.
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