PYROLYSI S REACTOR MATERI ALS AND METHODS RELATI ONSHI P TO RELATED

APPLI CATI ONS [0001] This application clains priority to: 1) US

Non- Pr oviwoanal138qpl i cati on Serial No. 12/467,832, fil esdChag2d8/032200€9,

entitled "Pyrolysis Reactor Materials and Methods;" 2) US Non-Provisional

Appl ication Serial No. 12/567, 002 fil ed Oct ober 8 2009, entitled
"Pyrolysis Reactor MR 3 30l OC < 3§/ 032202, filed

April 23, 2010, ent “F R VEt hods, " t he

entireties of which are incorporated herel n by r ef erence The instant

appl i cat iRELATIONSHIP TOREDATIED IAEBPtLIQIfATl@H\S 12/ 567,002, which is a

conti nuati on-i n-iart of USSN 12/467,832. Also, the instant application is a

cont i nuatPBWUi npdhts applieston okpos POPGEA903) W%Proyleoeé MPPHEA N RTRINBar t
of 12/;467,,882.23h! Bt ¥ Tg‘Ezd AN PP gﬁl RE?&? r MAVERL A MEmbal: ”§; 85
advanced mat ef i al s, met ho appar at use I'n regenerative pyrolysis
reactors chﬁroarsmmyAbphmed Sbnal Ny.ri@r 5671008, died Erchaticr ﬁgﬂﬂ()@demnbdbﬁmlysim

one non- mtl ex the |nv nce re ctor nd
cor ani ¢ reel Arsehanp Maesiidnnhade Sedt k0ot ageT 2 of Al kRt
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Particularly, the invention relates to cok ing a car bi de penetration

resi st antre&milcc aflbi destand rapplstatinn ries pemtammtl@lynbpafs pE USENCt 1856 afPamdniehsisand

rolysis ds .usi D OF THE |.NVENT
Er onolh oo EBETRE BRI 3057 805 AR dtarton BritdioHg® drspieudbndpy
equi pnent aFtQﬂWG’IESSQ@'ﬂT/@MOBQWIﬁUHWQ@bﬁltlﬁ@éfﬁﬁhtlhflﬁMQQ%W@BQ| and
engi neering chall enges. The high tenperatures and process stresses can
exceed tfﬁl&ﬂiﬂ%ﬁﬂﬂmﬂgof nost conventional apparatus, including
conventi r ef t t n
convent gy o (AR ANGRAN 10 DR hAA ATRRTSAL APRRLE Rl
cryst al | irsgenstagivt Ipiytofystd eactarsaush gﬂmfay bantedcion pideyrzaid @nsackiy 10ldysdasbons.

tenperatures conbined with the presence of carbon fromthe hydrocarbon,

f eedstocKnabhtf pet-etieg eﬁﬁl@@’@n@é@ HVealgy dalaiss el9epdvasprsc redfactory and ceramic
ceram c- Rl @lidiur gy ﬁﬁ'ruscﬁﬁd hRARRS shiftatY %Idus%rlﬁf@&dﬁ% Hﬁfr@é@rﬁoxﬁ%f Hé%éék%rln a

[ 0004] Conventi’o steam crackers are a common t cracking volatile
hydr ocar Hoglssevstigh r@natahwpyromsmpaemeqr. rapitukealy, drdngasionirtlateOtcherkitg gtier
severity thermal r rol Si s rea rs are al SO, usefu|l for crackin

hydr ocar 58 d%ﬁ%‘}e F‘“ Letitanh gnd ﬁé “ProEsSES| tan§ Rep &}Srfﬁa%fr@l’ﬁyfagl&,se@?es

conduct edyyably$ie FREIAL Uigs i @her than can suitably be performed in

conventi onal steam crackers. Corrpar ed to conventional cracking equipnent

and pioocd3A : dy BY DActions (e.g., >1500C) and processes
ed equi.

|1 | I
:E)(;Iple(r::t ey[{){lu(gﬂlwn[ gg@@%ﬁgﬁmgﬁéﬁ%ﬁSQ tl&lé{l severlglpﬁgclirocar on cracking processoes and

equipment requires overcoming numerous competing operational and engineering challenges.

The high temperatures and process stresses can exceed the long term viability of most
conventional apparatus, including conventional refractory ceramics. In addition to
25 component physical and thermal performance considerations, component chemical inertness
and crystalline stability also are significant considerations. Pyrolysis temperatures combined
with the presence of carbon from the hydrocarbon feedstock and potential presence of oxygen
present special ceramic-metallurgical challenges to avoid premature ceramic corrosion.
[0004] Conventional steam crackers are a common tool for cracking volatile
30 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
performed in conventional steam crackers. Compared to conventional cracking equipment

and processes, higher temperature reactions (e.g., >1500°C) and processes typically require
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stress conditions. Properties such as nelt tenperature, reaction

envi ronnent non-inertness, conponent strength, and toughness |[imtations
comonl y wefwreski7ai ts for nmany processes. [0005] |n adecriuseomo3ibysi cal
tenperature limtations for reactor materials, many prior art ceramc
reactor materials that are relatively inert at |ower terrperatures becone

suscepti %@reté&ﬁﬂ‘ﬁl"rc%éﬂl da%&%?@éiﬁhi%'a e gj’rﬁéﬁ‘t %o q%fa@)éufenmt%@%eg ol M i ne

alteration at rrpera ures Ing to premature degra / or
process isneer c_Ecendﬁmne ucferas shnyhgsmmlatenqxeramireureacimpd:mzhlioamleewmmmaftness

contam nants in the 0 h tenpe Le.r enerative

ororyst £onigp Rl S8Ry TRGHien: SO RenR et Euls OB PRBRSY i ng
or crackiggod)ydr acaldsto phi§iralt@vperiQte ReRhER FoeHasPHERHAIGORIBY FrlicHartse,
due signi f| cantly to the fact that they have not been successful I'y scal ed

to a Gonrasrapiig Ir¢a,®t0é¢mﬁ@rmls:ﬁmat @pz@a@‘relwmﬂmt lawdrderoperatuses b@o@mas@deptww wss

severe alterna St eam crac
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furnace, pref erabl ncl udi ng. stacks of Hasche tiles (see US 2,319,679) as
t he heat WReIRHE léié@l Freontpigais in dhgcpropess e i lhoygh igh teapeiAse Kgererative

i nsuffi Cipsrgélzsﬁﬁ rr@&%@ ai%%ﬁg&gg? flmt?%d{noﬁhec emcal a‘of%%f 58812%%@;% acrra?‘ckf@te as

anenabl e 3e 'as cert I'e reactor conponen for
reactor fHydratatbonsuhtss hatondtawhlavtdtndddsproge-coamhaciabusepidat algnifedanthy to IHtei or
art regenera IVﬁ %/rol yS| S reactor systems have ty p| ally useg alum n

the bed paeikh#dhmnbaienat beamhpiceentigyccaled é‘hﬁ&ﬂ@ﬁ‘@ﬁ‘{% bfcaprae! pigg Of B?eu

systenms didg tas%ﬁ{ ¢ t@ﬁesg SdRES éf’}{e%a%%?ss ‘éﬁéﬂ & & LQciaghi eve high

conversion of metha eed. One reason for this is that pure alum na has a
mel ti ng d0006] of Fﬁﬂmﬁblartue PWatflf' paicess| rapricseantaaprid 0ﬁ1®vendro\pmmmeﬂlttprmg apioi nt

due to the effec uri t Maxi r i cal erature re
T ol | ot C o tens Bl St ool MBvBRIoRar ERTIc CERSTeR R Rt
t enpefsat Wrsferady Hblu@iEiigd OFHTaEEhQQﬁéSG(@&e@S dun 9t679b AP iheht@X chdRR A dPum.
alum na unsuitable for use in a hight rrperature (e.g., >1500C, or >

16000C, &ﬂower,csugl@()@@@)alsrigﬂrv@ Idy@psstlraéfaﬂcm@rfﬁcmmt Sﬁi@u@ﬂi mgbnetsﬁ, anfléor chgmicel ar t
di scl ose 1Hes rleOlljlsterle rgi:t%% mater a% fe’ 1rd acorc 11 n ef ufl ag) Ocess
for met hane |s caII<1| ng OF" STHEY Xt Péne i 1h 8 ?a?ure Sr 638e% Uad not
previ ouslyée beencatdt ened déntihitsi @9 f@diﬁﬂatdmitgéisédlé coﬂﬁﬁer@famamnt i PAG art
practical obstacles have i rrpeded | arge scal e inplenmentation of the

t echnol ogFeicrayae aniralysis aigagtpabystemny hrve trrigHit epgserbimipe as Hhghhedt packing
appl i gat i pnsi4iS CRR 8§m&{§| i Shb&; 1h1tehf§a{)y,tﬁef%get%a&tp f&g&%&@ gad @ggfﬁa{%ﬁ?ﬁ gf

| ar gescal e, coimerci a - product’ vi ernma actors.

nmany cer aempaatuessdsuficibe te civkichahighnemt esionadfantthald feedt dhleareatonnfod driaisel y
el evat ed tenperatures, nmany er am cs hecone chem cally and/or

structur éF?tymH%taélﬂn@aaftaSrﬁ g tf-re%@%matogr@éo G @Rdimigetical glyming ydll hapg dguer

chem cal rﬁaﬂﬁg%onﬁadd%ufo' & effect of impurities. Maximum practical use temperatures are

typically two- to three-hundred degrees lower than the actual melting temperature, which

25 combined with decreases due to impurities, renders alumina unsuitable for use in a high

temperature (e.g., >1500°C, or > 1600°C, or up to 2000°C) pyrolysis reactor. Although some

of the "Wulff" art disclose use of various refractory materials, a commercially useful process

for methane cracking or other extreme high-temperature processes has not previously been

achieved utilizing such materials. The aforementioned practical obstacles have impeded

30 large scale implementation of the technologies. Materials availability for high temperature,

high-stress applications is one of the most critical issues in design and operation of large-
scale, commercial, high-productivity, thermal reactors.

[0007] While many ceramics tend to be somewhat inert or chemically stable at

moderately eclevated temperatures, many ceramics become chemically and/or structurally
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degrade, and/or corrode wthin undesirably short periods of tinme. Exenplary
chemcally and/or thermally unstable cerami cs include but are not limted
to certaiwo2oioiesaw3 al um nas, borides, carbides, and ni Pcirdsg0100B33g3 of such
ceram cs are also known to undergo alterations in crystalline structure at
el evated tenperatures and/or across rel evant process tenperature ranges.

Such alt RN | . LN I | 4] i tion
T S P A e R G s

t her mal plepfaderanter poropler vitkis. ui{dofiad]ly Bhort @xaogd ef timier cBrémaplary ehemically
crystallin erigl that is commonl ed in certain refractor erani cs.
owever, DR QP ABS GRS EB STedRde Pl EhARGAMIGE (R SR HB QU TG

t enper at WoeRle AREHIRY Sl ttrfic8 NMaB)RE AW eBimikS afeBso1B wnt 18 1RHEES aBbBtions
stacked (pol ynorphic transformation). Zirconia has a nonoclinic crystal

st ructsur énlseysigbne stoorive eripdavated rtemaerd tuaigroutd/ Ar2@DOS. relavatepra¢as s temXQFoc,
zirconia conve[?t ShtE[ a..tetragonal Cli?(St@' struct.ure. Ait. a still. hiqqhﬁr

t enper at JF&ESs iR JLC3HIRC 7ot Y 1 Eess IhYlyas TrSme B FRYoRaT i8S
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by volunetric shrinkage and expansi on between the crystalline states, |
resul ti nd0Pe8lf r aFeiexxnple. zrcenipayascrastalhige gnaeinl Beaind spmewpnly gsed in certain

pol ycryst . . i o . ‘ ) g S

C vt g PaidS EHLEEE, Bouc U S QIRRATHME SHEAELIR ABderpecty
fail une. Hglabtinpaatuses andhseasrelt thigha t¢n@Bluranth sherewot Hr atvatsakreoxiadiesl can

sonetinmes be incorporated within the crystal structure to arrest or prevent
the cryst@PyMmeeriif i“l'afl%f,orr%t}%'ig-nQZlf‘}?é“acP%ﬁs? avorypflwet%y%alnﬁwﬂg? i)srweacﬁos@s a

br oader tt?rﬁ?%%%&éj lafid SBEGL i 405 cHONRY 6L 1ab§13t§ ﬁ‘zdd?’é?rzﬁ%rﬁ& ia%ﬂveqf?syto”Qttetheggopglom

sufficien revent undesirabl e thernodynam c’ alterations, such a
t he oxi derphéseauttorea Avd MiltkRightrasmpefaQROIhch bs ftascl2oe0rd, eacondd chaiges domt ai n
stabilizers are nore volatile anqtsuscg)ti ble to progressive high

¥

t enper at UFE2G08850 KBS SELFEFC &ddBelisizér £ Cuothess BRaYemationsieiapsarRanifdey
frequant ol i gﬁﬁhﬁa%@'aﬁdteagalsw Borlv B8P IS L RMAL SBRAPH LRSS fFilfures or

exanpl e, calcia (CaO "and magnesia (MO izers are cap of
provi di nglavsgabalbng ethic droamlaicshaln polytiyaiallyne antvioeiae shisetetyagohaltinenoclinic

desirabl e performgnce properties, but over tine cal ¢cia and nagnesi a. .

Stabi | zdFES) BA P FREpH bICHE Godieian B Heneiody DaFa Tylure

st abi I'i zegigpilit 39 L0th 4 wetriH dY%O;) zErﬁPs%ﬂ{e' d&hér%ﬁ&glrﬁx%&‘éi ddh @&h@tﬁ&@%é in@&!p@fa_técp

hi gh tenperature hydrocarbon pyrolysis pertains to carburization within the

ceram ¢ coitfporibaitcrysii stiucian tpraodsicer prvitdde oxyddlivonbidiss randinghthei gystgl i n

the ceram.c zirconi xi de that al so | eads to progressive conponent ..

oo i e ot FOR Rabit atfost BFraftle? TunERMRL oL SRR RE SRR AR Barpeign
t enper at uhgy RydbOcaffioRAt ke hadvest GRIKRE1O thoiRehARInENNBStIBR, sREeUE Gtésh Yhe
i dentified, understood, or recognized as a concern with high tenperature

hydr ocar SHiqpghass st arbise Abgser ami cs. Carburization is a heat activated
process '[ﬁOM]' Chltahagaﬁe%{l'l@’imecf HER Btait SIS al more volatile and susceptible to

progressive high temperature loss than other stabilizers. More volatile stabilizers are
25 frequently less desirable than more loss-resistant stabilizers. For example, calcia (CaO) and
magnesia (MgQO) stabilizers are capable of providing a stabilized ceramic that initially
achieves many of the desirable performance properties, but over time calcia and magnesia
stabilizers may be more susceptible to loss than other less volatile stabilizers.
[0010] A similar, recently recognized problem particular to high temperature
30  hydrocarbon pyrolysis pertains to carburization within the ceramic component, which can
produce carbide-oxide conversion chemistry in the ceramic zirconia oxide that also leads to
progressive component degradation, herein considered a type of "ceramic corrosion.” This
high temperature hydrocarbon-related corrosion mechanism was not previously identified,

understood, or recognized as a concern with high temperature hydrocarbon pyrolysis using
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metal, is heated to tenperature belowits nelting point, in the presence of
another material that |iberates carbon as it thernmally deconposes, such as
hydr ocar bwo=010li38078i ber at ed carbon can perneate the expesgdssuofases and
near-surface interior of the ceramc crystal matrix and either remains in
spatial regions as coke or at nore elevated tenperatures react with the

cerari ¢ L@ bR eEbALAi0RAL RidfiSicu SHER pRRETEANIAN: PaGH LA &0y QUSid biTe

€
adversely affect the nechanical and chem cal properties of the ceramc
mat er i al metelh iabeaedetootchgewiige baledes nfetting oigt, tietha prssenica of anvtbercinaterial

hydr ocar bon rolysis reactors. ram c conponent vol atili nd

o7 ogr easitg IREEE P RG T RO BRp A B PracE el o Nedfhpretsirien
sSW ngs al@R peBNcatOMe dxBocl shiffa&Pd HIUidaZ 8RR intkASUESthE REJHAE c§R1PRRALrix and
infiltration and coking within the ceramc matri x pores and an associ at ed,

undesisr abitber gandinke i spagiel repiensaast ¢ake @haningter gleyatediitempryatitres peasy rveidts ithee

corrosi on and deqradation of .t he.ceramc trix,.including mcro fractures
due to ooranas o REGTHER eRid<Dy PERL PEEBRY bhferpblrar o PaRlt Sor R
severity tymRbiaicl afd biyshiodarewitidasdbd aaksid Ba@rial sach 20RGtherlvid@ Inkkdcthe
pyrolysis art needs a ceram c conposition that resists or avoids carbon
per meat i dAT leng-tsuni vsgr osomEKETidr hydiagarbenr mirekysis oicpgeison Cergpic desnpangnt

mat eri al I - e ' [ e C I
ot ogr ¢yt PREHSFE 0k L O HERBAE (AL BAAL, LA RREAEHARLUTIER
and chematal maynesittie®s té eqbiiadoh olssharigelusde adrbon adinmEicni ald caRiplgiveidtin oies,
particularly with respect to hydraocarbon pyrolysis. SUMVARY CF TH )

| NVENTI ONC[400 ¢ 2PatiigePdipe cBAtaN Averificon Updishalls qasdideraxidg) mﬁgfﬁc(slpysq%@m&tfy

hydr ocar %ﬁlﬁ%?ﬁ?ﬁgl‘eﬁi}g@ @oﬁ@%@ﬁ‘ %n@%lggr;éha idﬁ%f”fﬂ%%eidi‘r?ﬁ@ HhiME, MRhBIHg@herd.or

: tion
useful in pyr rocarbon fee ock in a pyrolysis reactor,

pr ef er ablfyactures dwe tee ndledéxpendisn.a Suely prahians ve piypatigdasinteest tiwhighasayerity
still other enbodi nents a reverse flow regenerative reactor. The

i nvent i vé’yé‘blﬁ%{? Sg@?%arl?oé’s{eg%g St(?)g'cﬁrlgﬁ(ﬁo%aeposi tion, carbide-oxide
interactigopl] anthassasyatl ash a8ERM Cef@fit QDNPIsABH HATRANENbr de8{dR A BN

I n anot her aspect, the invention provides a stabilized zirconia refractory

ceram c thsancitony gaibyrizgitont @nd/ios oxote-carkigé [copesiomndlhe deyrednmateoakshshoukl i n

cr ysj[ a! ! icnrelcér%ernlfllcj[ urro%i eC 51(1) Srnaalnt%%r O?lge tne e r %Igtrllljcrtea qr?t?ent Thce s({jaillﬁlcfel O%a%.l it
stabilize Z1 I’COP{I g ceram¢cCc resists CaP%I e- OXlI 1&6 n %I’ gCt |r§6n Ccorrosi OX’,

thereby resitisély NggPrear eanifve cafbiny TBAC ehéalaRdaiingd iQirt® BLNapt Geale,
corrosion. In one enbodi nent, the invention includes a carbi de-oxi de

cor r osi orfopERgrsiphipliciipmsepatiowalpyHbIrsrerd to Bydperdbaippaphbiss usef ul for
pyr ol yzi %ﬁﬂxgﬁf’ﬁﬁrﬁﬁﬁ Iﬁlﬁﬁiﬁﬁ at tenperatures of no | ess than 12000C
and sonet C, or in sone enbodinents no | ess than
20000C. [[0013] | Whe prmcwboditior mtiates tdehcphalsgmdlysin\oé ity donarbeh dtedstotls and
reactor apparatus forpyrolyzing a h df( ocar bon feedst ocﬁk th appgr at us
i ncl udi ngh °8¢ ASPSEL @plugwgﬁgwp materials for useful in pyrolyzing hydrocarbon feedstock in a
pyrolysis reactor, preferably in some embodiments a regenerative pyrolysis reactor, and in
still other embodiments a reverse flow type regenerative reactor. The inventive apparatus is
25  resistant to carbon deposition, carbide-oxide interactions, and associated ceramic corrosion
and component degradation. In another aspect, the invention provides a stabilized zirconia
refractory ceramic that is resistant to loss of stabilizer and resistant to shifts in crystalline
structure across a broad temperature range. The disclosed stabilized zirconia ceramic resists
carbide-oxide interaction corrosion, thereby resisting progressive performance degradation
30 due to ceramic corrosion. In one embodiment, the invention includes a carbide-oxide
corrosion resistant regenerative pyrolysis reactor apparatus useful for pyrolyzing a
hydrocarbon feedstock at temperatures of no less than 1200°C and sometimes of no less than

1500°C, or in some embodiments no less than 2000°C.

[0013] In some embodiments, the present invention relates to a reactor apparatus for
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conprising a refractory material in oxide form the refractory materi al
having a nelting point of no I ess than 20600C and which remains in oxide
form for WO 20mas5076ne of i) when exposed to a gas havi ngcamsexygass2zparti al
pressure of 10 15 bar, a carbon partial pressure above the carbon parti al
pressure of the zirconium carbide and zirconium oxi de phase transition at
the same JenpSnat Ur fvdBBHos] fEIRGIAT HECIHRELAW TbfRdIRIPLT ALEOE Qmidhent

zi rconi ur‘#}férrppﬁg p0|ﬁ¥|t at %e oxygen partFI?ﬁQ pressure of 10 15 barn[;115 an% i)
when expaoseprismga gascthgvmatgriannexydgdnrmaht retacpmre ssitarel bividga hielthar pand at
t enper at ures aboye JZirconi.umtri.ple point at.the oxygen_.partial

br casur e oyt P60 F G Ayt Fh By B oR DS S IR ORGP B WEM s
a react oy aPPANAlHE dr06xyPh Padtzal PeesdurBY@nocanhon heRHASIeEd préfercabpE atus

i ncludi ng: a reactor corponent conprising a refractory material in oxide

f orm st hecarbohrrmetiad yesyecetithe zinepnivrg carbadsl andngjraonium oxifle pbasel teangitioha the

20600C and ich remains jn oxide formwhen exposed to a gas havi.ng carbon
oar il prBLQrREr R gnd pl fubtiitiel BEVIRS RrgtRERE 1 A PRT Biu BoEhos
10 15 barthe akygent garpar pesture of 1@T50RCand 1) etRArexpBIY B8Nds RBMS an oRGgen
reactor apparatus conpri ses a regenerative pyrolysis reactor apparatus. In
vari ous dwHél REptsBi gfgrllgs, bahand apésrencattiigs A9ProIthes pscondynt toiplec beipt Rty a

reverse fdxgé/?l{eﬁggQel%%tsn%%eofﬁ@acﬁagy apparatus. Many reactor enbodi nents

utilize a ustion process to heat the reactor. In many
enbodiomen0814|t heln etheaahbsdimpBtk etht ahvehesn ichwlet b ngacpdiapparafus ot pyrelsginghan

20100C, and in ot her enpodi ments not |ess than 21600C. [0015].1n other
aspect s, %ﬁ@%m?@%ﬁdéwgpﬁgﬁ BRASAYS CHIRE: ATPRROT @@fnoae@wwp@émg@sﬁe%ﬁctow
resi stanty,By119h ¥Ride f&‘%&%&fef%mwma{eﬁgl WA %@eﬁglgfaqow%rf%@remaﬁ 9@&%@%

|
conprising a first reactor and a 'second reac ow conmuni cation wt
t he firstandeglotioremans ireasitic down wthet Rapdted 20 ar gadtawmgacadbdnhgarg dcpmsburceafct or

conpri si aa, refractory material inp oxide M|, the refractory ri
havi g a He Pid Doy - ot Shiren Bt RESDE0OL i Tidnireraritc GEARSO Kor
when XpoiRgd thehyc@BSdifedtsUiR RaMbNSpparaas BaRpRREtd AlgeRir: dﬁo@fsis]i@acjtér
bar, at a reference oxygen partial pressure o? 10 15 bar, and at a
t enper at Wpeatgfus20B0RTIoUs 0Bhg] embodiments, thehsgenesgbet yrolybie reacieinedroprsses a

include a_pethad for mtigat] car bi de- oxi de _cer am orrosion_ of
ref ractons T APYarEriEhE i dde e by PTG RPN B detidered

t he met hadnbOBRdT Flobghs th BedttRPEcadlor. PIOMad BEbbHingenhe eeadfrhefiyomaefialbhas a
pyrol ysis reactor systemfor pircpl yzi ng a hydrocarbon feedstock, apparatus
conpri si iBclEng peinkek wt JestiaarZ040°G and i ober Frbadimpats pat lesscthat y1608Eer i al
havi ng a i ng ' S mg] . I enpg i,n '

form é\%/ne ﬁ@&%osegp%ﬁ% gg)S gagfa\k/lﬁngwtgar oﬁg‘gg(?etgi gm%%%g%ﬂ{eé%&%%&li&ﬁ%g& an
oxygen patgistant, pyebsiseaadr $Gtehbfdvayrolating athgdpendbn fecdsfocR @6MPLising a father

enbodi ments, the invention includes apparatus wherejn the vapor pressure of
the refr ge%wm&taeﬁcam& Je3CtRp Iy HeW oMM HAGAIPY vithye Tigt ropiRiped Ioast onc o the

first reactor and the second reactor comprising a refractory material in oxide form, the
refractory material having a melting point of no less than 2060°C and remains in oxide form
25 when exposed to a gas mixture having a carbon partial pressure of 107" bar, at a reference
oxygen partial pressure of 10" bar, and at a temperature of 2050°C.
[0016] In still other aspects, the inventions include a method for mitigating carbide-oxide
ceramic corrosion of a refractory material in the presence of a pyrolyzed hydrocarbon
feedstock, the method comprising the steps of providing in a heated region of a pyrolysis
30  reactor system for pyrolyzing a hydrocarbon feedstock, apparatus comprising a refractory
material in oxide form, the refractory material having a melting point of no less than 2060°C
and that remains in oxide form when exposed to a gas having carbon partial pressure of 107!
bar, an oxygen partial pressure of 107 bar, at a temperature of 2050°C. In other

embodiments, the invention includes apparatus wherein the vapor pressure of the refractory
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[0017] Various other aspects of the invention include a nmethod for

pyrol yzi ng a hydrocarbon feedstock using a pyrolysis reactor system

conpri si yotzhw/s@Ps of: (a) providing in a heated regi enTafS2aopy34od ysi s
reactor systemfor pyrolyzing a hydrocarbon feedstock, apparatus conprising
a refractory material in the oxide form the refractory material having a

mel ting F}Hétgﬁal(ﬁ nd relape thah @M 12PA0RBoaNd that renmains in the oxide form
ose

when exp to a aV|ng a carbon partial pressure of 10 11 bar, an
oxygen pa{ﬂOl’aI pwesew otlel dPedS dfathe atveatiorenpendd wrmedﬂodZ(ﬁ&O@Qoljzbgg a
heatrng &)ted raﬁi ntoate Frature of no |ess thanﬂ?OOOC

somet i med’ {% SOBE 2 (RYTOBHEr BHEEF rity S &rhy AFBEARBoficr SEBS ekl nt o

the heat qﬂorla Oft; a RR%ted FoeibY ro‘i"aYﬁ&ﬂ&GysIshFeaMfd PG bRR phRAFEHE GkhHBbRGbdIE AL
from the heat eg regi on. % | n"sore enbodi neént s, the i nvention nay
i ncl ude afer:cbch&ctappa,ramtcgmpallsmgomfr@crtn@ anateyrat rin ahe toxidd fore Tdaerraﬁ*a@:orafnd

o oot odtigiafRing fstlipote e Ry RS By D¢, A% LRk BB B e foform g

parti al mmlsebr@sed |ft£‘a| ﬁd’sgﬂaﬂlﬁg’ aOfarSoiC Patigb @elissRBteT [aVivag @D oxyddnl Partial
concentration of an 50 wt % may be unacceptably short for sone
appl i cat imsgssure; af dpherbaénﬁo@ntﬁr@n@@tur@ id 307 e (o Yeatmgethicaheatasy reginisite ta

ot hot¥n b S RAbGCIRES 13bodcS o sonflifEO N Ak MSbOIE (o) inrodpcing o

not wi t hst an m nor presenceé of ives such”

and proc e@aromgrt@dcﬁ:édsmk intorthérbeatedpiglione ahd odyspyrdlpeing mh{aahlj‘zdru@rlbmi &edad)ckmay
be suitable for n pyrol ysis reactor used for pyrolyzing a

hydr ocar B@ngfl@éﬂg?laéﬁe d?r‘ﬁg\‘;‘?nerrbodi ments, the refractory material may

al so _havqoppg|osi fy sdi?ﬁe érh%ﬂn%eﬁt@ th8 1ﬁ%hnc£9 mQy ifdi @@ ére?ﬁ%ct%%z ngﬂerl%? colﬂ?}ﬁ%% pon

the volume of the refractory material. In sone aspects of” the inv
t he refr antyra sietikzradaleraponpnd g&éuchngmml@mdalwtcfr ytoritakeduminthe itatel Welght
distributio er errbodl the refrac ory mat er i al

ol s gty Pl IR otrardint: 1ol e Bheh LelBanridn per Phfas S

step {sa) Iﬁéssﬁfeo‘rﬁedl'oﬁgesﬁﬂ?eoﬂ £ikR %ﬁib@ﬂﬁfnéiﬁ?st ﬁ?ewug’é att QAR icdf&nRAGH Qf [¥9s ¢han 50
refractory mat erial conprising at |east 50 %yttria, or at least 80 w. %

yttria, ort‘VamaVéastnag@pmlw/slyﬂtfm spm@aprziur‘b%@@nﬂn@rhey caibodiments, the tgfreetdryupon
t he total ht of the. refract Ly J ercents.qQf vitr
i nct ude CRECUT gD o Bishe o6 sive Pl amioR cShpoarto iamatt soife

yttrium tdeewhstandsiiClhe 2ginyit prebecOBF dfher hdativeatsnet wh ﬁﬁmrmaethnh@ an@?fbcbssﬁigal
requirenents of the invention, such as thernpdynam c phase stabi and

mel ting taddpeat lymanyranlications. therpyoptivpmatsrishiian by S@ﬁ@hl@ﬁrréw@ m@wsm EF
DESCRJOPTIr%th: Tﬁggisﬁ?%wﬁ@fi Rﬁﬁg%arg&g ﬂ:reﬁ&oék( afn 1%@@! !sﬁlm)dlﬂ{eﬁts tlﬁ' I%'ﬂhét&lyed

di agrammatic primary process step

regener atratgrizlewsr e hdvewopysitglof sios 2 €2’ 0ol.‘syat fesm Sao @8 rvdl %g bamdQWGMGar y

applications of .the present invention.
volume of the refractory material. In some aspects of the invention, the refractory material
comprises a monomodal or normal grain size distribution, while in other embodiments the
refractory material comprises a multimodal grain distribution.

25 [0019] In still other embodiments, the step (a) of providing the refractory material
comprises providing a refractory material comprising at least 50 wt.% yttria, or at least 80
wt.% yttria, or at least 90 wt.% yttria, or substantially all yttria, based upon the total weight of
the refractory material. Weight percents of yttria include the weight percent of pure yttrium
and/or compounds comprising yttrium therein, such as yttria oxide, that otherwise meet the

30 additional requirements of the invention, such as thermodynamic phase stability, and melting

temperature. Yttria is merely one exemplary suitable compound.



[0021] Figure 2 is another sinplified process flow di agramgenerally
illustrating an enbodi nent of an application of the invention. [0022]

Fi gure 3 woaviodsso7phot ogr aphi ¢ exanpl es of stress crackiPao@/uskomsisers
ceram c sanples graded from1l to 5 as further described herein to
illustrate corresponding normalized thermal shock resistance. [0023] Figure

4 Provi desp i XSII A MGN ReTAEAIRI INEagr am for and

yttrium 24] Figure 5 provides an

i Il ustrat[0e20]of EHigohasé(agtamldi 1(b) yareiaagmarhifedr daagrammetid ulhwstypgemn -of cthe bow
system at 20000C. goozg%.Figure G.Erovides an illustration of cal cul ated
carbon pdVIHAY PERGSSsHFRS Nt T gaine Lrersa Iy axolystsregston gy S%n’b%%?r o a
range of &eppripippiRatoddeFMdFRRERCRLERN. ON [0026] The present invention

rel ates to advanced refractory type ceram cs and uses for the same. In
vari ods d9#2dt s, Figuee i2nsemation simplified prenssefioal diagromssnently , illagainatans,

and processes. hayi articul appligcation for use with pyrolysis reactors
and propé?%é@nPgFOE%?EW#ﬁ?ﬁalﬁﬁaﬁﬁggﬁﬁ%Pature_(e.g., >1500C) chem stry,
conver si qog22]cr aglduRg3 Roddey phdtesaphic xh@prE ic¥itels éraedhe H¥GAriass Batbmiot
limted to hydrocarbon feeds. The inventive aspects include but are not

linted tsempksgrdeddompbhieAtas fumher dpyaibad hercusiorfustiaée eoarpspardate mypalized

i mproved /hi stability, prolonged conponent |ife expectancy,
and/ or SJE%%P},Q pgésﬁ%%ﬁrgghce properties that nmay exceed the |ife expectancy

of one or[0028]e oFigauch ppeapardn esngsarg pipsy gabitity diag@umofes layid knewm-e8fgaini CS.
The term "pyrol ysis" as used herein may be defined to include substantially
any use oPIUP8aYStEM & REPNE energy, whether produced or used directly, such

as by fl ireg: : i ndi u H iC of LORS,
ombust i g B e L P S i S IEhToE 4 STEkhey
conver si anxygereaubomosystanehtdl00DT(G, degradi ng, or cracki ng of a hydrocarbon

f eedstock jnt.o an.internediate or produ t nd opti onal
PO T R T A S R R A B R U AUl R
limtegd t ﬁﬁﬁbﬁ%ﬁ§%§@fﬂy@%@g?ﬂ@%ﬁgﬁge@?&@@&ﬁhﬁ@iiOn, oxi dation, reduction

etc., and optionally with diluents, solvents, etc., and/or stripping

agents. [REPAILERDESERIRTIONenti on provides ceramc or refractory

mat eri al ositions that are resistive to or _avoid carbhurization an
coram o JBPPCT oRhp Pttt iR ERS b Gubedre b GB° R 40 or
crystal | ithe sgh@bilh vhNodngdpeas) tBeacatiGl @lcOigs thaRxROS WoMpbRen, GPparatus, and
tenperatures, substantial tenperature swi ng cycles, and stress cycles due
to cycl i dre¢csyesdfavinge BatigEiRs appliratian dpr gpe Matepyralysis reAgorsndh PIOFessas poict s

e R L D
thermal alteration of feeds such as but not limited to hydrocarbon feeds. The inventive
aspects include but are not limited to ceramic components and apparatus using the same that
have improved high temperature stability, prolonged component life expectancy, and/or
sustained performance properties that may exceed the life expectancy of one or more of such

25 properties as compared to previously known ceramics. The term "pyrolysis" as used herein
may be defined to include substantially any use of heat or thermal energy, whether produced
or used directly, such as by flame-fired furnace, or indirectly such as by exothermic reactions,
combustion, or heat transfer from a heated media, to cause the molecular conversion,
reaction, reforming, degrading, or cracking of a hydrocarbon feedstock into an intermediate

30  or product stream, and may optionally include supplementation by one or more other
processes, such as but not limited to catalysis, hydrogenation, esterification, oxidation,
reduction, etc., and optionally with diluents, solvents, etc., and/or stripping agents.

[0027] The present invention provides ceramic or refractory material compositions that

are resistive to or avoid carburization and ceramic corrosion problems. The inventive
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Exenpl ary suitable processes may include but are not limted to

hi gh-tenperature pyrolysis reactor conversion of nethane or other

hydr ocar bwo 2bmedso7such crude or coal to acetyl ene or ol eCirns201003d423

gasi fication processes, syn-gas processes, steamcrackers, etc. Exenplary
apparatus may include but are not limted to pyrolysis reactors, reverse
f1ow reachalSals Qe REIALH VEyESRRE VabilitP DRY X CAMLBM proloRBGE QkSosTRY 1 REJrude
bur are not ??n'at ed to Jef(gr?’regl con%&ég on ?eactorrs,l}faaos?ﬁ ca |Son reactors,
syngas r daopansgyesantbstintahicommeckimgwisacydes aaddtrtssr oyabssiueGb hgrlie flewpdfar y
i nventive. c nents nmay include byt are not limted o reactqr components
and appar Gt UECn AR FEs R NURGT oo S mSE BN P ES & ia P tiec B Ry §r HALH gl
shapes, fyf6tkQNShasQAf1hGdls@hle QBmHmdrHihhiz#idf | FhigP fentfct A6 Brol9SQREILRS.
that benefit frominproved nechani cal strength and thermal "shock resistance
at hi gh tleepwlay ypigsblg pragesses 1BOO@)udshetrare mpt bindtae te bighetymatrebire pplyses

i nproved processes related, thereto. 028] In_one aspect, th r esent

| vent §ortCistav e el i ah S e e deft el RRGt of AP RIS oy
resi sti veléfthsC *bHIUEhAREAOR , prob&kED yRAY HrédeestsC alcadl tratiaid, 0ftc. PERGHFIES] Ve
| oss of stabilizer, carbon perneation, and carbi de-oxi de ceram c corrosion,
t her eby pPeersi may tinelude yut ¢ inek lgpifade tou PATOlYMY dpactdh oslpise titpwhirgrtors,

{ emper at yee and ot ! BESEASLIKAERMLE AN S RN A 1B AREL d8Sircd

benefitingtfromthé corrosion re ance and preserve ra-granu

st abi loi zadohstitayrcactotsy desifiedtioal ragpas f gmpancactprsopad tlceid Saskingtcabiots nel
limted to fl exural strquth or nodulus of rupture (MOR), narnaljzed

ther mal SHBERSS €Q1MSE SHER) BV EWFCERPOREDIAY (3FIUC BHEGH PRI Grigacters
conpar ed Ctoﬁlgt%g&PS G LRk EmhRY RRRIL LRfin Qe PEELYh AT s AbdrticubMA ddsiRi-Q \RAMRRL S

may facilit arge scal e comercialization of processes and apparatus
t hat wer dupetewns,oosifiguraohsi naidagicand/ orcgdangroneati¢sy thdi davkfanfragecnmoecd o

unaccept abl e co nent |ife. 29] I n one far t he inventiv rials
el ue. dePAEH SEae ep gt CIP Rk RSP e B S B pr s Ty By
yttrig (iinptidaRniidid A851c0d t@imprbidd pror SR ahRYARr&@MPound) , al t hough
ot her stabilizing conpounds or elenents nmay al so be present in

concent r d002¥s t haencaaspedetbontaeyt inentine pyavidasa stedlized teeriio pomiyesitignathpts
present iin GTSnEL U%Sis 'fV % CEli,I‘ arsi% t12n1 hmrm% aarllrcrili i crhf”?é‘%&ﬁ% 191i1 rr%ntrsssa\;[e | s%aSt
25 W . % %R(a:lﬁllﬁ nﬁny ot fier “Enbot Rehttg VAR TS g 9 Of at’ YE %L 318 w . %
yttria, hasesiliperaiton fetrhédtioneir@darsific-bhle stabiit taeshian, (sl yepreeagitid on
present. In many enbodi nents, at |east a portion of the zirconia is fully

st abi | | zedy#Hbng nstorchenl ewsisHi mERasyres (9s thagh | tempgraipe  ¢ndiope highhe orpagtive
present i t abLLi I i | i

pr ef eirar e F%H%I%l%(tg? f% gb%lb%ﬁgplg t&%%héﬁtﬁglieﬁn Zlieagdrrjf)dgsfozlgrse %l\gtéﬁ%ggggd @?Xerpe%

st abi | i zantraqchnplao gitesisiation caapiiddudx icdeaio epafirmanar papeaits hdbli 4si bmahot
material pertaining to the zirconia and _stabilized zirconja enbodi ts are
found wi tiHPHE KR %éﬂ@(itstrﬁag nPr dppfulesacf Pt (VIR Nonoralises AWSQE?OC% | ed

18 May, 20QQandel tdn8dchcRMEA! HSBiftyREARISN temperature, as compared to such collective

properties of previous art. Such improvements may facilitate large scale commercialization

25 of processes and apparatus that were previously technically and/or economically
disadvantaged due to unacceptable component life.

[0029] In one form, the inventive materials include a stabilized zirconia ceramic material,

stabilized primarily by yttria (includes Y,Os; and/or an yttrium-containing compound),

although other stabilizing compounds or elements may also be present in concentrations that

30  are secondary to the yttria concentration. Yttria is present in an amount of at least 21 wt.%

and in many embodiments at least 25 wt.%, and in many other embodiments at least 28 wt%,

or at least 30 wt.% yttria, based upon the total weight of the stabilized zirconia composition

present. In many embodiments, at least a portion of the zirconia is fully stabilized and in

other embodiments substantially all of the zirconia present is fully stabilized. Generally,
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Materials and Methods." [0030] The present invention provides a refractory
material suitable for use in a pyrolysis reactor apparatus for pyrolyzing
hydr ocar bwo 2bmedsi7’ocks at tenperatures in excess of 15000TUSh@D/0334e3
resistive to or avoid carburization and ceram c corrosion in active,
carbon-rich, environments. To achieve the desired function of avoiding the

det ri mentiqliy §fbAEES Abo R b BHFARAt RN B ARIOYLHIERRN A OIROERRIRN

the ceramc conposi ng to this invention uti
t her nody rlassi oﬁlstaimlszbalahé magrﬂﬁnhavarhgieauxumopcmpm &bebsiomi ghdc_dmbnal ngatediint ,

such as for exa , an oxi ttrlum ttria In s hi gh
oot Ukt B aons B, i i B srito hentt frs Rl g B dbe prreioni
(e.g., at at&leaﬁplﬂeatlwl ol N3t Useasho 8305194 08 Mdy, heas itk dl'PYtolJ6is Rbactor

stabil i zer) may not sufficiently achi'eve the objéctive of préventing
car bursi zaYlpignalapdd datkods¢ corr05| on for an accept abl e duration of

furth t .
matert ol 00MAC, o dnt P AR SRR G SRRy B8 RRLRNE s i DRI
mat eri al segteiipps@natiol fRsLyzhQ MdrdaondedRRICRD shyBRAFtGaIYinTkadk o f 0300te
material, (e.g., such as but not limted to yttria), and many enbodi nents

conpri se thtlt tréa@ﬁlsfw {& ovaueidserburization jagf ceamlcStqrtqswet HefCtib GHOARTICS,

conpri se é&ﬂ?& 907 e ?e% tﬁ%‘c%sﬁ‘@& Shhlon 9P aLéﬁd h'b @étﬂ | aﬁ[’% t@e&‘ >

are conprlse Subs , Or even conS|s such
st abl ® oxdatteirizadicr hed cat{b&@?dbi]ldeTbﬁaﬂney\b(}t‘r(bsdﬁﬂtthé bedmw o&rhpmtmec&esrdefg to
so-cal | ed car bi de- oxj.de corro cr%ggs effects observed dur.in

transiti JHISIRVEALIPR BHIIZ ¢ HifEBA afm p¥ide havige @8 PpPRTiaiRly ltlﬂle Hﬂeltmg

sonet | n‘eﬁ)glﬂgcl‘ucﬁloasafﬂr 9%(2! e, d a%l d@§§9ﬁl‘1@ﬁ1??ﬁ1‘fﬂoeﬁ' ol IIPrté?ﬁISe%ttnact 'cQﬂBofPf

carbon a ssoci at ed e changes r phol ogi a and crystal
st r uct ur gichSuublysis reumtrmrad:nts; taafu@gssta’mlyzedlzsmoma deigpiat &tast b4 eut.O6 Pr acleastel

that lead to stru i ng,_an provi de i se at hway or s
T L R U R I e N N R e R A e T
(e.9.4s >]1§Qx€b@m§@ﬂbﬁh%oﬁ%h@@é‘raﬁﬁ‘d' Edrdsidd 188 e h&ep t%bfc%?dtiéﬁ‘d?’éb%e@éﬁl@s} nmay
be reduced to zirconium carbide (ZrC) when in cont act with solid carbon or

in car bon%tfmtlenr nthtgmgetelecmomﬁ g wghlezitado nelimtoyywatetitlde nzededxoyarhigse almch

|nterrred| rc.is e oedtormer hte ratur
(55000, ISV Ee bt BERG ARG PR T B R GE R MR R0

Zr C convekdbic batde fn@te{?—iﬁp (chrough & bGXQY) ligdtedntol Fntleat)mdd ah@nyptaﬁﬁ)edlmme
atom ¢ oxygen di S]‘fy aces carbon in the interstitial vacancies of the zrC
crystal |@fmprige at keay Oyt tord sueh eaipsigl and stilothok oypodiants semmite akledetd%on

f Zr{,CxQypd, &
et ety ortiof anpnm it it S glc? ohtBulents'fofiotirfhtd bR AGRL I |
and bui | dwpn obnsisakilmmntinikbyrof sueh prabbessdesinatesal f urt her exacerbating the
g porosity, The

o Tor od OPFEHlar Sh e orieti et veidgnanRcFanCl orliArEAC ek KEnGIR i
describes effects observed during transition of zirconia compound from an oxide to a carbide
and then sometimes back to an oxide, with associated undesirable precipitation of carbon and

25 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 high carbon partial pressure, zirconium oxide (ZrO;) may
be reduced to zirconium carbide (ZrC) when in contact with solid carbon or in carbon-

30 containing gases, through zirconium oxycarbide Zr(C,Oy) as an intermediate phase. When
ZrC is exposed to moderately high temperatures (>500°C) in an oxidizing atmosphere that
contains oxygen-containing gases, ZrC converts back to ZrO, through Zr(C.Oy) as an
intermediate phase. The atomic oxygen displaces carbon in the interstitial vacancies of the

ZrC crystal lattice, forming the intermediate, Zr(C,Oy). Continuing oxidation of Zr(COy)

-9.-



t hermal shock resistance. [0032] The term oxi de, as uses herein w thout
additional specification, is taken to nean one or nore elenents that are
nol ecul arwg 20ovi3s07@d Wi th primarily oxygen, and speci fi ealrlug2eon3zaes marily
conmbi ned with carbon. The term carbide, as uses herein w thout additional
specification, is taken to nean one or nore elements that are nolecularly
combi ned 1§:4&sho%fﬂ%npreaﬂﬁatm SNnEPHCA e ihdghidesiml 1%%?1% FRoRA M th
oxygen. material s such as zirconi um oxycar are general |y
consi der exidatios af irGesiggas furtter plappasesanf bitikiup odjsptbioo dtdn Ithe Bpecss fsircah) v,
oxi des, | ess indicated otherw se. in th sent invention are refractory
mat r 1 al SO cHAEGET BE SRS K G0 TOHGT B for LURIRa IO nie BHERGIED y
l'ess thanepodi®l © PRE GRetedCatyan s@ur@ur%vﬁﬂfe'i@ﬁ@% ﬂﬁfo‘%ﬂﬁﬂﬁéchﬁﬁ@aﬂéﬁ%ﬁ th &R e
percent carbon. Carbides, unless indicated otherwise in the pr esen%

i nventsi orthel’araéShO@kﬂ@S@&t@my material s that have greater than about 10 nole

t 033] Furth | th fl
eactor Bl onBe rm e uehe el A s iR oy By oG Rdn "
oxi di zi ngear bt 2ich@ngasesare Ydl@sldeSmiseRcw ith @Fifariki 6:6@8h aanfaas@eaﬁemy

observed to gradually change |ts nmor phol ogi cal  appear ance | eadi ng
" aspber mpt PrRwTily) e pingd mp o THBC faBIGEDIAg.- 3s) yees @eralmwsthwchdﬁ@nals an
obser vabl f r d
scann ng ‘Traliff ﬁ%%%%?%ﬁ%h?o%&@ A Th e B EAR R DB
raspber r yealioke bgt aihithsmay atsuriaclude hﬁ)lleoaieectomuﬁaﬁdn byith beygyic| Tieust hasiald ons
and | eads to increased surface area, which in turn | eads t still further
bui | d- up S9fh 6%1%15%111%%%1?@ © ZCnOpeip genegallst sqnsiderrd i &b &fﬁa forthe Hrn9stson
transiti Qspis qggﬁcattllaﬁ REifiRhl o'xﬂieg i ﬁfl@s% 11n(§1@ﬁecp 691%?\%%6 ﬁ?ﬁe%@&h@fn@%ﬁlﬁw il
the effect causes an unaccept I 'evel mat eri al degradation. [O
one aspectrs r¢fleetquy esaerials ﬂmerhava)lesa; malnwdmut &0 mede porcerppabat, usort greferably

pyr ol yzi arbonfee st oc t he ap atus ingludin a react
D omentCEaIY § ST PAFB CERTLRY SR e TR AN Fch MDlseor T SED0Py
mat erjsal d@ayideg idElihdibgePotHlwRE iRFhe pRISNtIIRAMISRASPRGehRsloMhnaRria RMRANS
in oxide formwhen exposed to a gas having carbon partial pressure of 10 11
bar ( 1 hayegmeater then abm}'tglé)rmp]arp@rcaht@ﬂ@gsure of 10 15 bar, at a terrperature
of 20500 ot enbo react or ar at us i Ses.
Fegener a0,y BATAR LIRS RRbRm, 18 tod FREAFTSTORTFAL KSuBER: Wifiu
regener atdry guig¥dted Y& inBria@ ot Q&cl@@@bkﬁi@,ﬁng’lcd@l\(@ﬁﬁ@ gﬁée@V\Uh@@eﬂhes’ea&dn‘dﬁ:lons
react or apparatus. Many reactor enbodinents nmay utilize adeferred
conbust i Fircppig s shaca dhegived He greduatiprchange ﬁ&ﬁgor@h@}@allwem@arapﬁ% lqadfngator or y
mat erjal g..p'ﬁ o p f.on I er
enbo men!t? dgsinot 1éésséltg Walﬁb%%g%ggcﬁwh@%g%pﬁg(g? to g%%tél?ér}lgndg Eellvlf)iz)alre %Eéji]l
pr essur eofehriidwoxde banmancbroosygeid @nderdetemandeygaanifiog cpasommitros@pid hat

at the stated tenperature includes both carbon and ox n
(%E % exagﬁnatlaon of the teste(? rnater?al The raspberry-like )él%?n structure is believed

he

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.
25 Once the corrosion initiates, the process can accelerate until the effect causes an unacceptable
level of material degradation.
[0034] In one aspect, the present invention includes a reactor apparatus for pyrolyzing a
hydrocarbon feedstock, the apparatus including: a reactor component comprising a refractory
material in oxide form, the refractory material having a melting point of not less than 2060°C
30 and which remains in oxide form when exposed to a gas having carbon partial pressure of
10™ bar (1 x 10™'"), an oxygen partial pressure of 107 bar, at a temperature of 2050°C. In
other many embodiments, the reactor apparatus comprises a regenerative pyrolysis reactor
apparatus. In various other embodiments, the regenerative pyrolysis reactor comprises a

reverse flow regenerative reactor apparatus. Many reactor embodiments may utilize a
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species. Substantially any gas that at such tenperature conprises the
stated carbon and oxygen partial pressures nay be used to determ ne the

oxi de st aWwDI2nty135478 many aspects, the reference gas mayPoh@/s201alos34as ory gas
sanple that is specified to have a carbon partial pressure of, for exanple
10 11 bar, (neasured by any test nethod or known physical property) and an

oxygen paJeTfér?éd RS ESRUBE Rbeest &éfi'fﬁé' Foadfdr. 15mb any ‘t%g e thw}%ﬁa@tory

ceram c or refractory n&gerla sanpl e I's expose I'S ré?erence gas,” the
sanpl e nanarmaﬂmsennﬂnsgpmmo&fmﬁlﬁmnhm1RmM§C;aktnmmﬂhmhg%mMEMHnequnthmnts,

in con un t he re IS te nel i nt na bl e
hocorat nght2 ety Predfis S dd e b TR ere e VaPE SADR AT P 5
ceram ¢ Gefek@Rk @hs (o& %Qégﬁl]lxt{llr&) Han &f the Thed ERpESurd Hféudei b&htAFR6nHRE % b &dn
remains in oxide formwhen exposed to a gas having a carbon parti al

pressur e specigy .S@bﬁamtlallanamxg@ethabat BUchl tepypersure ecopfpribs 1B Hated carwnaanda

t enperature over .th range of, fr 1800 0036] The

ety act orgSRgl Biried DistUiand BEuRE GRS 9 e SR rdn BN oty iy
chal | engasgferddat ides rdayObe d Iabbﬁﬁor??@ JaBrpld etht tiO 3pediMEE td Mevdradyrsunl patihly
stabl e oxi des can_ avoi d the carbide -oxi de phase shift problens. For

exanpl e, Bjespicnh Bxcwanple 19t tl?qra(neeaz@é by gny frst methpd afkeenn phsssa%p@pmﬁy)t he

15 t C
e undesiiafy OB ARE i Deko I B AP, "6k, ?ﬁ???e‘)‘ébf R Befifid o)
yttritom (r¥fractoigt mﬁtreﬁﬁrh me isSexposed tethsd ﬁlﬁérendzxgaéﬁthfewample( ﬁlag:rl,al MBS ins

relatively . inert t hernodynam cal ly stable) to car or .. )
car bon- cSHi%H 191y l\glaeeels é%ﬁeE}B%rﬁ‘é‘gb@q’t”ée@?l}%dﬂ|08nJuPﬁé)nn‘B%tg thg regpisite Y or m

e.g., Y t i ak
(e.g ﬁggfgl grmgefe; &&@mﬁ}ép&rc&%@n & m ihvaRsht iR rw&ﬁh%acraﬁiuglgatgcﬁle

oxi de. has been 1earn at at sufficient
stabl e cemdhncm@nndenﬁmmmnher yttria or another sui tabl e ceram c oxide) the
e i nhibjited or .even

car bi de- ani sm.can revented. In
oy onh i ns ol S e R RER i ST oSS FIBHEY o B SoEr e ned
to bejsat dxBagl t5Qt g’!‘s h%vinRas@sbdPptih NG cisatabt Wﬁio%ﬁﬁ aﬁfo Fy zﬁ’flé‘lnbtﬁssure of

mat eri al . her suitabl e and soneti nes nore preferab eve s of the stable
oxi de forl® Prhgr, bed afta tp@agqatm‘@ov@r_t% ﬁ@lcramxe @% 1&@0°%t093500\ic % 99 wt.%

subst anti 1009% 0O 00 wt xtur.es of suc it des
ot ouan Bbigh oafe RhadSi Mool dIEHCLAST H8hh BlorBbfl 3 Lk Rutdt IF)
not whol |ghaNitbes.s Uafike Zr0h, htShasw)Emeretanie@ 150 FBOrS Mb@ﬂa@ﬂca’i%t&ﬁ]@@ﬁﬁ@s &dry
but the inventive nmethods and material formulati ons have been deterni ned

successf uvok the gaibklerexide prasaviifiirablemar Har praatnlernytiiven exde eayHildeY k) e

corr og Oﬂh&ﬁ%ﬁgﬁ‘é@@l@g%@ {heg>n9s'e£ O A c% &?ﬁﬁ% %é‘ste% gﬁ;c&i&’és b AP fia

oxi des, cen rations magnesi-a
(MO, andtade c‘éCb a "Klﬁe@cbesmtgéltcombsmld)WMmS@mtﬁdé i(WCY) esl fomsadsframcmemgm nst
such corrosjon, it has aéso been. ] earned that for

t enper at Wéluﬁy@%eafr %‘Eifﬁ b1 iSengeithngable gridedoumd e agheé) B reggﬁ?lmf‘é? S&re

more vol 3tﬁé11nﬁ)dynarmcally stable) to carbon or carbon-containing gases as compared to zirconia, the
more stable oxide form (e.g., Y,O3) appears to suppress detrimental transition from carbide to

25 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
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

30  Dbe 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
uncertainty, but the inventive methods and material formulations have been determined

successful at inhibiting or avoiding carburization and the carbide-oxide corrosion mechanism.
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than yttria and are therefore potentially of |ess value as either a
stabilizing oxide conponent than yttria, although the presence of such

ot her st awDIl2omer3so7aat erials within the conposition i s nectarseahossds | n
many enbodi nents, the stable oxide refractory materials have a vapor
pressure that is less than 10 7 bar at 20000C. Further, it has al so been
Iearnedt jin t 1 C St t i l g.0 Sk ouId
have a HEP'E‘?Z’IQ pglgﬁ%édil)t@ nol{?g}f ess %ﬁegg%%%éﬁ?%lé pbr{)gg%cgl?clﬂa%f)l tlg.?l on for
| ong per i codsentifationsef @ﬂcmy@aﬂ)ymagneséam‘dg@b Lﬂndéorlcarle((@@&s noRht1B806Teravotheup

to 20000 uj t abl e oxi des al so ferably hav ng t erat ure of
ot I ess I o T0BtAEG SHADBRTOGH. pHENEr bl ool Bs8 ¢ BRBB Y

[ 0038] | hisipfeen RARQLIHYRFRIcArboh RBp 1ﬁ@aft16ﬁ§tc9rcya mlﬁag@kmr@%ﬂmﬁt N8O NBlatike
one or noreé "secondary oxides" sel ect ed fromthe group consisting of Al

Si, M, @han Wtrig-and am thwpfor@ote@tallymf legsfvalug, asntherTa stalbizing/ox8ie, cq_r@pongn‘rd

Ce, and xtures es_nmm i nci dent al |
oresent, RAILHYE <[ fifieftbs et Gt OF S B R o e VG s P s SRE
sinteri ngnotqm&ai dNgin @anPlh®bditmsnty aled bltﬁbllégo@dé)ﬁéﬁa%torﬂ' heat&RLORE ¥ vagbdes
may al so be pur osefull added, such as to inprove certain properties or

uses, e. Pressuigdhatds o5y %@é&aﬁxar P 3P08UF T Ryrtherntihazelse beendearnad thag inrddétian ed
d d t |
an epo l} ﬁ&n?o%i(yjﬁ%rﬁfc ﬁéﬂﬂ%ﬁ 331&{?%&1?'&@1%5 sﬂ&hpﬁlavgr Ogl%ﬁﬁ@gﬂnpw%t E‘é% §hdrd! S

present. The ano of sec es I'n Sta zirconia or ed
comnpormne ntzoﬁagc fmraa{chyappamgteoxf fooriong pdriodh oy timene ppradsentempemtires o wtceSy or
fromO. OOJF %pr sent Ql;q%l iments fromO0. 01

0 . % in_sone
wt. % to PE0YEC & wfﬂ ¢ Shutgl% |0|X?d6§ Fewy aé%mafer% ga‘ferlaﬁkﬂeg ferpReraul | o
based on drhe: el @bt 2?f0°th8r§fﬁoﬁ@dnr§ér@i%ka!b'l3l§& 1&s e Roeemponent . [ 0039]

According to t e present i nventio there are two features of a material
t hat shoUP@B8je s&t sahé edbodinmusi thecafrhatoiyzamticoal mby cflaﬂaemcompns@omad)lsmdwn ng

hi gh tenper at | hydr ocar bon .f eeds eri al
Shoul @ hasedadts siids! 1lie upmihe BERpRansitiie Grklost Aestioot d ye Ni- Co
t her npdy namite, 1f, &f QNIENGE M@ WESRIT, laRd (REaRK i ule® HNBrYATE MIRXRESRMAR! Sxides
pyrol ysis gas m xture having hi gh carbon activity. [0040] Satisfactory

refract orryam’a@ Beidy sncrldﬂntaélymrgﬂ@nh émieawammuéltlp@ gémrcantavenng@mcﬂrws jasrepwet or
shoul d hat}{e 1111, rrl% telmn allimI A her rnain fa 911ner rot han sec n eﬁurogld%s lrjnrall1 a?so
(205000), WhTEh R d %foelpr sd "Hat & iuae bhYer® eh P (% priror ar tIl_ije
to i npurigurgsscruing aﬂﬂ@cﬂsbﬂﬁdts taSepkdvel deﬁamqﬂﬁperﬁéswﬂu@as \as, suek as piocadshisilifyor
comercial pyrolysis at tenperatures above 15000C. Satisfactory materials

for use idfWrinBenirtaanpe PRy R eRsHEChANd HePesdad o biaveduct e jthey thesmak no
| h
ess C&o aﬁ)é@&@%d e mgff'eﬁfaﬁ e}éfggenlfmt"ﬁ{e' Andulteye s@coﬁ&alr& cggdégofnz%]g o%@(ﬁf%jo 41]

1100 even nore preferr have a nelting poln ove
Anot her  fz@buindortniealt cottgfonaesnay typicaly tanpy fivat eirtually ﬁoraatprbsehy ulpao Sest.%} or
carburization and carbi de- OXIde cofrosion is the degr whi ch the oxide
form of t Hgn@@érvytaﬁ) nresert whtoel 0 wt.%, or in some ernbodlrnents rorn 8 01 wt.% to 5 wt.%,
or typically in still other embodiments from 0.1 to 3 wt.%, based on the weight of the formed
stabilized zirconia component.

25 [0039] According to the present inventions, there are two features of a material that
should be satisfied to avoid carburization of ceramic materials during high temperature
pyrolysis of hydrocarbon feedstocks. First, the material should have a high melting point.
Second, the material should have a thermodynamic preference to remain in the oxide form
when exposed to a pyrolysis gas mixture having high carbon activity.

30 [0040] Satisfactory refractory materials for a high-temperature regenerative pyrolysis
reactor should have a melting point that is higher than that of pure alumina (2050°C), which
was a preferred material under much of the prior art. Due to impurities and practical use

limitations, alumina was not suitable for commercial pyrolysis at temperatures above 1500°C.

Satisfactory materials for use in the high temperature zone of the reactor have a melting point

-12 -



under the pyrolysis conditions. Mterials whose oxide formis stabl e under
all pyrolysis conditions are found to be free of carbi de-oxide corrosion. A
non-| i m twogosxsqBary material is pure Yttria. MaterialPeTisosie/083d2sle form
is stable under nost pyrolysis conditions are found to be resistant to

car bi de- oxi de corrosion. H gh-yttria zirconias fall into this category. A
non- 11 m tiNG.AKATR-LS NGk haifapkes matlpdf ARebeIodNaR 2vh
w.%yttria, or greater than 28 wt.% yttria, or greater than 40 wt. %
yttria, anomgmeateed toHawe5MaMingdpoint abioss 2060°¢r eat er than 70 wt. % or 80

wt. % or . %,0r suhstant ] al al | tria. Materials that .have stable
car b de. PR LndgpiE FEGE blrdeioR bediniorsynera eBuBner ron S g g
subj ect tQduRARELBLIARICYIbARH & BRI RYFdezatiaeh ardoGas RiffoPMedRateR4IN St and
thus may not be suitable for use in high-tenperature zones of hydrocarbon

pyr ol ysi sindemdteopgolypisrconditions. miMatagale wdrost exidenforabis| stabdel vaded dlbwysplysis a

i i 1. % ra) fall . hi v..A detailed
Gescri pt 8RB 8 i hiog Hohbl R riD @b, A SO, SRS
st abi | i t yngtbR@riapsrewatre:. gaBRFialk &ehody ogidk Cothdsisbdld elch aleRoRbIEsis Rehdiaeik

ranges of stable solid species. These boundaries are plotted as functions
of envi rovodpnd to, Reirapstart yerbids-axide semresian: | dbglawitparaijcaniap fald dpfoedisof
oxygen a o) Q| . 1 . m:" I Vi ty" &, ttri
ot ot vaRsEBRR N naPREER; oLl Wt AR HrAR b ERAEE b 2110 gy,
C mayionotorn@¢ar@l thyn be withoyghis, @fgradterniaas 4o ed. tasttea gaserphasthas pecitds ytthuf
its gas phase concentratjon as-law "activity") drocar bo

jn.ah
m xture CArErEEcChRR (Pated Ph 55&3@ ¥t &toe Wérsulg%agmahggﬁs(t i, VitiraRBcitbon)
Speci es Mfa3e %ﬂﬁfer@%{&'@fﬂr&s Sl d l?f%e;ﬂglﬁcélgme pFolyslchdsfhs AR G@fdhen (as

C) activity (or partial pressure her o define the environment
of st abi hinhgcepmblyowipite sarbwilzatian bind esrbode-oxdfle @otrosign med drisahsy ndhlec sw@tatrc

"partial pressure" is the effectiv raction of the total pressure.due to a
ghscous. dBbaredn el T G S rBRCaRe Byt TSR ot trgligying
gases;s a e%hﬁgle?u?ﬁ@éiﬁzdaaahhil&b-y@tﬁ;ﬁ%ﬁ%rﬁast ey et N1 it Syth otk Era s Wite tﬁib@zﬁte%c_%{l

ia

gas would have if it alone occupied the volunme. It iS noted that par
pr essur e Adater¢dddscyptapmichérmedesamigstakdity (eltopsitstove gaseous species. Wil e

h i > d i i,al f k
e 2ty o0 AR 00 WA B L A BB U8

under | yi ngngs|Fukalid Solfl gROiche Thesebdhdarieis Plotedd 4s! Relctidhstdfeendfrbn@éntal

t hernodynam cs. This type of calculation invalves recording a mass action
equat i on ‘aHabley suchr4sHBe agthatiesy@ri Partigli niprswiss WE ORY SR olarkpnsipeeire s HeTeu sha he
environ nq%?l'ac%i‘aﬁ?' Iee?er§ g&ﬁle%ﬁ%w\@ do%%tﬁl%tiﬁ)ﬂ%%g sﬁlé’é@essiﬁ la'rﬂixﬁﬂch&Sca & ttﬂl:en
set to one to indicatethelir co-existence, and the nmass acti on equation is
conver t edpeditoCanaphgehoraiatlyeguhbugin dfratmemtitedmtd gal phaseepdcias biithes pange
boundary bet ween these two S~§)| i d specjes ag a function of en iroggfnt al
var i abl ePhatfc FONESNEHIBOT gAYVl aEPay Suled By diogyibenm YIS Spn %Péf@ abed in

Simlar Galagyh abl oMer ag rpg‘ﬁgé" (08 hGBSRLBENY Qpecs! vRAMBMdymiRlid EqRiidRER t O

map phase stability di
procedures. This gas phase carbon (as C) activity (or partial pressure) is used herein to define

25 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 gasecous 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
pressure numerically approximates the activity for a gaseous species. While the actual

30  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
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
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[0043] As an illustrative exanple, Figure 4 illustrates the phase stability
diagramfor YO C systemat 2000 OC. Carbon partial pressure plotted in
y-axi s rangesioimBsml to 10 50 and oxygen partial pressuPeTisotmsBaen x- axi s
ranges from1l to 10 50 . In Figure 4, regi nes where carbi de, oxide or
metallic yttrium phases are stable are defined by carbon and oxygen parti al

pressur espeipbfleckRfchYe, abli I fhasy Aétﬂoﬁ%@ﬁ%cﬁﬁstc"aﬁv %ﬁto%@ﬁ%ﬂ&&ﬂé egh%g{na«m or
Zr-O-C systemat 2000 OC. In Figure 5, regines ere car e, oxide, or
met al | i ¢ mathcoatiaatty plefisesstharagstimiohéargbetvebehithesd tiyy sohd bpaviard aobuygem of

arti al ressures., [0044] Referri to Fgure 4, assunm ng.yttrium oxi de
ooy | oSl yrab iy i & s ikt B0 o deRrainl Bt iy o
of pC(9) lchidshs Sanlthdn BAfepadied RF%UGRAIPBT §dIRll phRSRSS ﬁ{ag pbscRERi Y, dradrarkX! O

15 bar, the thernodynam c phase stability diagramin Figure 4 téaches Y28
(the oxi d804HaseNsrantisigtiag caagplabFigushhdbistrigngheephasastapidity diegeaeh for Y-

Fi 5,,71 i I O ) 1. to,the s. | ysi
i Xt ure 6 RGREhORERE (ot bl RS RER ety e Gy o B 1fgene
oxygen pajkbal pREiesHEroploRER (03 -axis rafdel Bokp 1 REN 0T h RS IYNARL hRRase

stability dragramin Figure 5 indicates that ZrQ2 transfornms to ZrC since
ZrC i s t erlgdalvxalephasagalliOytieumi phasesi arerstehletirel defirad @y dasbdnoandteakygehpartial

irconia (7rcp ic is subject buri zati on.and car bi de-oxi
cor ot o r OGRS B otiaua 3 | et BREN e U AP ERGE ErBETHER 1 e
and o5l degphases Pl SUMAAGSLEUIA! sddbort BRI ARUTG Bual LonupICCs

+ 4 C(g) =2 YC + 1.5 @2(g) [1] [0046] Simlarly the boundary conditions
for co- exirstlened byfcathmniand axisgabepaatied possbutes.phases of zirconium are

| cul h .1 owi i on. R+ . =.ZrC [ 0047
e an 11 Rt BeleBngi g AR Fu8 BB Sapriap Bpvedhis g
val ues cahiulrath@dingicat®ARaral prasurt B Haegy-anar 10t 3£QAGxYBer?giHalOfre et

oxygen partial pressur 10 15 bar, which is typical of a hydrocarbon

pyrol s, SEcshlE T IrNERD] 3am:therﬂwnpg¢sgyanu@mp@s§rqtm  rurpoopg)iterad dusbes 15
- | | ] )
20000 aﬁ%z%;;%?%%@eﬁ&%%@aﬁn%%?? %}%@%pﬂ‘r‘i‘?%a?ﬁw gkgféz*edég{egtléb@h‘%t >

car bon pagifcoriunmpoaas (1,pfis eipdatdeto thbasm?.p2xldds Qadbaixtarethayling tasboropardel
(Y2Cs) is stable at carbon (Egrti al pressure of |ower than 2.26x| Q.9 bar. At
pC2(g) = Prespsecbrsfar L Bsth YepanthexveseparisbRresture of ppig) Myl 060 20806 and

PAR(g) =4 i {abGR! mr-pw@]  idafes ShAPy®, o rbsr{ PAt 1 al
pressure o?r%)lrdgét elrC agengf?)S%);:Id%%Z Bar ﬁg%z%édgﬁelsum ox]?)&e ?%?JOZQ Ps

st abl e atsimardxOnis plag stalle phrsees sUne wfcohome rarbhian(Z2C bBXbAR tixarircoAta (ER¢)y) =
2.53x10 12 bar, both ZrC and Zr 2 coexi st.. Therefore, under the condition
of a Pyr RIS 165t 1o qaptaurization and carbide-oxide corrosion.

[0045] The boundary conditions for co-existence of both carbide and oxide phases of
yttrium are calculated by the following equation.

Y,0;+4 C(g) =2YC,+1.5 Oz(g) [1]

25 [0046] Similarly the boundary conditions for co-existence of both carbide and oxide
phases of zirconium are calculated by the following equation.

ZrO, + C(g) = ZrC + Oy(g) [2]

[0047] As an illustrative example, Table A summarizes carbon partial pressure values
30 calculated at temperatures in the range of 1600°C to 2200°C and oxygen partial pressure of

107" bar, which is typical of a hydrocarbon pyrolysis condition.

35
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having p@2(g) = 1.0xl1 O 15 bar and pC2(g) in the range of 2.53xl O 12 bar and
2.26x1 O 9 bar at 20000C, both Y203 and ZrC are stable. [0049] These points
are il uswoabsd3ser3Fi gure 6, wherein various stabl e phases/ise@oiossiegat ed.
Line [1] on Figure 6 represents the condition for carbide/oxi de coexistence
as defined by the specific yttria phases and conditions of Table A This

LT LoPr SOFRE SRR BB 91 o bAoA U
fi I f ;.ti‘ 18] d ?g_j

. 1 .
Fi gure 6 represents—the_—conditionT x stenge as defined
by the specific 7i e SEmnsEc CE) Lt (X forba, 11" nCa) THis line

represents the carlbon pr r-l-équr e (pClg) 16@>ﬁlr0 l'rz her r’mdyl‘rééﬁ]ro 1é-qni Hi brium

bet weén zi rconi um lcar bi dé79%r C) add z2-Aéek Uum dxi ded SZKkEPY phase. Suitable
refractory materials accdBel ng to [t heSpheldent ilnvenf.Bomd) 4re nore stable
agai nst carbi de formati on9ethan zirlconi.asxi®feh nat er3.aksiefe ddfined by
havi ng a carbon priessure2hgs(g)] flor 2bggmdyndm c eguijg®ri um bet ween
carbi de and oxi de [phase IS great n pd(g) T T at |a condition
of 20R0O0OC and pQ2([g)—= ‘%Zg‘é bar— Thiﬁ'g?)}%ﬂ' at ulrizg%mi beg the set of
mat eri al s whose carbideto%de—equitbrrtumHnesfal—above—thi's pC(g) = 10
11 bar at 20500C and pQ2(g) = 10 15 bar condition. Such materials wll have

a conpl et ui I gbrium line simolar tonline rs [2] but at .a.l | on
such hat 0Pl s pEt PR S 200Gang Roibe ! P 6 oL vitimrenoq 198
Pref erreditdbid ef tabsn PhiaBYRESUTOE ghdaddd| than D@6k NG’ BarCADPHfrih &S € JRE(T) ]
for thernnd&naniceqU|Iibrlunlbetmeen car bi de gnd oxidé(phase that is

Py)e

great6r t picprpon-partgal poespiie ohdoveerdbnd?- 20l drr.pdp r=PRox30ppr, hath

Erane i need T (Rl SPat R R0 R LT 1B PO Bpmieider ™

metal , mgyat) Rakdvldes cadtish peetial pressifbof drbatéhihgn DIBHI@:? BdR@nd i[r6@IhMMBxidd Pl €
poi nt represents the conditions of tenperature and cpnposition where Zr,

Zr C, and (Zr@)as stablejat parbemypatipbpriessirawtt lawendnn gi3at 0 atbarhAt pkylgen Zpuixd Pal
pressure 1®f0 &%o&ﬁz&aé d 7% ctoh>?1§te rh{%r &6 nffilée'ﬁheg é;n’ggﬁr Cof aé%o@éig%és mtiﬂﬁre
triple p0|n% occur's at SpéCIFIC conbi nat I ons o pC2Z(Q), gy a

t enpefat UraeingTHe(glat Woe 10t tanand ey @iy hamaog: ¢fhs3:govVEDbr dndiS2dx108/bar poi nt
is such that there is only one de?ree of freedom Only one of the variabl es
pC2(Qg), é@@@%léWﬁTYéﬁp@Kﬁ%ﬂ}%eé@hebe set arbitrarily (within linmts), and

t he ot her vari ahl es. are t i ned. t . 1 o] e
naterialiogga fo?hggaﬁ%Pg,%ﬁigﬁggggaﬂg gﬁ%%%éﬁs%ﬂgghgygﬁﬂgr§%§ep@%%%ﬁa&%lue
of 10 barindiamdd.t Hén®{ Hesn Furp@r @prkeits tidetonditig fdrecatbid@bedp @batisteids( &)
and tenperature) are the result of the thernDd¥nanics of zirconium In this

figure, tds68ed SyHBS sPediipFEHAdhas adecondiiony T digblnet yThisdine represengatheang
a tenper gl o n[prgé{l{eﬁ@@?g)? Fﬁr fesfo Rt i e b?tyeeﬂ %gﬁlﬁle‘faa:?ﬁigg I@?ﬁz)t bR

exact locatio e point 1s continuous bei'n d-as
sci ent i stytriveasxide (Y @) phaisendnme §2 JamdFigheese rdpedsants olie omrdéiopr fec icabide/oxide
Because

-

b

&

ad
S
|

coexistence as defined by the specific zirconium phases and conditions of Table A. This line
represents the carbon pressure (pC(g)) for thermodynamic equilibrium between zirconium
carbide (ZrC) and zirconium oxide (ZrO,) phase. Suitable refractory materials according to
30 the present inventions are more stable against carbide formation than zirconia. Such
materials are defined by having a carbon pressure [pC(g)] for thermodynamic equilibrium
between carbide and oxide phase that is greater than pC(g) = 10" at a condition of 2050°C
and pO,(g) = 107" bar. This specification describes the set of materials whose carbide/oxide
equilibrium lines fall above this pC(g) = 107" bar at 2050°C and pO2(g) = 107" bar
35 condition. Such materials will have a complete equilibrium line similar to line [1] or [2] but
at a location such that the specific pC(g) value at 2050°C is greater than 10" bar. Preferred

materials are even more stable, having a carbon pressure [pC(g)] for thermodynamic
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i nventors have di scovered that materials performwell by being able to
avoi d certain undesirable phase transitions, it is only natural that sone
enbodi menwe 20fo/3b@3pr esent i nventi on descri be materi al sPartus2@o0pze: i €S
given in reference to the equilibriumand triple point |ocations. [0051] As
a result, suitable refractory materials according to the present invention
i ncl ude [ i | Lcqpio i de
phase at B ERES Pyar o a0 RS R e e Y e
oxi de f oraenditioa op BOg)z) EHAL" bar dnd ghreperhtoss fione 1 §O0CG)to21004d.ch ZrC, and Zr 2
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present inve ey neet I's thernodynamc critéria of oxi
st abi I5i t yofimrrepmasentsethp epaditions @t tenperabure hed eomposatiofy whére Zr (Pr(hhad &rO, are

boundary. .Such peratures are typically those bel ow.the t enperature of
Che tri pidl BGHIPRRTRI e Sk fidhe Ghieeh (] Pranibob]0 s Barol fiste fisc
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enbodi nents, suitable refract org materials according to the pres
i nvent i oranddereperetabd. eTloxnatercpidbe thetmodsmpan et thatez vardthpQfighe noahtue sudt thethi ch

zi rconi a .has .no st abl,e oxi hases., Such.refractor tepials . form
b oo AR A0S OB e 8 bR eeORS By BHE P AR RO TBh FE R ' Sh R fure
Zi r copi UngahriePéce apBitrhitily (vethi®Xiaimah,eandsthehoth@f sl Uaiiabiat £6itBés déidd & tiexi de

phase when exposed to a gas having pQ2(g) value of 10 15 bar, and

t enper at dhermpdgnanich af thefmatpisalz jSoe biii afample Figarpsiihehosen o propt(aghixadap Qute)of

10 15 bar n tiey.. e j C ract . rj i de
phase mhevr?ldgxggggd t%ararggggﬂlggd\}fleﬁg%&(a %ﬁe&%?u&éhépgiﬁ%lgﬁﬁp ,Lglgtr@g@era ure
above t hatmpératung at tigorvsulmot ticpthernpaiynimass of Z0CR4igm. Vial thes BFurd Ohdse &ther,

and a pC(g) that is higher thap the p t ich the phase transition
occurs bePRGEFRMHCTS FE ?pé_(%?tshgﬁ%x a‘a%V_ﬁeCl(O[g ?ezng%fra\gg& EMPPBHSS PR MR miPgse

sul tal e JAfHARNAY Yot TRHGSAY ShR SEOLAN kAot BEHRIEBRMaihY 2B ARTsITREiRY SO
include materials In the oxide formand naterials i'‘ch al so have

t her nody rafma v efietistsgredsorertbemmiadynamick endypheke Bobanonhene preposlyd Beraase

pyrolysis gas m xture having,.carbon.partial pressure of greater than 10 p
bar, at GBRGIEIT dHEC ofiBDBEICEhdnest ) Proms Y8 oar DemcREF A8l VA GrPm o
remai ns ihdbiRLAXbARC! @Al¥itRns CAT RoBnIpardthdl tRitesot @nBdbdBiaat 8F thdgfestht 10
bar (at conditions of pQ2(g) = 10 15 bar and tenperatures from 18000C to

21000C) . iavensian|depdribecnairaatp Mathofrogersibs getn aic rdesgnemtoethe sluilidriymt gridatriple
(yttrioum oxitlciieda .YZSOs). [0054] It is also preferred that nelting point of
the rdfr &6 ?/ H8¥%rial is no less than 20600C, which is about 1Q0C hi gher

t han t hat[oe$1]pur asalrbdilt) auifaBRHREEIto M EDriNE AEor@ihg DI Gl in QX RRN IIRIGR
demonstr ar;[lgcgria?l? tlila? %g\?qugziee i)haAse:qs lrjrlogea lsotla‘t?le rtl?e]:nr zail(r:c:[o?liru)r/n‘srrg;i?ig ipﬁllseha?\g prgz(g) value
of 10-13 bar. Such refractory materials remains in an oxide form at a pC(g) that is higher
than the pC(g) at which ZrC, and ZrO, are in equilibrium. Alternately, such refractory
25 materials remains in an oxide form at a pC(g) that is higher than the pC(g) at which the phase
transition occurs between ZrC and ZrO,. Materials are suitable for the present invention if
they meet this thermodynamic criteria of oxide stability for any temperature at which there is
a ZrC / ZrO; phase boundary. Such temperatures are typically those below the temperature
of the triple point as defined at the same pOy(g) value of 10-13 bar that is applied to the
30  thermodynamic stability criteria.
[0052] In other embodiments, suitable refractory materials according to the present
invention have stable oxide phase at temperatures and pC(g) values at which zirconia has no

stable oxide phases. Such refractory materials form a thermodynamically stable oxide phase

at temperatures above that of the zirconium triple point. For example, such refractory
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melting point no | ess than 20600C is particularly preferred since it
enabl es to process hydrocarbon feedstocks at nuch hi gher tenperatures.
Thus, a rwQengviasi?se pyrol ysis reactor apparatus for pyPOTyus2eng/ 033423
hydr ocar bon feedstock, the apparatus including a revere flow regenerative
pyrol ysis reactor is conprised of a material having i) nelting point no
| ess 1t hany 209006 aNG, blukic rblSL ARAKIRN L1 EILERAGLLOR P LIl of 6 Ol dfnd OF
when exposegﬁto a rg?ereﬁ e gas av}ﬁﬁg aocag{)on p r‘?(lt)g?ppar essur e 5f))%%!r’greater
than 10 Idmpamnturd abavenlyatefitedimenius triplqpahit ngd.f Baatwrofil® ' Abarederaothti ve
reactor, and in other epbodi nents the reactar is a reverse flow reactor,
i e 1 SO e RS T Ao Bt Bt qeid P ERuEE G e
reverse fi@yg)RURNST A1 \var, RYkRip¥Siie B! Bt of @OSREoMIAMEbR FointA a3 ER
ceramc corrp05|}(|)?§n was prepared by m xi nﬂ 50 wt. % of the first grit

a

Anper ist  84d1c08410/2 dgrpovide PC(&). tBat Sthigled)tharsthomC@) of whieh beqdask gansition2 3
powder ( 1 avera tic ize, 99.9% fromAlfa Aesar) and 20 wt. % of
the thir @GVt e@%ﬂ%é@%&%%@&ﬁ%‘ SURMBEE& S o) . About 30 wt. % additi onal
organi ¢ ooskr wasrtherioek, Wiiltdbld REracRhARatrilRWIesrding & HaVprd&ng s emidedyay
strength during formng process. The powder was extruded into a honeyconb
shape (30tsocimsiudematerids 4 zlee exidgeim agd mateiglsrathach glse hgve phiherapedygamiche
ext ruded : y S e i t r -

air and éjrqlgfeggﬁ%gg %;tr%gggf}%%g or Ogﬁlr glh;él#l %%1?%5%% t?oa ﬁg@ﬁ@ﬁ% %%r%ﬁ‘t%t&ﬁn’lﬂén
body. 10Thecarteaaitan tpyésiiiica f gesaadt tharb 00 hidsataloaditionrpf 2&HICamhdaimut) 2150Vol . %

porosity mainly derived fromthe first grit Amperit 849.054 Y2 powder .
Thi s resikaaaﬁre%zﬂbi% WYBISJ\?F’&E@ 1R sy S EBcK %@@mﬁaafﬁi@reswe B3R dpn
yttria h \ . ednhn Vv - a bf.Or t A24
s vher ot oapt SPIRIE B0 RE] 10 L AR EhRG AR RERALC BRIBOTS
| . Oxl O 1Inohdimitddexatrpdd ethusiargitaetonamandriat BScwiRi(g@lily oekany@d. by use of
scanni ng el ectron mcroscqpy (SEM and reveal ed nQ signs of. carbi de-oxide
ceram ¢ d8P3si o 15[9(‘;%@]@?%@(1”@%% N ROTRS; & @ﬁgﬁctﬂ@r@ﬁmﬁm%ﬁ frsss tpn
Si zes,.an e ti o] ri oS [ e
er e grSEarC an el s PRSPl HRARE RIS, ARG bl Bfa 30y SR s o1
t hat are doamediabechedic fccohdtongaink @ asidadequaitalt Arduitghle asfeact@y invaekidl maming a

m xt ure of garti cles (some of which might also include several grains,
however) HeHRE fontnno des athan CORBIhdd neFticatartyo PeferFass pinee 1Gengtiess for prasess

particle,sj r ef t J I r ] j.ze. 0
AR S e e T L
A grain apppatsi ot @ytslytihe a hedrycaabad faedatoti, nhbl ppsuahstiaciudak! y rbemmdenous
units of zirconia or yttria or other (granul ar material that fornms the

ent i r¥t y TBECICHEVE BYENTES Teaster isonyrised ppadmeirial hpang Hapgléing poips peless dhangy e

ko0 MRS § S0t SRR e R1E b ol ARy Serem
usi ng a unfefined sahteng techriogueartidl qrosuac 6f )grdBe0hanan0be based it anany
embodiments, a preferred reactor is a regenerative reactor, and in other embodiments the
reactor is a reverse flow reactor, while in still other embodiments the reactor is a deferred
25 combustion reverse flow regenerative pyrolysis reactor.
[0055] Example 1: An yttria ceramic composition was prepared by mixing 50 wt.% of
the first grit Amperit 849.054 Y,0;3 powder (H.C. Starck), 30 wt.% of the second grit Y,O3
powder (1 um average particle size, 99.9%, from Alfa Aesar) and 20 wt.% of the third grit
Grade C Y,0; powder (H.C. Starck). About 30 wt.% additional organic binder was mixed
30  with the ceramic powder to provide green body strength during forming process. The powder
was extruded into a honeycomb shape (300 cpsi) in the size of about 3/4" diameter x 1.0"

thickness. The extruded honeycomb green body was then sintered at 1600°C for 4 hours in

air and annealed at 1900°C for 4 hours in argon to form a fired ceramic body. The resultant
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determ ne average particle size and particle size distribution.

Mcrotrac(r) instrunents can neasure particle size ranging fromO0.024 to
2800 nm awa 2proomssare good i nstrunent -toi nstrunment agr eempaT/US2010/033423

sanpl e-t o- sanpl e agreenent, inst rurrent internal repeatability and particle
di stribution breadth. [0057] The ' or average particle size nmeasured by

a | aser 'tjéfgﬂtcegdrﬁlt "Ral 'va% a ﬁxg)rfséd Qﬁﬁootu}( RS vof. ‘V%&Bﬁ%ﬁrrn hé} RAFHAE the

represen as Db0 or maan ter 0 average le size 1s a
val ue detfastngnednmprlmﬁm@ﬁ Y);eﬁst pawvdersi Thisdiesitinalbparooty peasies ithgnaéshedk and

represents a art cle t di ameter ich is the 50% vol une or i ght
ARSI I el ot s it S A S AN R

to the infegr? ﬁfi W rbiiE, rogrsﬁ%‘afé'rﬁlkﬁlr@ﬁ@skcé?f)o@ ALt hrebRrsbZfout 1.0x10™"!
distribution. Simlarly D99 respecti ve(?/ corresponds to the 90,

10 and 99% .vollhaetested weingthe Wasamlcr@ﬁ@pmallm@cayam dyeusd ¢ shiagning bele¢tom,

Th h be d db
i or oscon e RBHS TR A B PGy g Pl ahiog el cccron

ni cr 0SCOYORGIEN) ABNshuth a6YS HicS Slise BssIne Gefedh p@rt@fn@sfool@ﬁkei TN) condagtraions age
particle size values measured by mcroscopy nethods also can be converted
to D50 valouwengfs nasdh gepseriahioviter rﬁllﬁtﬁ@ngu tied termse "gait' i ande "pptisledi ater vk i on

f t h f 1" "
ol aserti dIRTbhELBE B M KRl AR b SRBLANGh B AL S R IE IR
subst ant id&kivyd drym shapeturd of r}ﬁﬁ}bl@ﬂ@@dieﬂ&flmlchanpglﬁf &lsd aakladape crayghms,

those particle shapes that are ubstantl ally spherical or nore spherl cal in
di mensi orl9WeHeh t %ﬁwﬁ@aﬂ corsBied pEIRT 19 HIETIRG GRieprad] RIBLa MgE €T ude

spheri Calth? %k%l;ﬂ?&%olhq er Qﬁ“ %J&ﬁf@fﬁd siz8 ot REREfiaP %Pa‘?ﬁé 68lthe HHaBiLb@Prising a

ellipsoid I st orte edral shaped, angul ar, rectangul ar,
t et r ahed rrallﬂnn@da]dgminadlmutlorel Angrainedt, pagtide isTthe isdizjulealdy dsfieblesubgtaatially

particle ene e of less inportance than hape, of rela ver
o ger parbTeEas vedhal A Gryber By R i BERBE RSy AT

provi di ng:e{&in’ﬁé @nd?&%'o%om@@ﬁb’iﬂtt the%@élhﬁyﬁbd}%l% bhcysint@Rd dnkiAREd tde¥thdbRi NY
powder processing and fabrication. A preferred spherical shape of the first

grain cargrtie boba ai@séq) plze@w bforawd AL oISl eBynanictlight S®tt5fm@ ﬂnd laser
pref er abll}/%hﬁgﬁfrﬁctlon ana yg Cs sﬁn&@heﬂfgg S ae’[{e‘ffr1 ¢ I eSZNflcr%{}ac ?500 can 8 ({ po

general ly er sur epre s d™as e Bnpar e

havi ng hig@frinire a@gagea,?arﬁue fsa&eaxﬁihp@ﬁ&e S ROSGribepder lM@kot&h%nﬁstmie@mcatxp a
symetrical geometrical object where the set of all points in three

di mensi orm¢asgr;§ap@“uelﬂwzq/\mngltngaifr@nat0 Q2|4et0di2%(i(hml@e apzd frrevide gopsieldstpnnmt tof

t hat space truv\,here 0as téve re nunbe{ at edtt £ a]rild ust t
spherd. THEGLPE atg“‘reg{eﬁl pée' %%aﬁg’?sagﬁ?@e}lat%“g?eﬁ O ey ?rbd its
short est @edl'gﬁﬁ)uﬁslpgfehdmatl o of symmetrical objects nay al so be

descri be the ratio of two neasures (e.g. length and di ameter). The
aspect r a[ﬂﬂ 7lcanThe "Radseir@rasy PaTtckodeomyasadHys laserckeha dithaetiangnethod is

m cr OSCOp&ﬁe(t%Q of average particle size represented as D50 or mean diameter. The D50 average
particle size is a value determined by using a particle size distribution measuring device and

25 represents a particle sample cut diameter which is the 50% volume or weight fraction value
after determining the minimum and maximum sizes contributing to the integrated volume of

a specific peak of a particle size distribution. Similarly D90, D10, D99 respectively
corresponds to the 90, 10 and 99% volume or weight fractions of the particle size
distribution. The average (D50) or any other particle size cut value can be determined by

30  microscopy methods such as optical microscopy (OM), scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). The average particle size values measured by
microscopy methods also can be converted to D50 values by methods known in the field.

The particle size distribution of the first grains alternatively can be determined by a sieve and

mesh classification method as known in the art.
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scanni ng el ectron mcroscopy (SEM, and transm ssion el ectron m croscopy
(TEM, in conmbination with inmage anal ysis software, wherein a

t wo- di nerwoanel13sitape is projected. [0060] In sonme enbodCrarskel/0833e3
inventive material, conmponents, and reactor systens may include yttria
stabilized zirconia grains having a D50 grain size in the range of from
0.01 mm 20 RVVall I Lents, S y
R R e R R

t he rangehefe firagnbd tiwke rmartiche 8B4pentthati are ctubetantérttyoshihesodlsor foonsihenicalt m 800

mm The ipventive, conpositio 1 ght al so.i.ncl ude her grain sizes, nmany of
whi h wi ITTRERRASARR IORORHCEER roate, BoRTITATY ateptaBleo sty thelidél Setiety 125
mm or ateuli&aﬁal,%ogyh@mal,%t&&ed §sticall, dRlorted cAlpsbi@AIS Histort8 poPfhedtal kRARY,
5mm or at least 10 mm An upper limt for the other grain sizes present

may i dcl vagulgr.aicetangulars tesfahegral, gluadidlarenyl, elonggied, et 0 harshape ofipmeder1@@inmm

o or o 0TS Ry ebPerfy B8 F iy Rl Ran IR i it Tl peitRishe 7

merely exspmphiad] randmapbe EARUREIy\WRnefidifen psovilingrcldsapgesn@fdedsigi, BpsinaMS
are useful for the inventive conposition. The size preference rrg(%/ Be )

det er ni né@roRjty: ped Hapebidity drries pBALRIoRSSNg 496 dghiedionndA inrefeirpd splifsigaluse,
t enper at i1 r i i

arger - rrpy SRS T AR8nR4h S ThERNRI WPy Ke FARRE o TR S bty
ranges, ileslthgh 29, dh@otegirgferabiyalgethan WH. | @raifsrwith péraral Bt @na@thaahifeadsenay
conponents such as thin-walled honeyconb noliths or other relatively

del i cat e aifro trﬁlgﬁtaegrﬁi &% SOTRRATFG e RN GRS B%Ebi iEigealar UrERERIPES £ r om t he

rel ativelyosgyal | §f)h69fc§f Eha?:b ngfefsaﬂ)gg%?lmhfégﬁc]al éth%&le&tijwt%ﬁ&y%ﬁey ﬁt!d‘f all

addition to a mninumyttria concentfation beling useful at controlling
car bur i zgtoings irathdeccdinisnsiendxspae @)y which acont thsidotance R fram a Sxahpdiyt bichat

| ear ned t hat rosity can.al so pl a significant.role in _controlling
coran c CBRCSIEH K Pt BV RarTRescale i rtdiata BC ey« W Rh S @
anmong;st hehamd fsl the Rafid b€ li@SloMbtst 8xidlt8 AtsPbAtittdxid ThesbRat kAl Of sPRibtrical
mechani cal ‘and thermal stress concentrations (particular Ig/ W th respect to

ar r est i ngpbpactcraprbpdigaddasonhed B theoaigh opsve sicayurpd Gys length gnd diasaater).r bice
Wth r eSpa%Céct trgtiot Q:gn %i grg Sst ge%nl%; rr1nialr%gct herrnré%lﬁ $ hOc kasr %S{.icsa ek 58f ! EﬁM
i nventi ve RET ani ¢ mater ats.ta oS de 't 'S g S%r 0S] t9 s et o midn

por osi ty,scpafiig Gdcabh YmRE&RoPOI(OEM)Y ahé atanp@issonaklectesi AgeioecbplyO(TEM), in
exterior surfaces of the ceram c body, can permt cokirgg and infiltration
of car borfoRbintianyith igees analyss safsyaig.evhappin @fweriimgrsionh yhaps avproiscicdeal i zed

ceram,.C sio . 05, I it R I |, or, qf 1 C

body. “sur a0l nofty Smé AGHAGRCTS LB Rhlrhl ZohBoRtd s anf 1<hd5:, BRIAR

bet ween troay imuluke pariestabijizad dirdont griaink hevindadfi0diraig siz ih hie: ahgseifrom 0.01

i nvention, rran%/ suitable refractory materials may include highly dense.

mat er i al S48 HEY 1hZ0Q0 |ugy swhilg in Hthes|cnolodBpeEs.tthe e HySEh dnaye HisBic nEHitas
1l v

52 L ke o SRS B et TR AR 5 oo oPRI G
um, in other embodiments, from 5 um to 800 um. The inventive composition might also
25 include other grain sizes, many of which will have a minimum grain size of at least 0.01 um,
or at least 0.125 um, or at least 0.2 um, or at least 1 um, or at least 2 um, or at least Sum, or
at least 10 um. An upper limit for the other grain sizes present may include grain sizes of up
to 400 um, or up to 200 um, or up to 100 um, or up to 50 um, or up to 40 um, or up to 20
um, or up to 10 um, or up to 5 um, or up to 2 um, or up to 1 um. The aforementioned list of
30  grain sizes is merely exemplary and not exhaustive. Other similar ranges of grain sizes are
useful for the inventive composition. 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, heftier components can utilize grain sizes
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i nproved resistance to carbon perneation or carburization. [0062] O her

sui tabl e enbodi nents may i nclude sone porosity, such as to take advantage
of the prwoi2ousi3yo7di scl osed nmechani cal strength and therorlUusstooB3423

resi stance benefits of a slightly porous or somewhat porous ceran c body,
preferably having substantially uniformsized and evenly distributed pores.
In some %‘Bﬁﬁ“tﬁ@rﬁré dek Néng e@V%{Hﬁd{% f{ﬁ%%;g&l r e&%ﬂﬁ?é'rﬁdr@']ﬁm*a% @d@ﬁdAtefmm
porosity va such as at | east vol . % or n SOMe vari ous embod I ments,

at | east dompoherts such at tHieasile® hootyc¥mbomondlithe as bthbd reletivddy dohicaat of dagt 15

vol . % or at least 20 v % t least 25 vol.% .or even up to
e Vo ortEsrong R et R Remdne FelfiRaly SRl gt phes

i mpor t ant{hye1]0We W takddredibes, tlﬁtadmbmo PhiRhRYE Pl Nebrie8RBHoR bR REfuP Rt
probl ens, the inventive material or conpositions have a maxi num por osit

val ue;s sueohtraling pﬁaﬂmﬂwl%ancb/@arbxdetqzlcteocel@nmocromdﬁloor ltdpaStroceZIdY\I@bn %a up
to 25 vol, % or .perhaps i upon
e bl v b eitsiBE SRR BRe lah B TetaRE Bk 1 R FurD ebyt sifbsich PEg
vol . % as fusifithtddesredln s¢ade eheftlix ddxfilityt difordd et @dtrRUpa€sies GFhiRr Y& Peimigting
carburization and carbi de-oxi de ceram ¢ corrosion, with the desired, nore

speci fi c deinagasef peimgssehpnicaliad thermahsiess fcorgensaesderEc gy it lahect to
f t
Do o TG PBREL bR AL Bhek Pl | G RERONE A ARE TRl

e porosity ra

fromd tdi@8stvalgttand meﬁﬁ:’e]l shodld pesidenaeofthe hm@nhye cense mederialgf @Eigfwﬁmﬁ@fd al s

accor di nghto t he present q\!{]\entl on may. enjoy the benefit of limti n% (i:ar bon
v

per meat i GRS AAESItE ) Eetike ém% itygp 16?191125 RBSN BRFOHE b BPTE Afcsconnec
particul apl Yx:HOSGirfaPes ct}eth%rgﬁwf g(frxrﬁm m%er&hseak | Y 1§Hl§rtaﬁbﬁ‘8ﬁ%e%ﬂ @vythﬁlnd

stability to remain in the oxide ot her empodi nment s prescri bed
por osi ty theattansc rsayctoes, avhich butteoh wiay hlepd dwiloktarhiged wprove dotrhgomalr Grlanss

crack resjstance b hi.bj t.in rack for and gr r ti ack

o opagat  SROTHT iR MR EHOE PG B g o P> BErolSREEA dhot ot
the Bt ripglaké YEdd Be st RRYedf t%'rﬂddh%o%ﬂ‘@%@%@ ﬁft}é' CRedobdifg btk Ib%sent
stressful, high tenperature, cyclic thermal applications. Porosity al so

provi des lhvglnlosumra@x euléabéeareff@ptoryrma@r@és n@atln@b@mhl;ghlmdﬁnanma@fbrsaé& fhat hove, as

conpar ed ;t dv.less den th cer G
cuch s domibs &P hesfSN R SiidnordameeBRaT L b deles R8RS B TR ner

vari ous fdm%ﬁ Qﬂﬁtaﬁﬁaﬂ}h@o POOOIS inysohfRCInmidaitietts. agechnidhsd bdﬂlésezﬁaﬁ Beﬂeﬁc fieased
surface area for hear transfer, increased thermal shock resistance,

mtugat.dmpmveérr@warpﬁé@a@h@mnﬁmeam@rv@abmzé&mal strength, etc. Selecting
the npst ﬁﬁ@i Opr e“r‘ SEe3d L ﬁcﬁm@%?ﬁd 1}{clh&é‘go%é:§ eaHs BH&OJA. t6 UR! a%érﬁ.ﬁ%o
0 or mance "o

and bala cin ese and er various per | ectives, 1nc
controll |dfqhe@r@mmlycdursclosadomecltaoica]s steqnigeli and Hermmlsthodie sesisiice tpacfisidfya f or

a particular material or conponent. The porosity of the ceram ¢ trix of
the. f or meVERY aRias @Br%%ﬁ%(ﬁ't‘t RO bR RISHaRY haxHgetubsigpiaal Sgweoras. a

200C, af t@foqshilf @LLMY &iBGibeHc8CPores. In some embodiments, the inventive material or

compositions have a minimum porosity value, such as at least 2 vol.%, or in some various
25 embodiments, at least 5 vol.%, or at least 8 vol.%, or at least 10 vol.%, or at least 15 vol.%,
or at least 20 vol.%, or sometimes at least 25 vol.%, or even up to 28 vol.%, including various
combinations of ranges thercof. More importantly however from the standpoint of
preventing ceramic corrosion problems, the inventive material or compositions have a
maximum porosity value, such as up to 10 vol.%, or up to 15 vol.%, or up to 20 vol.%, or up
30 to 25 vol.%, or perhaps in some embodiments even up to 28 vol.%, based upon the bulk
volume of the inventive material. The porosity range of 0 to 28 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
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body for at least ten mnutes at 15000C. Preferably, the desired porosity
range is retained after prol onged exposure to the operation tenperature and
af ter annweal2rgi3sr73at operational tenperatures above 15000@S2&0mb342s up to
18000C or even up to 20000C. Porosity is preferably substantially uniformy
di spersed throughout the conposition. [0064] It has recently been |earned
that |imidd fget Berihey 51 Loent & BHCRoV BhiRE heRARglo afd ffGhial Shdok 1 f
not actually fi Elgrt mter?(; nect i vll%ty OP tEOe por e spacesgvl\}'f1 otﬁteﬂra porce
spaces t aecastagoet diot potvas embbdibichts, abgrabtc pmmosafy rehgement bd fromrbor28orol.&ar bon
conpound Ly hin_the inventi teri.al or conponents.(e.qg., limted .

e root 1 vaOMElimeaBi i 4o 6F bigh Bl iar i rekioBb R CoRpAGHRIGinE Ta i hggntion

per meabi Ihiyetsy AR Y¥htfitdAIRnifhg bhBbh peidafon RENRLIsBhLO heARNGstbBnPOS &S and
matrix of the’'inventive material during high tenperature pyrolysis of

hydr ocdar sorbodenetss, opatgcularte thelsy ind the gatdenfproy thayniisp ragjayhsuspronashpimaly dns
car bi de- oxi.de ceram.c .corrosion. b may, still penetrate the surface
por o5 and i f ATk ML PGP Pormt “ooRBe ot DERPIO B ey GGR
conponentrfaydiby Athulldack € rdvdin@ithoyed therndl tstrbddeerd dkifediSein RAFy0Bhibitindd drhck
constrict_ carbon from perneati ng deeper or dissipating throughout the

entirety fermatipa ard eficstingoeragknpyepreation.deed sonylgerousty dpqibiatipg gsome clastic

er neabi | - f i.t-abl-
ot or  al STt B8 B SO i oo P BON R e S50,
al t erat i dfight enigeeata@r byde therneil hepliaoibns, Pexeity ialsotprevideebighoarfade arca for

concentrated carbon at pyrolysis conditions. The optiml or acceptable
porosity WF@V@? h%trab@?f@ﬁ% 9%% alisv@atwéle &% Ponpaspd E?otﬁﬁ%]éﬁfr:fesﬂéﬁf@ﬁﬂén%}béwsﬁﬁe

desi 1 ed” 1l GRIPAERIcs B & FRASH RAABBH hiEPendhiiering phidk RbAAnflcd 2098 of

defined by one or nore of the m ninum porosity one or nore of
t he maxi rthenopher osiioys fratums, ofahe poyosggtindfides hiitues noolimetedrie gsérgased snerat ed

bet ween the m ni nuns and. maxi e. d.,, between supstantially 0 vol .% and
28 Vol | ogtreq Bdsrt [ StaiTorohed Srermel dioklFann Ty TR Qo gropegstion.
car buysi zg %eﬁ%xﬁ@dl%@eﬁgtﬁpéﬂcos‘s&&%}g thB end¥t %%ﬁ%‘f)ﬁa@fde_tngi@y Qﬁ(!p@ﬁbsft Mg
the refractory material and such material having a nelting point of no | ess

t han 2060Bgsndshgonversaddratwerdndristancimg i drcae ped PET vasiond peierniangenbjiccteves,
ceram ¢ MRLGHHA! JRYIALS 0B ALHELAN AP ol eAR nlol RRGfpl0 BRHOT T €
of vari ous B?IH%r Rventi ve Wt eri al Othar a8ter st c8 %% uch ag DRt Pt ed
to, the pakidutdrengbdf oaRIMPOHEHNITHE PbrosY of theScefd@nie Ak e fesfolh&d ceramic

mul ti modal particle sizes and distribution, material selection, degree of

st abi | | zOMBRNCIHER MRRSEIGH jah GPEST GRBP UMY S Seeh ) ak 30U s exdler sBHUHIS Hereein v,

and combigligns IeQ&rt%Rfmintﬁg‘ﬁY%004@.‘%%@%@%4 a0id n&o@ﬁ%@?@ﬂgé frediifkd he

substantial’yttria concentration uniquely préserves a e |1 nproved
combi nat iafier pfolddRdfdxpasurato ster grgition ttheeranire ahdaker asicstimnoeat @reational

conponent |ife expectan at was not previaously known i i pdustry.
The virt J%@P%fﬁﬁqusuﬁ@VFoﬁ%)oga Bl S b‘Pht@rl%)é)r??o‘?rrrﬁY?@euIbé? a?@bl(;(?s Eoqgsity 1s

fpatures RAKRURCSRSARSAN Ry AYRHAUAOREERtARRIERLhONS, 1 nol udi ng

[0064] It has recently been learned that limiting the maximum porosity to such values
25 tends to effectively, if not actually limit interconnectivity of the pore spaces with other pore
spaces to an extent that inhibits migration of elemental carbon or carbon compounds within
the inventive material or components (e.g., limited effective permeability to carbon and
carbon compounds). This limited permeability helps mitigate or limit carbon penetration
among the pores and matrix of the inventive material during high temperature pyrolysis of
30 hydrocarbon feedstocks, thereby mitigating or limiting the potential for carbide-oxide
ceramic corrosion. Carbon may still penetrate the surface pores and perhaps some near-
surface pores of the inventive material or components during hydrocarbon pyrolysis, but the
limited porosity will constrict carbon from permeating deeper or dissipating throughout the

entirety of the material or component, due to lack of effective permeability to carbon or

-21 -



application filed Decenber 21, 2006, serial nunber 11/643,541, entitled
"Met hane Conversion to Hi gher Hydrocarbons," related primarily to methane

f eedst ockwof2oro/Bye78l ysi s systens the entirety of each areTiuscawpss4as ed
herein by reference to the extent not inconsistent with this invention.

[ 0066] The superior thermal shock resistance, relative chem cal inertness,
preser v ec,AiofStithlduifs S déf,?suiﬂam%rl%\f‘ﬁgto%%wrﬁlls i 16k B SROG be
tenperature capability of the inventive corpositions, conponents, an

react or s thérntoldgnpmiesléntesistivent aloamatpmotei tHe canbydstal dtherdosbgleiven tnythamprdesence
structurally soundness under clical. thermal conditions, at tenperatures of
15000C ariti HPGRUACI SHORN A5DUBIEE ohoioes. THouEnl oF rtPebRrodSdrPntY. up
t 0 20000Ghe RAkhiitimalclidl GiScomeaRahtes pbisAIpod th@Assirc8 fimartathyor@RtpdriRmaRdc
conponents and reactors. Such attrlgutes and properties may facilitate
conporientsopatdes; baicis ovithin haangealelinepbrore eomeemel thaalininefm getosity ssluemandal so
facilitate use of géocesses in rekatHvel§ Iargg §caﬂe cqpnercial ;

appl i cat i WL AL CMAFETRHEVTDRYP ShEt U Ee ShaHY ERIOT SFUFLENNTREY QURCEIHh) e.
I n parti géehdgon thOmikiBRImsHndRh&imh @t (@F, banes SubsRARLINREN Sl %8808 ¥bE%)and
processes may find particular application in refining, petrochemcal,

cheni cal [9%%essirh 1ditiery to thgedestialyhityt eingsatratl ngetaparation i reramioeyTosian j s

bel i evedetﬁ{]ﬁ%i éﬁé?en%%?%@&@%é‘f{&kﬁ%i e rQﬁm%cgJé@P@]ﬁfehﬁﬁ ald gl\{dgldﬁlqw?l%f: ‘ﬁ?xqgg% to

the pres osure may tate co servic erirods o eater
t han b yeaa¢lting poinexstunpless gue 064, theadeudll fdformans dharssamBti ey the aivienting:

[ 0067] The particles or ggains C nzgﬁ either. single crystalline qr

pol ycr ystramiAdnatpgl ey &isg| i ﬁ@%gf hat lerd iRefe” 5 OBy MRS dprious other
crystal | b0 bibiot Vh GILBO LK Qbut MBS (bYREPartlcl A By £Afebfen:,

utilized Ich include but are not Timted to aggl onerated and sintered,
f used andrdnushedmizimsphehodivktedodal pagivde figesmpnd Histrgudibmsmatedal selection,

I d i.nt d whi ch_ i d Db dr yi ng., of
Ceponsi dlictsna: i g TR PAgkEBRaSORAT BPGAT B AR, Jh-: PR
Si nt efsi NGonlABAE ARYIIOTIRWERE, BE &bAbimkien fMIRd paRdits hHe :@lged%uﬁéﬁhﬁgl Ythria

produced by fusing in arc furnaces and crushing of the co | ock. I'n stil
anot her fooneandfatioh eingjustl Pseseees taneodicEyinG impeovep henaddination, ok MARadchyal

atom zati gn I rates.using a plasnma fl.ames to fabricate .

Subst ant 1erg s FREPATEPEL RS uE 2 BRI BET e SanE L SN Sonarsviisit i ve

materi al l@eenGamROmanits,. Mhye Wetusy aRifuaetidiy oTaiddt aticd peigni@cd phrghersaeh as

but not limted to conventional ceram c powder nanutacturing‘and £rocessing
18 R

t echni queatuess ghavenbgem glesriiad; iy, prpyieus i néensr arpticetipnisngnelyding ebi g pafsat
cool i g, LIRLAKKNGIAS SERMHEND ITBbEHd, ALiaf %}Beﬁbh?/@%ﬂﬁ*} GnRAVEenaRghA
bi nder powder I'n the required volune’'ratio. rtain process steps may be
cont r ol | atbmyersidy toskgticit Hy dtocaiband,'heclated priedripotoosicthyng fedeocksdop eyfodysirance

properties, such as by inclusion of various manufacturing, property .
adj ust i ngyStamd thir GEELE PhERcAGS tq09@§raé?f{1heaa@ hyaciaEngs o (& REieR| naf Inconsistent

with this invention.
[0066] The superior thermal shock resistance, relative chemical inertness, preserved
25 crystalline structure, improved flexural strength, and high temperature capability of the
inventive compositions, components, and reactors of the present invention provide crystalline
stability and structurally soundness under cyclical thermal conditions at temperatures of
1500°C and higher, such as up to 1700°C, 1800°C, or in some embodiments, up to 2000°C,
particularly as compared to prior art refractory and thermal components and reactors. Such
30 attributes and properties may facilitate components and reactors that can replace conventional
refractories and also facilitate use of processes in relatively large scale commercial
applications that were previously not economical or technically achievable. In particular, the
heat stable, formed ceramic components, reactors, and processes may find particular

application in refining, petrochemical, chemical processing, and other high temperature
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known in the art. For exanple, the two or nore nodes of powders, oxides,
preservatives, and/or stabilizers nmay be mlled in a ball mlIl in the
presence wb 2ar/wBs@7ani ¢ |i quid such as ethanol or heptanecrars2@osies
sufficient to substantially disperse the powders in each other. Excessive
bi nder powder and liquids may be renoved and the mlled powder dried,

pl aced i r{hé’mﬁ'lg @Ecaanﬁsm 1P 8R5i8Cd Bt 'Eﬂédﬁrgjroif&lr 1n§t?o?1t§f BlopQitfas Hibi&ed
formed into a 8 ir shape. The resultin green body” Is tﬁen srntered at
t enper at uarce«srdmfg tatth¢ pasdnt HH0RGcandy Goihivnlcymuertial ebhocd pd B80S OC gfaater dhan

| east te and often f r times typically. ranging from about 10
i nat es. U HbABt SRHBGSTARASTH Ddrer s STe AR 5AG Byen up 1o 4 hours. The

si nteringoe@gr at rad F@iclBE Rehfapismesh idd dRh@XisHiold ReysAIRRS RAEpSycriyQdlBENY
at nosphere, or inert atnosphere, and at anbi ent pr essure or under vacuum

For e%aanOéycrymlhmrgwlzs rege anadss phenany sulabeherysiallites voidly ganying Haicntagion.

G nter no atmsans pb 2 PRy AT e SRR IR RO RO RGPy e O Bice

secondar Ysif¥ied efisé¢dBsndlérashess el rphewd@zeal Yin @Rk Ebiiy, thélgfalﬂshﬁ‘e @?@Bﬁ?ﬂéﬁﬁéd and
ei ther desirabl y or undesi rably, as a contam nant or desi red/ perm tted

const i t uesttersf Rovedcr srligh ds deesae iy, SPTRErdENE el atgyapasinp efangishiag\pfj fine
| | owed t |, it |
al 1 owe (ﬂ%v&igps and é’rgéuﬁé“b ef Qnd”‘ﬁﬁJé&ig}e gpgﬁfe@?g.s §% Ff{és’ciﬁezrgfsaﬁg,:ﬂlg éé%‘? atlos & SO

be contr vi de a desi or nance
propefot i emdicrushbe, »plach iscptbaiiced dypfasiegtin afcOifided arndsc:mﬂm@bbﬂib el sock. i

present |r1 entr on Jinclydes ceram c conpositions having a gl e node or
" monorodai™ other f glinze'#alr%firsrlséﬂrrowe %ﬁlﬂéﬁreéélemqa 124} ryu%frr ﬂiﬁ&aan%m ted

broad gr g glﬁrﬁ&@regﬁﬁﬁ%égﬁgﬁlgﬂam% toafaPH&ﬁé amsraahméy n%ih@ﬂ.]:ﬁs gﬁh[{baﬁic}’e@.

distri butr or conb tirons thereo I n ot her odi nent he present
i nventi orf0068&]1 udés aner foring thorrqmmttweomtdnai/ramg eompottenisodaly be. Igeparbd rhydal ,

trinodal, etc. rain._distribution, an e i nents | ackin

R b et Ak SRl el S R T
conpogi t Irﬁaﬁlfacamlgaraﬁ@rﬁbé@mhgartecrﬁﬁ@uerseelgst M@ink 0 nANingde-gradsRicder CRIiradhs,
corrosion, the particular gfrar n structure is | esSs rel evant consi derati on
than is tslrréem@go@ldoroomammp ¥ing eestgrtmgymtr:riwég a syippblangandrmgrnosisiat ant @ binden

;?gggg{ and F :fng{l]l%rrg(? l fiav:ol nd h C%e rrghnopf&cj‘%s S el%gl ¢ breano%?rpllr%cp §1r7 a(i)(ljus-{gda to

distri bUtdb@eﬂﬁ xh@d&dlrempémﬁgsraag@5ﬁcapérfcﬂ+ﬂaﬁcea15ﬁsperub§ abéteagbyindludiodtotivRtbison
that is resistive to carburization via the nethods taught herein, and

pr ef er ablyanfacguing: |NIeRy AditEZal2ad taccssing crddithichi andorgsals g picogenerally
desi r gbl 2%18 Fardqmage Ipcfroe?(ﬁﬁlwee?he SUED: AR PHd0ObE {36\9&%?,20}5?6&,5 gléergr%f%tmes,

t her mal ock resistance vapori zati on, por osi
enbodi mening/or tstubil2disamb ade onitleg iy a1 tadl mﬂbmfthermmeeepobaeotg’aa& ladd euch as

Foel ot ancUTRbg" BB EREdAME SR F SR HIBAD PPN Bie SEC S G
ceram ¢ gf.akf$ve hiRderoaAR! Snd lidhid MW b FREA)d AR AL ABRESDoWARLIHRIBlaced in
a die or form, pressed, extruded, formed, caste or otherwise formed into a desired shape. The
25 resulting "green body" is then sintered at temperatures of at least 1500°C and commonly up
to about 1800°C for at least ten minutes, and often for times typically ranging from about 10
minutes to about two hours and in some applications even up to 4 hours. The sintering
operation may be performed in an oxidizing atmosphere, reducing atmosphere, or inert
atmosphere, and at ambient pressure or under vacuum. For example, the oxidizing
30  atmosphere could be air or oxygen, the inert atmosphere could be argon, and a reducing
atmosphere could be hydrogen. The sintering atmosphere, temperature, and kiln environment
may also introduce secondary oxides (as discussed previously herein) into the component,
cither desirably or undesirably, as a contaminant or desired/permitted constituent of the

ceramic component. Thereafter, the sintered body is allowed to cool, typically to ambient
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of a binodal grain distribution may include a D50 first grain particle size
in the range of from5 to 2000 nm or from5 to 800 nm and the second
grai n nodeoabiogia7a di stri bution, including the preservacrus2conpaRent
includes a D50 particle size in the range of fromat |east about 0.01 nmto
not |arger than one-fourth (1/4) of the D50 grain size of the first grain.
The secondg#BhfSTAL EoctashRthhAhly v BRI S5 ST elitldhet BP chlfaBlizcs
grains. In ot h exenpl ary enbodi nent s, e second grains may I nc¢clude a

Si ze vaIumdqhabnnamgesﬁknnmnmﬂﬁlmnammm@onmvnam.other enbodi nents, for

exanpl e, second node i ns i ncl ude a D50 .si.ze val ue. that ran
P N T g A T BN et A o Gt

include 3,08 Siig8e Yldd@r'RdhomBddegrafif 97t QisBibukiBn 2o cskitiaBY a0 nfddalljt one
enbodi ment, the first grain node may include a D50 size that ranges from 20

to 206 mdefined Ibeoatdheraumsxzestb@mbutngl s conubsgmaity ravde rgaa,mrsmgélstr twm 95 to
5.0 mnln Elh @r QF“S the ecnd ramﬁmn> %1$ amlDBO
average si°Z¢ HgHRt'8F Pot eére%oat‘rlfn?)‘h REStHe D501 2878 FFé ¢

cor r espon@iip@sitiofishavii@h ﬂtdﬂ”ﬂﬂd@dal ogs @ﬁfﬁocﬁmﬁﬁioaan t®.)idhein DRriition, éﬁd/éﬂtﬁl
fine node q{alns may not exceed one tenth the D50 size of the first

nodegr ai rgniogiments fagkingapysiodeh dpfigHan.ordewewr, fIgHITDRNe FnREPEINg FIAMIthe

fi rst gr 1&05@?%81)1180%6% aﬁcg e&%&%ﬁs E‘qut Ei{vé ot&ad bﬁi'ezc?raﬁflc E&? %&C%d

graln no nera ers o
smal | @r tﬂaﬁllbuﬂahtegrﬁﬁ%tﬁjcﬂﬁe af ldsheeléwﬁﬁtcog$1d¢r9t1(m)d&1n(1e the typchef Stebldllzdr @r@j ns

are sonetines |.arger than about 100 tings r than the D50 di aneter
of the fi¥4®R) dﬁ GQNHEIUDT geirpeiratisp t%etr?q]ﬁ a@tmgrﬁfﬂ%ﬁ@eéﬁe SRR dangfent s

the D50 '&ﬁw L 'T‘h& @%s&@%m@@rﬁ%d 19T iR ol Zﬁﬁgloﬁio'aﬁlo%'ram'ﬁﬁ}fn&ﬁl Ogtgﬁi or

0.05 or 5 or mmin dianeter. A practical D50 lTower limt on the
second ¢ rchstnbmms; Iamct extlwdes cobstantgtlzi any  $wiableagpine distrcbutren tthatmayrebalwbtwt

0.1 M Grains smaller than .0, 1 may tend e of ted s in
R B st e R IR S S b B R o O e
evenl ar&hfbﬁ”&h@@vﬁﬁiu& de@i%ﬂ@ﬁérf@lﬂgmg@?mp@ﬁle's N§RhSds e md llﬁﬁ‘éﬁ rt§ shjéﬁ’éthar e

of about the sane size as rains that are at least 0.1 mm

st abi | i zdhermat chatla ramtars:teabi)tw yaporigaigm sparpaty, sate ofn aeme eetsbodalhjemts thel nm
in di anet |ca change size du r af.ter nt er i ereas
t e nanopiay P eS8 osRRTO PoBAf: SHIAT Sumnin A Meahully IS

these redsaifal stblpth %@nﬁemtaalsﬁodm&elswhcmwy Ebl&t@t(ﬂhﬁ@ﬂtc& Ieth;tehemslwbi &6in
i nvention mght not include nanoparticle D50 size grit, unless such node is
pur posef Lﬂlcpsy NeRKInS @ RIS SHES nT eer ARl i renelgaodal ankpdimernhdngrEeds

nodes,as &t Bgal%q'alﬁtdﬁ%btﬂgﬂ% 8/? Elgl?la%gll)%%ctﬁgt hih f‘tic@ee?llz rfﬂ?ﬁlﬂ%e of from

nanopart|cle Zlrconi a enera

consi der exlt@200 @ns,e6:0 MY 5 ab NS00 Ceh; Qindt the sm;ldntd padle nsddeusﬂ pitath heibusioah
grains are of sufficient presence to conmbine with each other to prOV|de a
second griflpdingdec afosevadynearpangnt aegludes v PR Partisdesige ar e wreaef flvaset 0. 0

| mm least about 0.01 pum to not larger than one-fourth (1/4) of the D50 grain size of the first grain.

The second grains are substantially evenly disbursed within the first grains. In other
25 exemplary embodiments, the second grains may include 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 um, while in still other embodiments the second
mode grains include a D50 size value that ranges from 0.05 to 5 um. For example, in one
embodiment, the first grain mode may include a D50 size that ranges from 20 to 200 um,
30 while the corresponding second grain mode may range from 0.05 to 5.0 um. In still other
embodiments, the second grain mode may include a D50 average size diameter not greater
than one-eight the D50 size of the corresponding first grain mode. In some embodiments the

D50 size of the fine mode grains may not exceed one tenth the D50 size of the first mode
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after sintering and nore preferably at least 0.1 mmafter sintering. The
D50 upper limt of the second grain node, including the preservative
conponentwpantoisb@s, nay be 500 or 100 or 44 or 20 or 1PBCOMUS2@0083433 0r 1 mMm
in dianmeter. The D50 lower |imt of the first grain stabilized zirconia my
be 5 or 20 or 25 or 30 or 40 or 100 mMmin dianmeter. The D50 upper limt of

the first El?'(é]g Th@@l’a{%\eﬁﬁnzdnre%?&r%f %@nﬁﬁ%@ggal% tﬁa%othé’ rﬁﬁﬁ%q)alﬁ 031(39 WHile20

mm i n dlé%eter r size i mtation however or the second grain
node, i nchetiengmbbéinientsi thaDSO nizk of thchecprdgemnvatdoseillcgempaiie bt lepsatthancdbest
therein, is cqnsi

t ent th ellm i ans r the other rticle size
i et o Ads Lugabigs vadle Fuin B iy S8 ahegha wohmaiORte  Befea
di amet er Rhindlrd &R%dintbshbt Mhzerdgh S5ORI0NBINEY GhafedMhan @ DRAShmEtel oFMe
"First" and "second" grain sizes referenced above are merely exenplary to a

bi - nodal f@ﬁﬁﬂ’f@hﬂlﬁ)&nt Numer ous nodes and non-nodal | y defined grain

di stributy thin the SGf r.es |nv nt|o I n _these
otner modt08 gr EpfvdPalh virkes S ian o StaddirE Ui B P st o
ar ewi t hi nyrgivRebankt alrbohiiy 8k 0l01rl0! @st&ct) Y621 Br §uALin RNH&ST. dA%Fdéﬁéeﬁd)w th
respect to the exenplary "first" and "second" grain enbodi ments. [0072] A

non- i mi tipwgr Exéingl éheosecandngrain mddized Liinvoulial graigs dpnmany tenibiodimants may be

i ncl ude f to 20.wt . % of, secon ai |cles nd 8 % of
R R Y e A TR T Rl M S Wt L R R N on
t hat joncl dﬁﬁﬁ@aﬁoﬁ? B td Be Fhbt What & smQArF Qﬁﬁm%@;} ﬂotRﬁitﬁb&tle et dn® QenHQo Psbit . ©

of first grain particles. Yet another non-limting exanple is a grain

di st ri buttbgatherhad combingdet sintened Lrains Bot ae ofpbdut serwnt yrcdsropgining thagsreand

20 to 99 .‘V fir rain particles .l _anat h ui mtin
exanl o oF et Tor SRIGREEF s ok HliresdBeho Bt et hdceon GRut Pl ' "
grains, %H Qilfhrﬁe?telbtlﬂ/blcﬂﬂktf db indt El@ﬂlgE %12% d&lﬁg%ra?tbpélﬁteﬁhé ewﬁ’éreegsoth@man@lgtlcz& to
80 wt.% of second grains, such as but nof limted to a D50 particle size of

0.3 nm Anagt tved teaombink entorianger particlen gFexatripdse theke a:aImnﬁDtihalsegndl grain mode
di strjbution includes

0 % of .. f b
o s g Prngisaienty of ool M e 60 E Ry PRt Baa ol er

grains, siedis a@chhﬁbd@@tpu%pd%mﬁgi it dacdPRtdd hmiled wiithziBe @barfe ShdIcoN@uier
sui t abl e, non-limting exanple of a binodal grain distribution includes 50

to 70 wt.medss apiarthird gF athasmodeict asg seerndant oNileri Eermoslya nEBwagiale modes @f ze

of 30 mm; Qﬁlla oq §t9?1 %er% H%Iggri 89@1 Qé %ﬁderé&"%p tl?es sé)ct%lhd }%lnlﬂlg%it 89 %ﬁ

D50 partl e Size

bi nodal ghaltimode Stru¢thiet widh suahlgmd% ar&&ﬂsoffaﬁenutpré%m@o‘e tbicogibirgr withsactsotbbr as
but not limted to a D50 particle size of 30 mm and 1 to 15 w . % of second
grai n®, dadrodde pseconarerdin medsdafics satamag tb%irltfp‘élld§ glode gefinspoftdeast 9 um

anot her s tab nonl imti 0 *ﬁi n¢d.stributio
ol udes S 08 <Sae ARy bif AT RRT uf BB g C ik Bl o
particle gt I%ﬁlnerﬁodETanﬁ[tﬂng']-th%%r&eNatl% Bdmp&ANFartitial, MBay BUSH) &S10dr 440t
limted to a D50 particle size of O
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
25 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
of at least 0.01 pum, and sometimes preferably at least 0.1 um. "First" and "second" grain
30 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
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[0073] Other materials properties have been previously identified as having
significant inportance for sone enbodi nents of the invention, particularly
wi th regawo 20m/BbE3hi ghseverity performance of sone ref Pattuseyiomsisesi al s
and ceramcs in pyrolysis reactors and their corresponding suitability for
application in large scale thermal processes; nanely, thermal shock

reSIStanQ%ﬂﬂﬂq“mgﬁﬁ@ﬂhﬁﬁh Hﬁeﬁgrﬁhf&tr%BQ&Ee( %%ta ?BEfoHéME&;eahﬁfﬁﬂe

Q her properties, suc not ed to cr I ne /
st abi | i t yexamphirghfits€rmpéd'stcond’ gran andwghness are al so beneficial and should

be consi n sel.ecting an, appr Jate eranlc mat s or co ents
Do o BT S ot Sl S AR LS e T Ea L ot B e SABSAS s
over the msgfiub 2bivte; 8f sdcbfd gﬁﬁ@ﬁarﬁd@pm@t9m%%mstt§alh>pah&@ésI Xnother
desirable. Wth regard to marntaining |ongevity of such properties in

conporientn- lanlélngfexamelefla@tgnerle du%rlbtﬁ@ndhgztgn@lud%nféom Icteettl whto &ft woord grpinat

hi gh tenperatures Ult brtcat nent, shoul.d reta

ther mal  JReEGHeS B %‘? %@rﬁaﬁﬁa&Pa F%% 3? & a“&ﬁl}eé AQPHTBER ega%lafe $6 e
life spargry dﬁmﬁlbmroarfn&tuﬁ@h&esdﬁgﬁ adb 8Q wal, unsRHAO tfvﬂ:m panisie@hhd D®to 99 wt.%
alteratlon such as due to |l oss of stabilizer and/or due to carblde - oxi de

corrosi orPf frise graigt pasticlen ek petbern peblso Ia)tnehrplémgl etmple fodat (pinedal hgmein
function &ﬁrlﬁi‘ﬁ dd?u ﬁbﬂd&f 2(PF e?f%’% F(ﬁé rgiel f‘ helshbmgs Bhaki! 1{5(}1}%(1 tBQ%%éﬁrg{&gegk

resi st ance, ani ca exur a h, "and possi bl'y ot her

pr opefot i &sze cffCBO Ceageitief: iive (g wodéoMecMmgraas mmalbadn@tqlrhinai tsebBl patticht i on
of one or nore of such properties in materials |acking the inventive
pr eser vatsiageofafid/ pm. cé\mathet soietloshamlimggies examme fodax binearlal (2007 4istRbyzandi ng

the t b f f t th K t
and mechdRTEdr B arE oo FEGEri Srpar neHueRet bst OodReaebris et
componenty g3 BeoleHiNed. And PETRILIIANANAR L STPETALAIE,LDRF DY

materi al can mnthstan ure or excessive er ma ock

r esi st anckndtberasuitebla) na-Gchifhey axah@e diut bimxidad grah ehstabutmnomehltiys 50 to 70

Description of thermal shock resistance ma pend upon the type of thernal
ﬁ/@é)l I

cycl el’ coMperidrirsiggams: sush ag byt 8ot bngeh tua paicloyzaat 89 mat, aafio?&etptﬁoes
ggsLaCt Or S o, AR &Id gr% @Héuhcg;%%u%ot %ﬁ{eﬁ%'a‘)ﬂ% el g, 48PY 2 MlarAﬁ&K?
ITptIOI’lS can escri eri al erformance under a et O

condi ti ongitatfb trﬁfnﬂﬁhitl\ﬁg letamPlecdt B d@lcgmh@;stﬁn@imslﬁ&ua@sysm et drerkst
usi ng nunerical anal ysis nethods such as finite elenment and stress-strain

anal ysi s. grmweln as b@trnq’mltr@ltqdauosa béy m@tftwism@ée @f)hq)am, god 1pg rléo%fé f second
ualitative or t. conparatjve Sis s o us

It oalernnonnh S Bl SR TRt bur D30l sied af 30wl Nl mmdier ShlBie, ngn-

wat erzoquq%ﬁngw%plmta%lﬁféaa g'%ﬁln' dlétﬂﬁﬁtri&i Rdluldss é‘xﬁﬂ\@%%of fike gf%hs shack

damage results from buildup of thermal and physical stresses, usually
duri ng r apibdt hetdimnel ©ra Papipdrtcodizangf 3] @ﬁﬂ&}d Foo 6@%%10!%&;001{1&@34@'[%@1&25
e TR ot limiied to 550 pariicle Te 020, 3 m, 4 O1 the
[0073] Other materials properties have been previously identified as having significant
importance for some embodiments of the invention, particularly with regard to the high-
25 severity performance of some refractory materials and ceramics in pyrolysis reactors and
their corresponding suitability for application in large scale thermal processes; namely,
thermal shock resistance and mechanical flexural strength (modulus of rupture, "MOR").
Other properties, such as but not limited to crystalline / chemical stability at high temperature
and toughness are also beneficial and should be considered when selecting an appropriate
30  ceramic materials or components for an application. Retention or maintenance of these and
other properties over the useful life of the ceramic component may also be typically

desirable. With regard to maintaining longevity of such properties in components, one of the

factors is the crystalline / chemical stability at high temperatures. The suitably fabricated
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experinmental principle of rapid quenching of a test specinen (e.g.,

| "xI"xI /8" square, or 2.54cm x 2.54cm x 0. 32cm square) from an el evat ed

t enper at we 20®/1g59073HOC0C) into a water bath at room t enperatseoie/o33bs er

wat er quenching, the specinen is dried and dye-penetrated to investigate
bot h open and cl osed cracks. For instance, Zyglo(r) water washabl e dye
penet r antes iRy RInRE etatiSits Sm| KRR iSRRI £ ALRAYR FAULY sl ofd

yel | ow, piﬁgﬁgge provi%gs § VIVIéS epic?lon J%’cracﬁg'aggﬁhéyss Eﬁ overa

di f f er entsugbltde difaspen By noh rerakiyrady ddgrading roaiundérgoing ary séad lindVieltdratits, Sach as
determ ni t he cunul ati.ve or, total crack |length per unit area jn each
speci men Ao NP 1 YA PR o rhen, CHO AR EHEr Yy SEniHg! SBREERe

el ect r oniig@rhdraRYMEHAL RGutRahteNEh Bf maihnlaif bAGKServO UK &Y stHRinWi stdbilny sual
confirmation by the technician. The electronic scanner resolution or

magni 5i cah¢ronl i shogenesisthnag, ot wechanical fleauggl  stengin asd| pwsikly fothem BBked o
as high as 10 fo Th? hqiter neggngnly be a uetto d'ﬁﬂpr%ntigteactgpl £
cracks f rORRTERe YGreafRIBbRrnge i CLAmCAS SRIPRTAHS Rt ! iduErtgn oF 9Bt 8F MO

val ue detEMpAestredtoll echakeialR iRk ethe AinSeHtivie Chregtirlativk adrdfor @gaait t@r@icayvi de
a statistically sound representation of the entire sanple. The total crack
| ength péﬁﬁﬂwmﬁfﬁﬁ@@&nay be determ ned over such area by aggregati ng and
averagin unrbgr. - I r.edi ol [ e

atari ot aafTd) soRkeRbinBBle o G ORTLnR BRMEENEY ko iRl AT shocky
regi ons mayistheceeviall uatetnichheflesdutidi eebngth)y eh@waht shoelgi @riahcoroft hecavhmice
conponent nmay be considered a "conponent" for test purposes herein. [0076]
Uilizi nngBWBB%IHs‘?aPyb%geé‘?egc%ﬂﬁb@é?%ﬁn icRanget Wstenpsedireghat theemetspingan

shock 1 esj,ginaew RSt Fa@t tdr Gk @srsivree(glhpa%e OrTIRPHRCHRRK B8YaRe ROLR)i %8 and
h as 1 05

gqualitatively scored, suc rom1l (the |east resistance) t (the nost
resi st anqeyanagershummet b zedertvd peepeder  Ddscrifpenoftthacka shock reanstanct owgdieperaicks.
2 . Many closed cracks. 3 .: Sonme closed cracks. . Little closed cracks.
No crack8” tF?)(B‘ﬁPF] Ofi(r'tsﬁ‘&“%p“éfé‘( aﬁBIQPBIFe“\?/ &F%ﬁ“s’y’oaéér Sé]é’é‘g{'j‘f ascPlL I8P 9 Ppteria
rapi disy genehedofi heBhl @ SRPHFEE NAatBEMERIP UWBR:SioRNGely IR Lp&PTa §aRANdHMNY
qualitative, nornmalized thermal shock resistance (NTSR) value from1 to 5
are il | usssunmtdns ncal jarused. to Adgsatibqgnas¢rial pesfdremasee andepe atst eofwpindiions.
rating ORAI |5 IRst q&ggg&g%le.k;hgaﬁ%rehgld'gc%&sed(ﬂnggng{veﬁgﬁnggﬁigions
will typi‘tal 1y produte §hortaPiZe SRSt Py of Y AR A BT Yo ANt i fy
propensi tifetBbdsC lsaekK Sasofia e Veldmet anll hard¥Blstrsinogkalyesi SHRGES et €8dr SReGIalEN,
dye penetrated sanples were optically scanned and subjected to_an ina%e
anal ysi s RESRPOAIE COBIMRIEEDHPOWH ArfualEtive RRAHPY, COMPRBINP 2Byt 1§ elspQuir

unit ar eaanafmggeprggt?ctdlsﬁﬁgﬁﬁ@ NhBBY rRftance may be evaluated by means of rapid water

quench experiments such as illustrated in ASTM C1525. Thermal shock damage results from

r

buildup of thermal and physical stresses, usually during rapid heating or rapid cooling.
[0075] For example, the ASTM C1525 thermal shock resistance test method builds on the
experimental principle of rapid quenching of a test specimen (e.g., 1"x1"x1/8" square, or
25 2.54cm x 2.54cm x 0.32cm square) from an elevated temperature (e.g., 1100°C) into a water
bath at room temperature. After water quenching, the specimen is dried and dye-penetrated
to investigate both open and closed cracks. For instance, Zyglo® water washable dye
penetrants may be used. As the zirconia samples are typically white or yellow, pink dye
provides a vivid depiction of cracks and helps differentiate cracks from background or grain
30  boundaries. Methods for determining the cumulative or total crack length per unit area in
cach specimen are known in the art and may be determined by scanning software
electronically aggregating the lengths of all cracks, backed up with visual confirmation by the
technician. The electronic scanner resolution or magnification is generally not critical, e.g.,

from as low as from 50x to as high as 1000x. The tester need only be able to differentiate
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measured by use of commercially available inmage anal ysis software, e.g.,
Clemex Vision PE, as reported in Table 2, and corresponding generally with

the illuswoavivesizaages of Figure 3. (Ot her inage anal y®C3/usodowssde3
applications are also available to simlarly neasure the total crack |ength
of the specinen.) TABLE 2. Illustrative exanples of normalized thernal

shock re Sa.'é‘ﬁfaii NERKE MoAmé@ dﬁémof)odtﬂtah&g Pf] 2Ry QP cr’lﬁetdo%%am&%f) 8k g

stabilized refractory grade” zirconia of is Invention prefera
denonst r ateesmanciothabldchcankdd engt hsyfécicutly targe exziaf teeprogudenc Isnanglcalljz estind

specimen of th jnvel ive. mater into a water bath at room

t enper at RIS ¢ CRfirg applcy i gt aeﬁéenaﬂhafer yryt areg ngh ﬁeé "Yhs a
NTSR of  &jvel 8@t arfla bpldghleoiPi Ll SV @EARE Yo nundiRr SF 3RYal mzl%glo&@ftﬁ@%géaﬁvgryade
zirconia of this |nvent| on denonstrates a total crack Ilength per unit area

after Squernmhsqmg aastEtt@Qcallsyp@@ndﬁeglom t*hevheteagsiniionent mey bactusisd o erbeorzinprsoni a
at HOOOC j

o encor han®s MalPh ehatikd, The SORR T TGN Hfol Rk e piRl o oBh il

for |ess déﬁﬁaﬂ@ﬂlagc@ﬁmﬂeﬁﬁtfbmgt,plﬁmeg Ratemt | ve conponents nay denonstrate
crack Ien ths in excess of 5 cnmicn?, but preferably not greater than 20

cm cne, tIR0ZIhav Digzmecippesin mdi GackaTadReed 3n gr tasi gpsimeryHAC jtheread shock
applicati Labhe engt

Thteri al sfgﬁ%%%%e P s RIS BRSO AGRAPRAR R ARl iR taliRe By sopred,
shockior essusli aﬂﬁemrla(&hmlga@fresﬁtmceﬁm Sa($hajmsgrremmda)eaﬁumme[r&@a ﬂh]:r@&ﬁdaet fort h
in ASTM C 1525-04, thermal shock reS| stance ca assessed by neasuring
the reduction in flexural st}eRRRICTRNMERS B%H&@éﬁf?ﬁcksapl d quenchi ng of
test specimens heated across2avipBngesesicrediper at ures. For purposes of the
stabilized zirconia of this #nvaun ¢losed aradar di ng quantitative neasurenent
of thermal shock resistance, 4a.ittengesedtctacks.i nt er val may be determ ned by a
reductsion in the nmean fl exur&INstraekgt h of a determ ned amount, such as for
exanpl e, [8077]easTh3QpcdianRvel valils d&Ftcsdop SradRingdidt eipidlfequcheicdBlirconia
stresses developed as a result of a steady state terrperature di fferences

wi thin a SPefiBene opsanPencs anfdheinl cornandingndunlisavire c Romealied thgraiah shock
bodi es. , td SEV i MRS t

T tod il QSEERLORAER, 13, LERRERSR Bl 3 TRCrubORe P 168
ceram c rmtgritaé while le@ﬁtl%d obr5 qycinb@t atwepledle. Thillss hetein sdiprlefedr nﬁ/dntﬁ\keat
the test be re eated]1lto anal yze the effgct of cyclic % rrgerature shockfs
such Hs rhayreetianneill SiedlyiHoducedgporaradrsd, b TPEaztiag © ?o gt)d Anderentty

ceram ¢ %Bééﬁ% %?%rar&[(é)g%etryed"ht D tﬁ&&@%ﬁock%&%née”t%%@sﬁ%l gk fggé ?@nétlsdted

fl exural whi ch can be neasured - poi nt
i |1 ustratsethpios wa'El\mey Sthiencdesitd sgi:acc;tncérto a snEdd alhféysmfcomquar eso&waes

et 0D, ek, OBeb 2yl ROHLE 2 BURRRA B PSS LS ASELREY R
measured by use of commercially available image analysis software, ¢.g., Clemex Vision PE,
25 as reported in Table 2, and corresponding generally with the illustrative images of Figure 3.
(Other image analysis software applications are also available to similarly measure the total
crack length of the specimen.)

TABLE 2. Illustrative examples of normalized thermal shock resistance
(NTSR) index or rating, ranked from 1 to 5.
30

25.6 >20-<50

2

3 16.5 >5-<20
4 3.5 >]-<5
5 0.01 <1

[0078] The stabilized refractory grade zirconia of this invention preferably demonstrates

a total crack length per unit area after quenching a test specimen of the inventive material
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the opposite face of the bar fromthat resting on the two supports. The
bending force is applied by a third cylinder (identical to the other two)
at a preswoi2badizsmast ant rate until the speci nen breaksPCThs2moeaddeng rod,

t he di nensions of the specinen, and the test span are used to calcul ate
flexural strength. [0081] As a ceramc material is heated, its density

typi cal |y | I i Lt erd

of oot carBy BT R E B S e B BB R AFIRCF Sk PULRS Sh ORI,
cryst al s iopre€@aomant NTSRbERNIcARI4 | $tf] dlordpdésrgisy Ntc gtabdizetirgfFacte@ypeddat ur e
fusion or shrinkage, resulting in a slight decrease in_bul k vol une, but
with an iZePEiad tl%ﬁ IBGIYOR ISP TS # totalnerack leagth R umif 4y aftefediicaghing gs
MOR or e l.i: SEar tyvpi cal - '

mr ease S1teBreon of Sl En oty e SRER 4 BOTREL bR At |

qui ck scoabmpgatuseithat Rsmatcapryf@tably sptemehiérnfan $ich@ss’; fili:ads, wies prayrabl has a

i ntroduced t hereby causing _ a meakeniqg or reduction in the nechani cal

flexural NISRmfth. Hewewsnfornlses eemyrding aprphpatipnpdhs iffealing capfongigs may

por oSi { Y dcGTRLRIE SRk IGHtRiRRELDGr 5RRPLNS thilpRAlIh hEPolARP Rh HGkHERR! hat

provi des the 1 nprove sgrengt , heat stress dPSS|pa i on~an andl'i ng

char act erthst havéng andrrespohdiog NI Rraf 3 ot hazhsr.r €8¢ Int@nlcé apflivatioe defieimines the
adati on of these desir.able

corrosion resistance features prevent de

or oper t 1 d8ME4 HAEERRS E et i%ﬂﬁoﬁﬁs‘&n@ﬁerﬁ%haé.corristgetg]thera@sm‘aeﬁaw HTYS)
shock,opr QR&Sthv @l aUBSmia8 bifIck rSsidt iR @athl, &%, valisesivaeh el ned after
sintering, unless stated otherw se. AS 1505 describes the process for MOR

det er mi nd00WH. LAwiscebrtumadSIM &x p3ub4b thérntahehedkntesisedce oarpbaestessed by
anneal i ng tenperatures in execess of, 1500 uch.as ,i,n excess of. 160 or
o et TiebiBe HenhaRendh & ARRk Ok Rl Bond e R R FRE Rt el bin O RS
_her ei n. pedimeHy h&weéd ddredsnBtanpE Of &ﬁxﬁieﬂeﬁu&ﬁ._ #FonpadpbSid dTaNe gﬁbﬁﬁ&@d bivednr dther
i nprove the strength and thermal shock resistance of the inventive

conponentiBisangntendegidingsluanipaycancasyronisahobiherses! sheak rgsisiencep p itynpripture

Si Nt efil gy (f.§ GaySHE Iaeteﬁ’ﬁfﬂg&lmg re(f?!{cti(tnb?n %ﬁe”hl%ﬁﬁ%%’ﬂlpgt?&%&h of UC iRl
tenperatures 1n excess Of CO rcial use tenperature, suchy as at an

exenpl ar yaniciipesual us €oroéxaatpld, @ déast 80RO HowevdrWhe edirdoes hbeddtamiire tieemalm
conponent according to this invention will denonstrates a retained porosity

at anbi erffrepshpeyiinses pctuleotiaatiendy otats fegmerntirs daffergpges opithys & 4PN Ledye
fornmed v ] ] 3 . ral
str ongt h epE Fapt ApafiggRARGRlch RHGRE IRANEMG, Fifor RIRhE R boit G
a t her malscsdractmeeshstansdimatd mgitohbility loe@smtifaguely (djermpreethe redidtyncatoflacast
five (5. The MOR flexural strength of t zi.r.coni.a ceram c used for

mat orf7al ST TRLEDR BBRHEhBRDRTACREIN AGUEd i RLCTSVER: Mo RGP R b
greater ta!ﬂ@%z@fheeéffé%{ oft §chO M pPathRShodidlsi3h MEMayact &hedidtchd & a ?ég@ﬁ&ﬁﬂi%tg hteo

at | east 15000C and subsequent quenching to anbi ént tenperature. Al so,
MOR i s prredaterabl y greater than or equal to about 6 kpsi (41.3 MPa) when the

sintered [ﬁ&ﬂﬁonewno{-hser fcgrra%lrllg Ii)elrforrnance property with respect to the instant invention is
flexural strength, which can be measured by 3-point bending tests as illustrated in ASTM
25 F417. The test specimen, a small bar of square cross section, rests on two cylindrical
supports in a compression test machine. It is bent by the application of force, at mid-span, to
the opposite face of the bar from that resting on the two supports. The bending force is
applied by a third cylinder (identical to the other two) at a prescribed constant rate until the
specimen breaks. The breaking rod, the dimensions of the specimen, and the test span are

30 used to calculate flexural strength.
[0081] As a ceramic material is heated, its density typically increases as a result of pore
shrinkage due to the sintering effect caused by the heat. Sintering may result in some of the
ceramic crystals or components therein melting or undergoing other high temperature fusion

or shrinkage, resulting in a slight decrease in bulk volume, but with an increase in component
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thermal Iy conditioned, such as by reheating and quenching (e.g., anneal ed)
to operating conditions. For exanple, the thermal conditioning may entai

r eheat i ngwohelcesgenent to a tenperature in a range suclrCaaske10m83000C t o
18000C or perhaps even up to 20000C. Surprisingly, many of the inventive
conponents routinely denonstrate a MOR of at |east 6 kpsi (41.3 MPa) after
further thepss TRLOGSSethic RGN MR O mOehaficROfi Rk 26 S R pishRCK
resistané% r%?ing of 4, m??%lsugﬁ MOR strengtiaﬁg recognize&gﬂeﬂgﬁﬁnasgg
m ni mal MOR amdespbiodtikgly eimcshsen sleghplyo p &lowicesr, tWieh theehatecessar iy aubjassl tohe
requi red braad reactor tenperature spectrumto provide for |ong-ter

Cormer of PTG TPIGE. RGhES ERpRRSE GREBYHG JUPS (haHrsery B doedued
over a dapéklf dablife ¥ Gl@keding NG FQRELG! iR OMRORRManichDEN&Afdl Ostkc@Pth. The
resi stance cqnppnen% of this invention functions to prolong these '
propert i endfinatioa of dpovkimodel griims arvkthe marapey ot mainogpaftesisintering results in a

correspondi.n ext endi the useful life of the conponent. and process. |f
Goei + on MBS e SERERR B OGS Ee otk shinab dfTRET € indE Al 3562 |
det er m ne:he@OWEKGdsahndHictia i drintstresdiehilidtcd MEheMeRndt tefrosisiaiesfstinc € Ratipbe,
one nonth of cyclic processing (annealing). The conponents and apparatus of

t he subj d¥evanhiegitdasian ohBiges desirable drepepesst Bareby cpicadingsomperenglifeat i on f or

h I I I ' I
ava | abl d0M21; porar MOk, 385, ARARL Shits BRXRRY, i R1E 1 Ik MiTBacvameely

r ef r ant ordetormirexi #ter samgramkes afatddasthargigppASTH 1606 desceibes arp@otess dor use
with a regenerative thernal . ySi s reactorﬂ%pparat s, such as for

pyr ol )
conponent™¥Ofs dftgrmipgiiory rlémvﬁﬁI HYTAIORyKPORHF KN SEHETE RMPENEE, loEeReum
|'i qui ds, ‘[91"ﬁ?e1raﬁﬂirescfi)ia%| cesd Of @B(ﬂgpﬁgﬁ%% $n cklss oFNVBBE QR amé/aggtq%%q:’?, Ic?tzﬁgr

for pyrolyzing or otherw se t processing various fee
t han hydrfogbervofind the dsmabndnt glopegmpes deseribed bercin. aSudbhufurthert théroml pedessomg

th hi gh t t hem , ti . h but
i ted 8 0SPRGEILY SHSrR I GbSHBrow Grubrat b Miret Hoek ToPtoeRer ficse
t her mgl | Yint@AGE ic8BpoRERYS had %@ac’eﬂgfhﬂ%rﬁﬁ%ﬁ do shiéfiBldhertRE af@S oridinbNQHERinE he

inventive materials are useful & i gh” tenperatures (> 15000C), they ma
al so be us@frusuchn'apagdliog$ of dhe sinterapeoatpanentappihi enet tameperathess tiargncess o
"hydrocarbon feedstaock” as used herein is defined broa to idehude

U7t o Do ST pe ATt oie PR TRl PGS hER ol <Rl B vy

car bonacauss, fiee dBriett Re@ami@rapipohentOicconks tEXBI¥PInAENtidHY Wil Cddna@Rtrates a
pyrol ysis feedstocks that may have particular applicabilit 0for use in the
present iTRVEREINSFOSty it @Ebiapt taesinghe range of don P adrol-go bred gpowdice
hydr ogar S h t t g s,
condé%sa?ggﬁaﬁg§@ggﬁgﬁ% gg?&ﬁﬁagiﬁgﬁ f§@§$%&ﬁ§§?§6%g§I%?%?Qtﬁscr@rg P%%%ch
|'i qui ds, (MG@Rhof &, ledit $tlipsi, preferablycardtdst $0 kheaaayd grasidoial thersiad ahodkr rasikietlcegas

o o reshdues oruter oLl SLUE oL et Gnow S ARERIETLE BLRGELLLL
IIIe/gI SSSI boRosihr &4MRic H QM fof T thAEAAIE Snd VREUMMORABoRks acdoPding Ub fHls WRXMtion
should be greater than or equal to about 6 kpsi (41.3 MPa) after initial sintering to at least

25 1500°C and subsequent quenching to ambient temperature. Also, the MOR is preferably
greater than or equal to about 6 kpsi (41.3 MPa) when the sintered component is further

thermally conditioned, such as by rcheating and quenching (e.g., annealed) to operating

conditions. For example, the thermal conditioning may entail reheating the component to a
temperature in a range such as from 1500°C to 1800°C or perhaps even up to 2000°C.

30 Surprisingly, many of the inventive components routinely demonstrate a MOR of at least 6

kpsi (41.3 MPa) after further thermal processing. The combination of a normalized thermal

shock resistance rating of 4, with such MOR strength is recognized herein as a minimal MOR

and shock resistance properties that are necessary across the required broad reactor

temperature spectrum to provide for long-term commercial utilization of high temperature
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heavy waxes, coal, graphite, coke, tar, atnospheric residue, heavy residue
hydr ocar bon feeds, and conbi nations thereof. Undesirable fractions, solids
and non-wsbabidsso7eont ai ned in the feedstreans nay opti enaiusgolbmeszesnoved by
one or nore separation techniques, prior to feeding a volatizable fraction
into the reactor. Diluents or other additives, such as but not limted to
st eam : r , i ngl sl e

Feodst r eameo T OoRAT S B0 e an AT 3LE Ry PR, oM b nic T
conponentcerrosippacadtuse coepohan of tlan thweetitro iscdomsctb gseldng thesapropagics pf ¢wd ous

patent applications, the entirety of.each of ich are include erei.n by
Pat er encaommErIIaTTEn {14 08 B HOvERPiGh cCurna i Rysr geioss gesul TieRbdhe
Decenber 2apod@fandtirbéRd 1Canice) t!h@@ff@@t”&ul%h%@ﬂrdctﬁh NEOREARIBL] M8y also be
Reactors, " (pl i) US application serial number 11/639,691, filed Decenber 15,
2006, sti tdvelyateddatdeisrhag coomirsial sntabiity, Regle as et MOR ®éercsayr for exqrmple) ongs
application serd al .number 11/643, 541, filed Decenper 21, 2006,  titled.

"Nbt hane TOHD of's st B ORisghE G PdEL  phSSomp Lo Sousog s bt b Pisw
serial nupl@tiod 2hdwd@r, 762, expédt@toVBioviki3, 1if2QRBatidni folr ekl rdlywaat ¥simporfRaacimr
Conver si on of drocarbon Feedstocks Into Hi ghe_r Val ue Hydrocarbons;" and

US pat entapappius dsyenshthe dvehthahgisheviepyln evaibBle intthq &8 18" May, 2009, titled

"Pyrol ysi act r . 1apphi L ch
and di scl[ggzgﬁvar %8@%@82@% %gﬂgﬂ rr&%ﬁgiass aggﬁ&g@ g-}@[glltl %gﬁﬁ{l/lcf? %tg{églggar\ﬁ eeds
i n renxer sypfitaioniegenedpatt feeugywoh ¥ ségenereaed esnal ipgadlydd regctdedgraraak, such

conbustion and control |l ed heat posi.tioning processes. [0085] The present
i nvent i orfé F§E@B§%¢‘@tsrﬂé§eg‘ﬂnf%ﬁé’9’r 1%@3%@31@% %@%t%kt Goubetipbtunt iligiided t o

refractorg a&p&;a@at {1POer ?\sg;@ct%q{h?é ¥binFhal BRIzl ?@%3%5@&% (ﬂl ShLA&D 1N

t hese previous applicatio e I nventive tonponents provide the strength,
t her mal shouoklly gsosissang eariamdfectigotksalthat thim hiydrpcarbquifecdd at dughn@biperature,

comerci al i zatjon of.such apparatus and processes to operate. at

{enper at 0P8 S ot SRS g b0 crel el SHCBRTHE PG Tt S gk £y of
160006, iyt Sirhikdd ®F SHhg erEbieds BRMiSbd) MN&RSSe OborAbustiBRS lor IRGREse MBEMAILY
even ot her enbodi nents at tenperatures in excess of 20000C. The inventive

mat er i al geactiyaporierls Whetpaselididiquahdr grscadboughab envcatigematealals, are yedfille,
hi gh tenperat,ure, reacto t hat _ar sef ul. .and_operahl e on a
commer oi A ehASmRARRES S FIREERT rey dhf 2 B e B ERERIGNEr oRharurs i s

and C0W%@H&ﬁioﬁﬁYTb@t@ﬁlO\hP_d@darbﬁﬁ fec@¥@0P! &, used here BrdeABEELRMAR! t¥ $hGude
reactors, such as but not [imted to those reactors having regenerative

react or batgalbranydiydsocerhanaceers freefanfl nayralsoamelpda guistantialihiceronasapies faedy e
chem gal LERGK! Qpnid8: 'c@ygnt]ijﬁle%lpcfﬁgla?%(ﬁod&mog?&iﬁisake%astgays Bt YRRAnk:
of“one or or ~embodl nent s, (0] rreqgl

construction mor € react mponent's, o0 ons of

t he reactparticystapphicabiidy fieyusbén tic psesost iantrtmnltypieally cmpirabd Butgeonettlinyited or m
or shape, such as byt not limted to spheres, beads, honeyco materi al s,
tubes, pi'Be¥S AWMRYBLYIrCRIRORS FHSetsSMeRAns |ERNCeRiOPtfe dUBhIIAPHINES, %?#iozlﬁs,

tiles,  condensates, kerosene, heating oil, diesel, hydrocrackate, Fischer-Tropsch liquids, alcohols,
distillate, aromatics, heavy gas oil, steam cracked gas oil and residues, crude oil, crude oil

25 fractions, atmospheric pipestill bottoms, vacuum pipestill streams including bottoms, heavy
non-virgin hydrocarbon streams from refineries, vacuum gas oils, low sulfur waxy residue,
heavy waxes, coal, graphite, coke, tar, atmospheric residue, heavy residue hydrocarbon feeds,

and combinations thercof. Undesirable fractions, solids and non-volatiles contained in the
feedstreams may optionally be removed by one or more separation techniques, prior to

30 feeding a volatizable fraction into the reactor. Diluents or other additives, such as but not
limited to steam, water, methane, and hydrogen, may also be included within the feedstreams.
[0084] This invention includes but is not limited to use of components, apparatus,
reactors, and methods disclosed in various, previous patent applications, the entirety of each

of which are included herein by reference, including (i) US application serial number
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reactor trays, tray conponents, and other refractory conponents that are
exposed to high tenperature. Such conponents, as used in a reactor, nmay by
desi gn i wbuedw/f35@w channel s, conduits, or other space Wwarals2ema3izes
regarded or referred to as "void volune” through which fluid passes as part
of the function of the conponent. It is understood that such void volune is

not consigejBthdo fﬁﬁd A3¢den®Er LRE 2089 A8k W'C,o??rgg&ﬁ CREIYiGn TBt Q{é;gi%lwer e

descri be erein. The ceram c porosity speci erein 1s specifically for
t he mat r iBeaotorpb(i) OIS afplichgorc sapdmantbet Hat638083$, Akl Dacamybef [16w,2006,t ethed

referred t S, t |1 .or the solid. portion qf .th onponent. Simlarly,
ot or enceb ootk CoTuSTFoF ReErmsrUPRaRetItEoriBha SBPGEER SR hguEbthe
ceram ¢ naYg435MoFAED cdeRBEHE, PD0b N JAONShint ¢HRERIh todTiGh&OMydrBcdBéns;"
primary fluid conducting channels or void volune. The sustained strength

and r ¢l atiweU$ metenh epplicptiope¢nial esmber il Bd 19.A02nfilicd Mamtl &r 2408s titkag "Bywlysibe
i i f. t tri d f.unct.i h '
vai | ab) A of Ry eioR SRR B ERhIeERy BB oV POTRaBRBL- HE S 11

one aspegiatent APplidavientse@d] dudtdcHdesiod B3 afiledr 1aNRG! a00%B iRkl "PYfody ¥ RBg:té

hydrocarbon feedstock, the apparatus including: a reactor conponent

conpr i si nYatsripls ppéMashqdsat Brgsapaticnt appiieions fqech epbdisglpsaacariony appareps gnd
havi ng a {n i . I t . i i i i de
for m ahor s hlLaiBl, 19feEtn (000 if G0 HEe PR ML LR DS S BHAED o
and oy gdncladling kefesicd cetibagivdiant eostyol vd \hicatcposiohng pacasses) pressure of 10

11 bar, an oxygen partial pressure of 10 15 bar, at a tenperature of
20500C. 11A0&Yne gﬁ%d’a‘?sﬁ%tnt@e]fﬂl*@sr‘g‘f“‘rl%t“&%iot}eﬁelﬁaﬁ“@f ibg| supfglle Jfopaise Bai APt of

no | ess tlﬁﬁ’i@ed?%@%@r@ctohggéﬁilcg é&%s§ Qg \}ﬁf(ﬁ{ls% Lef 1RO IBRES 55 (B0 5&RS AGEQ Y

material remains int orm when” exposed to a gas (e.g., a reference
gas m xt yreyiotmawpplgratiocar bbre parchited compesente ppdvid® th® shrangthamhamyphehock

partial pressure of 10.1 r, at a erature over. the full range of from
13000C ¢ SeogbsCa iedul B Fipafied | HEoR e Ry HRat S g | ng
poi nt 150f e &S S0 toperate?d6@REerahBOSE atNeER 00U, tAdt R8N RE 8RR endbOYBIINkOR, 1 N
sonme enbodi nents the crystalline structure of the refractory material is

cubi ¢ durdxagpsteedO0Qiis, fin oihl HB0O@beGNMRABOOCXCeshof et fepstdi7ARTC, end ddlicvametsent he

crystallip tructu of the refractaor rial. s _cuhic during. cool-down
From 225008 Rn5 g Rriopt s sh 856 B 0008, G dRirehT B b BB o
the refr %Eé&famsﬂﬁicﬁpﬂoaéssie%aﬂ)l@ﬂ@rgé-@@d’leﬂ@cﬁc,hﬂgh mptPA0R Creal QP 30dteh® tHak Ay
aspects, the invention includes ‘aﬁgar atus fashioned fromor including the

i nvent i velspi anq epcsablege p capprrdrlisdysivalle seade yndhlagicxglcappl i cati on with hi gh

tempef,at U[bﬁsdgydr ?ﬁ@ﬁ&%ﬂti@%’&g&}‘iﬁfssanf%ﬁﬁl?[}ﬁen@%fl@[e roﬂ%lﬁ%edl ?orse‘?cﬂ‘r?lg%' PG BN S,
t he reactor onponent 1 ncl udes at east one o w channel s, reaction
fluid m xeére pynaysds reantd, guchhaalbut sion kmiedie thosd reaotohehavigeitmestiverreieor ed
enbodi msqjt s, the reactor cogponent conpri sgs a , ,
eds or cores that are usetul for carrying out a high temperature chemical reaction. The
inventive ceramic components also may be used in construction of one or more reactor
embodiments, components, or regions of the reactor system, and may be of substantially any
25 suitable geometry, form or shape, such as but not limited to spheres, beads, honeycomb
materials, tubes, pipes, U-tubes, fluid mixers, nozzles, extruded monoliths, bricks, tiles,
reactor trays, tray components, and other refractory components that are exposed to high
temperature. Such components, as used in a reactor, may by design include flow channels,
conduits, or other space which may be regarded or referred to as “void volume” through
30 which fluid passes as part of the function of the component. It is understood that such void
volume is not considered to be part of the "porosity" of the ceramic material as described
herein. The ceramic porosity specified herein is specifically for the matrix or portion of the

component that does not carry flow; often referred to as the wall or the solid portion of the

component. Similarly, references to the volume of the material or component are referring to
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honeyconb nonolith having flow channels within the nonolith for conducting
at |l east one of a pyrolysis reactant and a pyrol ysis product through the
nonol i t h.wpQOBLBsBeneti mes it may be preferred that thePCENSRE1I0083423
refractory materials neet other preferred application requirenments, such as
mechani cal strength and thermal shock resistance. In sone enbodi ments, the
react or rd : S q LSt a | :
Gemonst r afog o o e ARy Sk R e ey, Bk PP ab ek I B PR faid o
c onponentcohdwrnngCb@elsndrovoad waltime. Bakustained steengér atdurckitiof iEO@ESs sopavtics
greater t ag 30 cml cn®, v.\ﬂile in o%{w enbadi nents, .the total crack Iergigth
per unit %r'8g BYFUYC JHEREHP My BTGt queaat“@ °rt RORC 9& HOBIRNCTHy gremcirics an
embodi meng8ctRh tﬁzﬁ%ﬂe%b&lﬁ RS2 Y iRteS 8%, dphidtaldoNBadifRG! RSO RROORheRONPr i Ses
a nmodul us of rupture mechanical flexural strength of not |ess than 13.8 MPa
at a tsend@08flur eli pna awage thé ifvanton0DOldes @ 2G0B0CPHRCOG2on mywdymng a

enbodi nent the ihventjve refractory material nmay conprise at | east .50
oo e RtacttPad Bk B RALRRS RstefT: & b bor PG dshribe R ey, |
mat er i al .matbrigitinekidefoesli tie Riffactdrienat@fal BEHAE Y MRS petht HEno RAAA SE6EITC

| east 70 wt% yttria, at least 75 w% yttria, at least 80 w% yttria, at
| east 90 apdowlich remaingtin) eade fgm ywthog yaxppsed, togd gaedee., FOTRTRLR gy HlXtYFe
consi st s 3 i i tal 9 i 11
Accor di ng S bbonl o] okl kPSSR ADHSUREL A bl Yol bleshde g7 100,
i ncl ude deramhcesygoxi ptetal picsalradigoctoaauads amepeedtareof SH0S0MEL Tmeyonize
toxic, including but not limted ilo bei ng radi oogcti ve, a Ccarcinogen,

At

ot her pot@HAGHPFTS RaZaif iRy iest At MeSigPos o8P Jess i Al ¢-hor i um *Toxi c
mat eri al o0%8f | Nl W% %IfePerrreﬁ)%%%ldﬁneztﬁﬂg Ql/?cen%ﬁ?%t%g 1?1Ia§rigg1‘9é%1ﬁﬂ}sq{? &l Ghlic REHY

wei ght average exposure |imt of < [ ] I'n many aspects

t he i nventhenexpesadde hany (nmt erdfakscacpupriksee)dasingst @ntdnglartyal porssmro ddll 0 ai n
structure, or widely distributed.grain structure, while in her

erbodi mert, 1t R KRR BRG] 30 o Wy “eOABPPSRAL PY S B4R grbgenof from

di strjsbutjisgnec 14 B16P0E BIRAMH R EmetPehd RELABHORMIET Rl AhSIRYpdiMGlule
(i) at least 20 wt.% of a first grain node baseéd upon the total I3/\/e| ght of

t he refrdedsahan 2e08CIi al , the first grain node having a D50 grain size in

the ran from5 to 2000 nm and (j.i) .at | eas wt, % of second. grain
e basdnBtert et Bedp et Svettiar. (St Eabodimais, morr g iBeuliy
grai n nmodg havépeidy BRfedsais tublcZ@uridy ke upanr@s 1950fc a@mBs@L, RMRikPint @h&OL

greater than one-fourth the D50 grain size of the first grain node. ({0094]
In many aspwdiments e ¢mysteling waruptateef Hiesrefragtoinnailatediel &t cubea durigg eoadfdown

T Bt T ST SE TSy BRSBTS
yttrium gefth@biyi hgeSaTPRYNGan 2072 bACANDOEREGONt ai ni ng conpound, and
conbi nat i[(())(?9s()]t heinegtfh'er aﬁlpgggl{gg il%/\;[eitltriénainrgﬁl)(/iesb gpp%faetlclis ifag]hioned 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
25 includes at least one 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.
[0091] Sometimes it may be preferred that the inventive refractory materials meet other
30  preferred application requirements, such as mechanical strength and thermal shock resistance.
In some embodiments, the reactor component comprises a thermal shock resistance rating
that demonstrates a total crack length per unit area after quenching the reactor component

from 1100°C into a water bath to a temperature of 50°C is not greater than 30 cm/cm’, while

in other embodiments, the total crack length per unit area after quenching is not greater than 5
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sonme enbodi nents, the inventive refractory materials include other oxide
conpounds, either with or without the presence of yttria, which neet the
mel ti ng pworicamssh7exi de stability requirenments of this POTAISR10/0334SDNE
enbodi ments nmay conprise refractory nmaterials that are high in purity or
neat content, while other enbodinents may either intentionally or

i nci dent Enc . t e S
oot Lty A, UG RB Sy R GREREAL Pl 5 R B Brpnco

wei ght ofcottpeisesed madtils yof meypterc mbchaofcakHepoaltisngthatl noohgss tlwe BL.E Mt & a
sel ected fromthe. group consi sti of o, My, Ca, Fe, Mh, N, Co, Cr,
Ti, Hf, \P?meEff‘w”f%lzn WPEWP%@TS@Q%W&@,Cand m xtures thereof.In sone
exenpl ar 099210l Y§i Sorh@aabodinRRR! eahi@fSe rdfhiRtdraediQial ARRATRIPS e TR ast 50
conprise a first reactor and a second reactor in flow comrunication with

t he fisr stwir%adtrom oxide |(pasa) banesd work the totial weighe af therrefragioryhmatsaelonth otheict or

conprising.the refract material. [0095] .1n_ sti ot her . aspects he,
ovent + oniedrn A€ FarF oR R Cr st didsho Sy Per R B Rl 7 M
syst em f ajtriay hole¥sti S00wE, Ryteia Ogtale K9 90Tl §itee Kat AB¥P OB SVtRGyttida, fdt &kt 9B a8y Or

and a second reactor in flow communication with the first reactor, at | east
one of t HétrR; pisgonsishsubstantiglly efhdtriierishds pewtangplly boRyeivéTiAg Ascoidingsietpiny

mat eri al | i / havi i poI . t ha - and
wni on 1 erar S SRRy R A BoE kil PR B BEE chBRis B RARRAL

pr essur e @inpbindslandagieméins)akatgeay patokicaincpurddssbutaoo fimidd b bbiag radicudtiae, a

t enperature of 20500C. In so enbodi nents, the reactor. systemthe )

r ef r act orSHTGRASER; ) Oth%ryp%%m@ﬂ% éﬂé%arawﬂw WOtANGSE psh %fb&ad{%rﬁné,tﬂ%%nn&pérq al
MRy COMPIhSEAQTHASH Ikl hpId o de ANGEHAL Hal Ol @ Lidh2BotOhe b pon
t he vol une grfl ?ﬁlg%’lrfé%érug%’t g"?g&%a e%’ig?s.e I%@g“&l Ia(lo?her&gnbo%]iﬁorr%ﬁ@s, Q‘fﬁggeu
react or se;prmmﬁmﬁttdfe:rngfmﬁrihaﬁs: (i) the first reactor further conprises a

first chanpel for conveying a first reactant through the first reactor and
a second [8%&Hnel 1§ granyoasRsyiSngicayepibrd ety nmaHrlsugtmeTRe £ vdstapialbt or

the fisrstyseatidant r%ﬁptﬁx%rcﬂ}'r&a'owvﬁ@éft bi3gpikddn OérE'i‘ﬁ SRGODA, r GAAtaft &fer
gener ate heat; (||§ the second reactor Is heated by the heat to a
t enper at umebodfmeros, theswetnthanmdt2640 G)ayaonpoive hiultesoded ghas distritamio 0BOmMeor

sonetimes no |l ess than .17000C, or soneti no | es han, 200Q0C, f.or
e Vo e e B ReR et Stk Y KD AR R P ShAdHe, sripraode
second recﬁgécpﬁpomﬁ@fdtaﬂ%igmfE@%ﬁcsét&ry%ﬁ?ﬁ&t@,r 1hRlfirst!gtaifi BRI HAPRGIaBIY Sraint he

reactor systemmay conprise a reverse flow regenerative reactor system and
i n ot her ssizx idéherangd of tiwbus té 300G pme rsd (if)l adWease evids at ssoond epan orodsyes@im

0096] In many enbodi.nent t reactor . tem i ncl ude a.rea nt m xer
ect B MRORIH GRal SR e SEFRE rOReTo T RE SR PELCEOIS b gttt
lleast a pestih QR Rhol BEAEM 601 rﬁf"&[% ?d‘ﬂotvgréa!i'eﬁhaﬂ §SFouRhRRE ﬁs@%rﬁﬁ stB®fsReond
reactant, the reacgant m xer gect on conprising the refractory material. In

sone enbddstn@aimsnodehe mi xer's refractory material includes yttria
[0094] In many aspects, the inventive materials may include at least one of yttria, an
yttrium containing compound, and combinations thereof. In other embodiments, the
25 materials may comprise one or more of yttria, another yttrium containing compound, a
zirconium containing compound, and combinations thercof. Although 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
requirements of this invention. Some embodiments may comprise refractory materials that
30 are high in purity or neat content, while other embodiments may either intentionally or
incidentally include other elements or compounds. For example, some embodiments may
further comprises from 0.001 wt.% to 5 wt.% based upon the weight of the refractory
material, of compounds that comprise elements selected from the group consisting of Al, Si,

Mg, Ca, Fe, Mn, Ni, Co, Cr, Ti, Hf, V, Nb, Ta, Mo, W, Sc, La, and Ce, and mixtures thereof.
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and/ or another yttrium containing conpound, the refractory materi al
including a grain structure having a D50 grain size in the range of from

0. 01 nmm two200013pem8 [ 0097] In still other aspects, the iPovarstéion3idel udes a
met hod for mtigating carbide-oxide ceramc corrosion of a refractory
material in the presence of a pyrolyzed hydrocarbon feedstock, the nethod
conpri si i.di e t | [<S of tor
R S g AL S S e A S N R

r ef r act orryaat@t awdi adecomd weattde if Howcohmwimgptian mvatht thadirgoeattorpht keastloas of thean

20600C and remai ns in oxi de form when .exposed to a gas having a carbon
ar ti al - prssete B HoSeEendseCoR OB GA T ar FHi FadSie of 10 15 bar, at a
t enper at yogohf 2@0QRE. olhlr %g&ctsem@din%ﬁﬁoﬁr ildMdck e r RELALY -EBHRIdnAesiB@st @
nelting point of at |east 21600C. In sone enbodi nents, thé refractory

mat er isal Myaglysis térstarsastaantios pprodyzne adwdiogarbendeedsiogk tchmpokingea figstrncedien
exposed to .a gas havi .a £arbon part].al ess of .10 bar Q en
oartral i SRand PR ;8 oS CORRRRIGAEN pBTES il Bhatt et iustis FdECo;
f r om 180QQ4etér0ardil @ROGecohd r&dckdr] codbiftBlings @nefrhdtes Phtkiar i dxRRLGEM MBS 4 he

crystalline structure of the refractory nmaterial may be cubic during
heat - up fRYfNA PEODE 1olesthan 2060k 4nd Wiiclhtamsinsdpiosificfern svhenexprsed 4 aRasay

be cubic i |, 4n h ic. forr b
or et or r o Singe A6 pERS| oo of b PUERuEURY o R TR B8 TP e MR &80 ng
to the i nuepénome of 20HEMdY i kehe embodining, She tduetor apstempthe Isfid@ogf muteaal

refractory materi al i%dl ess than 10 7 Y?1ar at -%OOOOC, or sonetines |ess than
10 8 bar B & Whitsgo gther gmbadimspivethe dagierial enayviqeanrig epiosibnat et upde a

met hod 1 g5, RYSOkhyAING & TdS %ﬁs%ﬁ?%)(lnftﬁ@%g&% oriiizd fé@rﬁ@tol%y gﬁ{eﬁ%l.sh{ §§P%tﬁér

system conprising the steps of: providing in a heated region o

pyr ol ysi sntedohents, s rewtor systpyr folthei cgn@isey. dnotbarfbstnrehaed Strthek comppsesat us

conpri si a. refractory material in oxide r he refractor terial
v no” o S8 STARBEITGH RS R gt b R oo SO ah 1956 Srgrang THTT e
form whenog¥pesed tofd %&tmwhﬁm{gﬁ fRr RAD Bahdd ahe MrS fddb@nOlxdBerkdicIBr .
an oxygen partial pressure of 10 I5 bar, at a tenperature of 20500C In

ot her enteditimentith the kecond répstinhrimyeehenatehmat; c dimpthes pergnd eacdareigshesfed Pybyhe
heating the, heated regi on to a, tenper 2 of at least 12000 l-nhd} SOMe
ebod el 8t 4 Euerudty Folled TREL R0 S i Bl BR800 BT (85

i nt r oducisegetimdy oo €3k ih fleegst, 06K séttiméNao ks ethnr 2QO0OT;, faﬂg)yfcﬂﬁing a
pyrol yzi ng the hydrocarbon feedstock using heat fromthe heated region.

[0099] | iyREReyrbonbbadsiedt & thaecmpd gryders Wheaeln othe aysprndatwstor scompabed theo a
TR Yy by N AR, 0GOS, RSB YLR, R Lopoy
enbodi mentgerkemutine rbess dybtam, 20000 Gthenha ldefermed Sondblustidrherceoiilos rephaative a
t enper at tiregct&fsygtgﬁl' greater than 20000C, and
[0096] 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
25 reactant with at least a portion of the second reactant, the reactant mixer section comprising
the refractory material. In some embodiments, the mixer's refractory material includes yttria
and/or another yttrium containing compound, the refractory material including a grain
structure having a D50 grain size in the range of from 0.01 um to 2000 pum.
[0097] In still other aspects, the invention includes a method for mitigating carbide-oxide
30 ceramic corrosion of a refractory material in the presence of a pyrolyzed hydrocarbon
feedstock, the method comprising the steps of providing in a heated region of a pyrolysis
reactor system for pyrolyzing a hydrocarbon feedstock, apparatus comprising a refractory

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

form when exposed to a gas having a carbon partial pressure of 107" bar, an oxygen partial
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conbi nati ons thereof. In other aspects of the invention, the inventive

nmet hods i nclude the step of heating the reactor heated region to a

t enper at we 20fo/mBs7Bess t han 12000C, or in ot her enbodi meatrastaonasseess t han
15000C, or in other enbodinents, to no |l ess than 17000C, in other

enbodi mrents to no | ess than 20000C, while in still other enbodinents to a

t enper at -great t : ?@bg: C(P]th' t LB eat.. ]

I n ot herlﬂerﬁ%glfgi %ms,&?h? %?ﬂgﬁgéjgﬁ%g ude the a{s?l?,eép of HI&;E%'[E’i ﬁlfé t rgp[ at ed
regi on t anaetidnipesr atroeleng moat refngeleast 2 ¥6ORC15006@nt entHOOOEts,| the nefiyctory
enbodi nents of .t he thqd, the refractory material. renmain e.g.,,has a
Eher mody ARG e S EHOL 5T GRedris s fRTREBdRe P LM ek R Fot s
(e.9., a HaQfn@rLOfSorDpRtiM prtddli® FOMPF bt BE oS RERAGRAr@I rX U M) 0 BYArNEhPat a
carbon partial pressure of 10 10 bar, an oxygen partial pressure of 10 15
bar, and temperatuggrper dharudl rongs oftfham flg00°G @ €0UE. T itk AtBOOODtime? prdOGd | n

nbodi.nent s, t f ract terial. h ity of from 2 vol. %t
28 vol . %6 IOLP Y (F srer e RSl whuttcel thy Ry Bt i op shb g Pegy oy
heat i ng tfien hesdeior 000, Wiildaf GhéesnEsaavEt e maSaREmeyThe dibie dusn@tudhe

i nventive nethods mag al so further conprise the steps of: (i) flow ng at
| east oneopbdewant Althoughf pybie fefinm aeayi be semebngh pqu@t‘r%aaﬁltl%rstwgtrwufgi 3s)

reacting - WL T B e . reagt t / e
hoat od ¢ dorashl REF B, O EE SLARTnIS Wi B Bt B YRR P SRRl M, o
regi on t ovapyr pleysiee af tHeerfhctarypmateriahisdbsst then hgdhac ar ba00°€ e edsdmeaknandss
produce a crac%edé/%drocar bon product. [00101] According to sone

enbodi _mantb%n, 1 har %00&3. providing the refractory material conprises
provi di ngggogjef r ﬁ?&eﬁ{d%e?%&%ﬂs?ﬂhfe%mﬁbéi&ﬂld%é a'nf‘e%?otd t‘éP{; e%y"é%rﬁrgo% llg}oﬁ‘octé@écﬁld

upon the total weig the refractory material. In o I ments of
t he i nverfeedseockesingdgyrolligs staetor of stqm comgiisigg thesstapefof:del propidiag en iaaheated

conprises providin refractory material conprisi t least 80 w. %

TPl L bR ok MRS et ot U5 pRioVary 2Py ieathan, Feiiol pariys
e nbopljs_rre %&prﬁsﬂ@ asrfeﬁﬁct@fy rﬁﬁt@ﬁhl@h Qﬁide%rrﬁ,ethé Gt oy PRk STl ﬁ!wiﬁg HMélt point
providing a refractory raterial conprising at |least 90 w. % yttria based

upon t he afotodllessethgth00A°CG e thet remtios yn ewitderforn  whkncomabetgta @ gos heying a
enbodi nrent s of the nethod.,the refractor teri al ise D50 grai
Size i n oAp Rt afShighr 40 oot S0 5886 i Ratndte o 105 L torpkeLs

embodi mermosoaf. 1hetheeéhbstimehtd Eth¥ apBioddmes SiutiRr @bmpHEing efd Aeisty (Wytkairgal
is less than 10 7 bar at 20000C. [00102] The inventive refractory nmateri al

may be udbel hegfod rpgipn|tg i temnegatuisr off ¢ lepsir RI0PZEner & p9Me sethogurcite 8 deasic k
t $ Of : " no-
han 76000001 8o ikl oL BANCE00, (49 iRt DA RORDon REGRR:K ©5°

2000C, andtoi tht drenrediragiens amdy&d)cpnbliyniati thahytifveadoh .fedR®ck afsirgclicar Yromatler i al

may be used for .any of a wide variety of refractory conponents, such as but
not |im teatedscei@bher es, beads,

[0099] In many embodiments, the pyrolysis reactor apparatus is heated to a temperature
of no less than 1200°C, or in other embodiments to no less than 1500°C, or in other
25 embodiments, to no less than 1700°C, and in still other embodiments to no less than 2000°C,
while in still other embodiments to a temperature of not greater than 2000°C, and
combinations thereof. In other aspects of the invention, the inventive methods include the
step of heating the reactor heated region to a temperature of no less than 1200°C, or in other
embodiments to no less than 1500°C, or in other embodiments, to no less than 1700°C, in
30  other embodiments to no less than 2000°C, while in still other embodiments to a temperature
of not greater than 2000°C, and combinations thereof.
[00100] In other embodiments, the method may include the step of heating the heated
region to a temperature in a range of from 1500°C to 2000°C. In many embodiments of the

method, the refractory material remains (e.g., has a thermodynamic preference to remain) in
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honeyconb materials, a tube, a pipe, a U-tube, a fluid m xer, a nozzle, an
extruded nonolith, bricks, tiles, catalyst tray, reactor tray, tray
conmponentwowvalwisy73and/ or ot her refractory conponents. Phiraskeistsises nerely
exenpl ary of some common conponents used with pyrolysis reactors, and such
inventive materials may al so be useful wth other types of pyrolysis

react or s, if 8eds foR G HRh AkF5RE %0 alBOF03] alrBreAREe 33PRH ture! BEnpr{AHRN kR and

i ncl udes a ceran?c refrac?ory %éﬁgr%ag:aéug a%%nay gfusgﬁgﬁ |n2% .

pyr ol ysi oxyeaothayingor carlse pantigymwedsyziafd 04° bar booxygentpaitiil pgsfieeds i 6kharsuch
as a hydrogarbaon feedstock. . | ny ephodi ts, the r tor wl e a
egener atat paSEPGRITs U Her NN RERDS Lheyap 200 onf e brbodimetts,
regener atghy %‘effa%%@% Rlaterdl hRGSIESiALdMPorh 886195 to 28 SIS aDktiipbihYr iodiRRetor
which is cyclically heated and then reduced in tenperature, and then

r eheatsed thometipdana elude twestep ofhaating iherhesfedfrtgan bdelegied chembpgimet donies

not critical..A reverse flow regeneratiye . reactor |.S rolysis,reactor or
reactor SyRdiferRer BB enty taCPPdnh i WIS ool Po gy of Pialdingng!

di recti onedshbpeigfac@hl inol fiselpedtRA tR@uELh Gitsre@étot BBIIMEIEY BfacBME tHe@BdasObneAr €
ot herwi se processed therein. The direction of flowis then reversed and

ot her nmatre#qtat gvifhin theagagtpomistart tohysb dhet keathdrregionomnd Giibligmingehydsegarlmn t o
di spl ace eI [e AN j e i p t K. 4

ai rocti o assE B SlRO, fdted Rkl B p Rl CRE A0 EPARUE o BECHdrfeabih
Ther eby, fedBtackaad prodoecla orackebigtidoscarmai godwaponent s are exposed to

materials flowing in each direction through the reactor. For_exanple, heat
may be pri88lHdqd %ﬁ%{éﬂ@dwt Wi empediaeats: BF $teR Of 4rpdding i Agirpcioyywaterial

di rect - . | ok
di rect | ORI ISAL ) Ry BRI QoRFGhYAPIAL £ RESNLRS bAGHLbbALR,

rating reactions 1h the reactor. A substantial part of the heat

i s then rtembweghtlof thegrefrradycmatetioly, Inodthemembpdamentp pd sha mveitiveatétbodst them
the flow direction.of the origjnal reactants.. The rol ysis reactor system
| ncl udes 4e Obr PREIEH TS o THEBEE PGl RETBT S RETT ALY Bnbdracigny maial
pr ef efsabl dgndprisRet 188MPE HALHL RS YERANIBE tHORE] ttadht L tVER fTaSoAPERIBIa NERT
fromthe reacted product to quench the reaction process. After cooling the
react i on Qshaydersbodimpeishthet gep @b anenidingnthemgjraplen awiterth! gpmpeises pravgding a
direction_pf .flow through the reactof,and, feedin ew. s of materials
hr ough. tREeib a0y I8 B A0 o e P BT HAF e el BE IR 2
to the reaaghdtony moLBaWhEERrdiRg t¢ 8GRy embBediRRats dfIhe Ry 6@ RidctbSUSe@rikio
pre-heat the reaction zone and reactant materials. After reaction of the
pr e- heat e9mpeiaet af>9, grainesizeciactho rangs of feqye AdtlaoeP00ann.  Aegasdingotopyid bdthote
t he hydrocarbon reagt.ant erial (includin n iluents oar .co-feeds),”
lowi g rnBagRerthar hERLeBRUEIAS kaor Poy Bt ot B Forfietotd Wil 45 it ERETo
f eedst ockyat wea@hecred to or fed into the reactor systemis, generally, (i)
pyrol yzed 8e. ., cracked) in the reaction zone to formthe pyrolysis
product ([8¢ 50.2? ol B¢ i ingentiyeoFRdkactosy mpgrish mayety| Bifd) In andyralysys trhgatore faicked
reaction f 1)l | i
Feacti on 0T ALE 55 Mchtobn S QUERSEE erh ekl SHRTRN Hn 320RC. Br 5b 98 il

1500°C, or no less than 1600°C, or no less than 1700°C, or no less than 2000°C, or up to

25 2000°C, and intermediate range combinations thereof. The refractory material may be used
for any of a wide variety of refractory components, such as but not limited to, spheres, beads,
honeycomb materials, a tube, a pipe, a U-tube, a fluid mixer, a nozzle, an extruded monolith,
bricks, tiles, catalyst tray, reactor tray, tray component, valves, and/or other refractory
components. This list is merely exemplary of some common components used with pyrolysis

30 reactors, and such inventive materials may also be useful with other types of pyrolysis
reactors, feeds, and processes.

[00103] In one aspect, the invention includes a ceramic refractory material, such as may be
useful in a pyrolysis reactor for use in pyrolyzing a carbon-containing feedstock, such as a

hydrocarbon feedstock. In many embodiments, the reactor will be a regenerative reactor, in
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thereby yield the pyrolysis product. If the reaction is not tinmely quenched
and stopped, the reaction may continue deconposi ng the nol ecules into coke,
el enent alwoanposi™8s, or other | ess desirable reaction pcodseeloosIpbnents.

[ 00105] Separated but sinultaneous introduction of two or nore reactants
into the reactor system such as through separate flow channels, can

faci |t atg,deftdd eﬂtﬁ%crte'v%e Pfo gﬁ@ U é}legtlv% %ad’t&acka&généﬂﬁwe reta&Sly r1_|Sa“’ €

conbi ned with eac mnthln reactor zone to react
each othemmenhMyahhademsﬂgdamegdxmﬂghemhéambymnamheainbe@bﬁmnaymbehml

controll ab] nd repeat edl itione react or ste In sone
oo mertadEarapar s Hodhal Miigason oAbl Rieh B HAT0LS hallRihen et
conpri si hv W cAQRGR @actsleﬁcat@&&ymé $achdr B &laclo? §§»H@&ﬁ alhdeof fLiids m)w therein
zone/reactor, such as for quenching; and (2) a ref ornlq? (secon

zone/ readbor periastof time frmnepgnregllqzsihsougéaéltqr@nleatndl pewioos ai g rea(cm@nd rrfrast oran d

second reactgrs need not .neces be separate onen in

oy be narePyl T SR R R st iR b aoRe g ROPSrL Aad ey PRRERR The
terns firagé fé@&’ﬁdr@rth@%p&ﬁtéoﬂfﬂed%@ﬁCﬂlﬁngﬁrt‘he NRA&bY to) Hepldcoranyi Fapddidihg airkon
and to aid in discussion.) In sone enbodinents, a reactant m xer my be
provi ded MeedH progireacdion peoductssbacknig t@@@@ﬁ@ﬁl%amqsﬁ@ fromn Hespdgingli flowni Khang

or et or abl U Rat FEath PERT R M rERAIRH o RARLA Tty (B RhALY Shpdk 1

acet yloeneamatetialsfistvindy @f cach dic@ivbatiomghtis ractoat Bbystanipte, pessant bé prddheed
reactor beds. However, there may be sone appéicatlons t ha beneth fromthe
pr esence Bfadded i heyrspctgy wa%aﬁ@ Qe dR ang StikeRtion angt Hiab heatangePe 455 fPange

refor :?y'?(?gf)ee&f ?ﬁ%@aﬁﬂ%té%%ﬁ%ﬁ%@f&c%n@ ML tdhen §19d%9.1%t191f e

|nvent|o 0106] The requi si tenperature for many pyrolysis

r eact i onofrigy/hdnt isathbnm eamu/eb)duung@tddugt Bowy Qﬁﬁntlempapaomeehma@n butsbthe flow t he
m ddl e of .the reactor. s i n one of e reactors of the reactor
Cyst em ittt S i Fuielh Stain o e e B s it S it SRR BT BoLds be
creatgd Mcated &g\@r@ bEPeRiiOF ©88csARI BhdTc BB a H&N&%mﬁ%ﬁﬁ’e tqBehtdheng Safet @At bed
via del ayed or deferred, in- situ conmbustion, and then (2) renoved fromthe

bed via isArvsh taiaksadohens fiont theaanter prgduch tcben@mhtth@fea@tlr@ pregesst iAdter icgolirge

ability tp.cons iste and confine t erature .bub
(e 9., gi) 6&&10 1on pg%,gﬁte 8}6 ﬁ'eageed eélgl% 4eng l’élga?lo ﬁ ( 505) e%kb t TSI G Slrec%l?]n oP FiSw
i nventi vahﬁ)tugb ithd Z@6toZ i ededﬁlgm sipplyt of ﬁla@hels&u@hgn @mqﬁdn@lﬁl Sohditdaiseibm
The inventive apparatus and ﬁmpcess enabl e operation of a substantially

cont i nuouBrychopacadidahand pagryythat Begt daclke ie thecreactiommong ivdicre Bigaredvarqdviecat 1s
reactpr SYalé ‘?'U%d LROL0% N6 ﬂ@aﬂ%@waé&& Sciﬁéqa‘ﬂd'?@%%{? ?Jgﬁf hﬁft%maéﬁ of

asynmmetric cycl'e regenerative reactor system accor e presen
i nvent i orth¢ predlmatadt eactants,Rhgucaesor lig "Ia'ehehhed”l eiﬂdusaatyatd Pgobze dachyairoylsinem

e aEh B RS ok B B LGS o =ore
embodi mar[bﬁl()ﬂt heask: 4 B@I’[lon of the feedstock transferred to or fed into the reactor system is,
generally, (i) pyrolyzed (e.g., cracked) in the reaction zone to form the pyrolysis product

25 (e.g., olefins, aromatics, and/or acetylene), and (ii) that cracked reaction product from (i) is
quenched in the quenching zone to stop the reaction at the desired pyrolysis product step to
thereby yield the pyrolysis product. If the reaction is not timely quenched and stopped, the
reaction may continue decomposing the molecules into coke, elemental components, or other
less desirable reaction product components.

30 [00105]  Separated but simultaneous introduction of two or more reactants into the reactor
system, such as through separate flow channels, can facilitate deferred reaction or combustion
of the reactants until they are combined with each other, within the desired reactor zone to
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
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hi ghest tenperature reactor, generally the second reactor, but in other
enbodi nents both of the reactors (7) and (1), that is both the reaction
zone (1) woaotosse7ecuper at or zone (7), conprise conponerC3/Usaimoiosaeed with
the inventive refractory material. The inventive material may be provided,
for exanple, in one or nore regenerative reactor beds that are useful for

carrying r@n%%}‘s ﬂé\wgggh&%% ?e%b't"o?nﬁ?%@‘d% rlb%&%gEérﬁ@?Sel é;rﬁ%d INREbE MEctoR! (AGE O Y

mat eri al e used I n constructfon of one or odil nent s,
conponentleat orcupagfirendiret) zoherqaet@ct suich sy Soequermhohgmayd 62 ofcfeuhiag dpdcoad) y

any formor shape, such as but not limted at |l.east one of spheres, beads,
Pomey comFOHE B 06 e b vt abi PercaBlt el P Bemi CLEF D ey Faten
monol i t h,nebll heKneckdshBly KBt colip@¥ent’, ARE irfcatl Y, bd ey CAFRRAE MctioNPbiv €S,
and/ or other refractory conponents that are exposéd to hi'gh tenperature.

Sone énbodéaremos repgioriagrastie syblemi nllenterme firsfreastaroang seaersk icastougrednenly

fabrication,ef at least one of . a honeyco nmonaolith,. a reactor bed, a
eactor cnfireTaEon Bt B ARARYOR On TRBR shifuirfp 38 Rl Fiser Jume
embodi meryeSpro®ided iSrmicdite ol @ist GAB §ond réaRRES @ as31s6 Wt YN AhEDraOHAY o5 €
other refractory materials in addition to the inventive materials, in other
react or rtBgisepsately miedueedcicastanthat Anrecatidyst dx prefstbio nehecayed te dy@litate

t enper at . r.am F
sphor eo, Teiormir B0 pOSicl SR » Bhor ETAT nBAR o brI A GbodL AL nBTRR P

mat erioal Syreseer mnthe rédchehedex Houdesd:, mrenoay be, soarcpphieationk eéhat pemafitddn ey

are conpetent to_maintain jntegrity, functionality, and withstand |ong term
exposur e Reehsie Of @ @it VENPRaeddy oien farchigepactsriow raage o slormmg

reactor. JORLOMccIMA g érﬁ'é’od"irﬁ&ﬁﬁ@fe%iiﬂﬁﬂ tl}f%s‘gﬁ?e bt htShertige 1n Figure 1(b),

fuel and air may separately be channel ed a first end (19) of the first
react or ([991G¢6hd Themequisttechigs teintpeeatiredort reny yorygsierdctionkihaybe ecttierced tan

opLonel L e o ARk L TR S8 DR L Sl s

t enpefsat Uhe r&icRd 8NthePrc@btbt Sysidtesu@B ak lih Patiat §dmbRblhi@ARd (Hdtem ML REEd
conponent s Ereferabl y exothermcally react (e.g., conbust of burn) and the

hot  r eactlivbhlepnadecercatodtviarnies-step prossssiwhacinheatse Corrddedith the yeagfor e via
second T CATARA e PRSI ST AR AWANGLRGPRERAMY REEL B () LLoyex

the firste act of action product may

produce antietipeihiatréfomizadi ®shefltHTengmvEMeonsie ahn abiligaot @hsistbhtly Slaahecsnd
illustrated by graph (8). Then the process reverses%éas illustrated in

Fi gure | (Quinay el tanparsie ppbl (ged. s> F2088¢ . gn= FREEC mat 2 rdagtos r¢gi@)snhgt be

fed through the second.reactor (1) to rolyze the feed, .which is th

cool el L HPBIERE EReT it fodateaht ¥ GiRRERE St ity by el or
(7). Exenpletiye appRefuatadd §redeed thadse apdatidnl oSt f's@liﬁeﬂltiian{ goaiBuliz)oparingd) -
[00109] Figure 2 illustrates another sinplified, exenplary, reactor system
such as rnaigetsealsiychnicemmergaliselspative de4cln$YSom. pyr ol yzi ng hydr ocar bon

feed. The[ogﬁﬁﬁrpl Bh Q’eﬁéﬁﬁ?erd difibodiment of a basic two-step asymmetric cycle regenerative

reactor system according to the present invention is depicted in Figures 1a and 1b, illustrating
25 a reactor system including two zones/reactors; a first reactor or recuperator/quenching zone
(7) and a second reactor or reaction/reforming zone (1). In some embodiments, at least the
highest temperature reactor, generally the second reactor, but in other embodiments both of
the reactors (7) and (1), that is both the reaction zone (1) and the recuperator zone (7),
comprise components fabricated with the inventive refractory material. The inventive
30  material may be provided, for example, in one or more regenerative reactor beds that are
useful for carrying out a high temperature chemical reaction. The inventive refractory
material may be used in construction of one or more embodiments, components, or regions of
the reactor system, and may be of substantially any form or shape, such as but not limited at

least one of spheres, beads, honeycomb materials, a tube, pipe, U-tube, fluid mixer, nozzle,

-39 .



described in nore detail in US provisional patent application S/ N

60/ 933,044, filed June 4, 2007, the entirety of which is incorporated
herei n. TWe 2omacteB system of Figure 2 is illustrative eCTasgolofda2n de
variety of nore specific reactor designs that segregate the conveyance of
each of two reactants fromeach other until the reactants reach a

desi gnat gz QOEmbhy R bANS i1cCBRAAL BUSTEHOMAIRE b NS Tk aDel LB bl

each ot her. Sucﬁ'process ang’app ratus 1s par y use for erring
t he exot hefradteryr emmopor@ntsothat anbespasod tof highactmpottirsuchoms dnbeldimgds oxdydant
that pro e .heat. nec

vide t ssary to.heat the pyrolysis zone. The inventive
r eact or §9§Pé§ﬁ VERHVFT ﬁwgﬂ%wg et & TR oS! ohe i RPBHGRY of
ther eact Qhoddial, AMYctBEb&L R 85 &ddnult, hdexich&lR hRRPEhAHHIRSIY, IHELIRS for
tenperatures in excess of 12000C, or 14000C, or 15000C, or even in excess

of 176G00Gomencrsberbmanis] sucht a0k conthd ¢astse at fopetormay e anayrajsobeorgrescudtherf or
exanpl e in.applicati.ons. havin epperatures of .in excess of 17000C a in
Sone” ot her i EataRc R b TR Sk Ganfleatly B RERH ssiob adnan §F the
t enper at UegSor thatee 886 exPosdBROBE M S ctStekpetaurds) QA aPEsasklort @radrid H&ds

[00110] Figure 2 depicts an exenplary reactor system operating in the
heating o sphegsnepeitl dgadshent spbgiepe corprdcy [(Inghiding: @UCcorede t SFansigs piernetal
conpri se a or it R m h i I

The r eounSaresp e BRI AT BBl SRR e et Mo BRMAE GHPRE
(30) =and dpdipetehhnougdinaapaitedray, Sundgb@iity,ahrdy withetaad dongd ltow paidsareoto the
channel s (éB) and (33) thngugh the reactor. without m xing or incurring
react i on 'SICVHAHURTMYFSS ok thpt TespecHeaiegioniof e 1epdfer pr oxi mat e the react or

core. suqOoam) bikiflg e @EdHerdHlo e bherait LFighid® (b LAKA B i %ygggﬁaﬂe or

near the m xer (44), exothermc reaction heat i's generated, the hedt i ng
t he reactterchsysti@hfromprachinst aldl (YO} of tht fiks astctol $DOMC, thamahixed as nteex@riwdicnerat

heatin articularly the second reactor as.the reactan nove i nto and
o on R QYR Gt AF gpros misart titiors () Bhidh Dt Phpeee e ol Hh,
of a gas bwhy.i UL lel(ahY) aif Aix@bS BRYSIoBO t1RNErsPteab R (?)é\%récﬁ% P RerHfgR8rd O

, i

desired | ocations about the end (29) of the reactor e a separate
di st ri butgsadi¢Boprodidpaugh edsy ilbshgieg sint Beapbt (for rldwcmaxad icampondngs fir¢fstably
reactor (27). 1n secopd or reversed phase, of the reaction cvele (not
st r asationn B P e o BRE bR YR AT af pot il AU BRSO HFAfE WO s

hydr ocar bt theestsh@ekd (5 of € sctdrd ehigoh@ahetp ey tHre@dt M6 sécdh) rédcafr@ryrer)
for pyrolysis of theﬁ&gdrocarbon feed therein. The heated second reactor

(21) is thexitehetiost apkfdi of Hengeond rgactor. tHe helgeadion Poduetedey miodse 2
| at j i i th
{21 0 S AARECL A SLOTAPAL gl QUL 5L SR il Q04 oot e

respect i wbt procossHregenses(as (iApstand in(Kigurel Wa)) adi dneustmedegdrolgsis treactisy Sta@im
are represented and identifjed as separately djstinguishable reactors, it
i s under srfl%isfdaléﬁlﬁww#qdﬁér%lggﬁ@ weon éeaﬁﬁ%g@ﬁp IVFR/ R gricach aiaths thark st

and Seco%ofeﬁ%ﬁ%%ﬁ tﬁ@&pt%aﬂﬁﬁ%@craaﬁﬁl{ﬁl%ngh %é)éﬁéﬁ%gingpﬁrst reactor (7). Exemplary
temperature profiles are illustrated in graphs (2) and (4).

25 [00109] Figure 2 illustrates another simplified, exemplary, reactor system such as may be
suitable in some applications for pyrolyzing hydrocarbon feed. The exemplary reactor is
described in more detail in US provisional patent application S/N 60/933,044, filed June 4,
2007, the entirety of which is incorporated herein. The reactor system of Figure 2 is
illustrative of any of a wide variety of more specific reactor designs that segregate the

30  conveyance of each of two reactants from each other until the reactants reach a designated
zone within the reactor system where they mix and react with each other. Such process and
apparatus is particularly useful for deferring the exothermic reaction or combustion of
reactants such as fuel and oxidant that provide the heat necessary to heat the pyrolysis zone.

The inventive reactor system may utilize inventive material components in all regions of the
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nmerely a wongloess@actor facility that integrates substamciraiskyiowbss23 ul |
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but not H@!) fonidispersing cagof thedwo reastignigescstte desingd decatignsrbougdnend(23) ok Hown

in the reaction-i ndustr such.as in alytic converters, etc. apabl e of
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may have genera ross- shape, ough a generally
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respectively in Figures 1(a) and 1(b), in the illustrated reactor system are represented and

25 identified as separately distinguishable reactors, it is understood and within the scope of the
present invention that the first and second reactors may be manufactured, provided, or
otherwise combined or integrated into a common single reactor system or facility, whereby

the reactor system might be described as comprising merely a single reactor facility that
integrates substantially the full extent of both reactors and reactor cycles within the reactor

30 system. The terms "first reactor" and "second reactor" are utilized for simplified explanation
purposes and merely refer to the respective zones within the reactor system whereby each of

the regeneration, reformation, quenching, etc., steps take place and do not require that
separate reactors or components actually be utilized for the two reactors. Many embodiments

will comprise a reactor system whereby the recuperator reactor includes conduits and
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symmetrical cross-sectional shape may be preferred. Each monolith may include a single

25 channel, a few channels, or multiple channels, e.g., tens, hundreds, or even thousands of
channels, depending upon the size of the particular monoliths and reactors utilized therein.
For example, in one embodiment, the conduits may have a diameter of only a few
millimeters, or about one millimeter, or several millimeters and even several centimeters in
diameter in some vessels. A reactor may comprise a single, a few, or even numerous
30  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

transference, while providing necessary product contact time and heat transfer during
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mai nt ai nidﬁgaﬁlaesta{bilé, hrrBf16n S&EBRE and heat resistant material is ideal at enabling use of thin

but strong reactor channel or wall components. The relatively high density also helps

25 mitigate reactant cross-flow through the conduit or channel walls. The relatively high surface
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
quick change in the temperature through the reactor, such as generally illustrated by the
relatively steep slopes in the exemplary temperature gradient profile graphs, such as in

30  Figures 1(a), and 1(b). 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 stabilized zirconia also enables these desired quick
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reactant gases substantially separated fromeach other while axially

transiting the recuperator (27). For such enbodi nents, the conplex flow

pat h may woeatoe13s07Bengt hened ef fective fl ow path, increasedssuoinazes ar ea,

and i nproved heat transfer. Such design may be preferred for reactor

enbodi nents having a relatively short axial length through the reactor.
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tenperature in excess of 18000C or even in some instances in excess of
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t he react r o] 0 00
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preferably |ess. than Alisecq one aspects, the conversion or
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hydr ogen, m Syl encl@ibe bul YRR LRNBLy &RFNR! vATdaglcd Hdw SRS, conduits, tubes,
slots, and/or a void structure having channels through a portion(s) of the reactor and may

25 include barrier portion, such as along an outer surface of a segment or within sub-segments,
having substantially no effective permeability to gases, and/or other means suitable for
preventing cross flow between the reactant gases and maintaining the first and second
reactant gases substantially separated from each other while axially transiting the recuperator

(27). For such embodiments, the complex flow path may create a lengthened effective flow

30  path, increased surface area, and improved heat transfer. Such design may be preferred for
reactor embodiments having a relatively short axial length through the reactor. Axially
longer reactor lengths may experience increased pressure drops through the reactor.
However for such embodiments, the porous and/or permeable media may include, for

example, at least one of a packed bed, an arrangement of tiles, a permeable solid media, a

_44 -



or stripping agents. The conversion of the vapor fraction into higher val ue
hydr ocar bons such as acetylene typically requires a high reformation

t enper at Wwe,20whi3sdr3i n t he past has been a significant baCTiuseomm33423
commerci alization and efficiency. [00118] In one preferred enbodi nent, the
react or conponent providing conduits or channels conprise stabilized
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may be renpoved fromthe reactor systemand transferred to other processes

for recoveeducts ofi the cvankid produepbirersactor sxbirn snayf alschmcbidgekdidiopelogediined n

addition to the hydrocarbon. feed t e _cracked he reactor system nmay al so
el ude. 408 PPSRLHASAL o0 bR Ay Pork B ESe: SO AR PoHEn  or ot her

hydr ocar joo1 - r €8¢ k@ihérati®d pRbhisls reactdegdem may Seisrah@sp@etabort RRdstock to
conversion or cracking of the Eydrocarbon feed may be perfornmed in the

pr esence BMPIPHIFSGBEXCIy Of il HUEC, profsnblpyr eucesy BOR0° aneroty Pistordry 1 ¢85t s

or st p%fﬂ?oé@”hssode%}&%s,'i{‘m%%%l%e QM 108 heat HCRRIEHE Oy (s @i‘rx%es
relate to: 1. A'reactor apparatus’for pyfrolyzing azhy rocar bon feedst ock,
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no | ess HRANSDABORCER PAAIIRCr e FRSTIRATS releTTEd Mipgesy may byrolyze the Toed

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
25 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
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
30 been a significant barrier to commercialization and efficiency.
[00118] In one preferred embodiment, the reactor component providing conduits or
channels comprise stabilized zirconia materials that provide the necessary heat transfer
capacity to create the temperature profiles (4) and (8) illustrated in Figure 1, at the space

velocity conditions of operation. Adequate heat transfer rate is characterized by a heat
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at | east one of i) when exposed to a gas having an oxygen partial pressure
of 10 15 bar, a carbon partial pressure above the carbon partial pressure
of the ziwoaniumsswar bi de and zirconi um oxi de phase tran®criuseoiatniisbe sane
tenperature, and at tenperatures bel ow the tenperature of the zirconium

triple point at the oxygen partial pressure of 10 15 bar; ii) when exposed
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refractor?( material remains in oxide formwhen exposed to a gas having
€
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react or apagesitetSzond (27heavappabativusgLt mmagﬁaphhmnemmt)es torhged tidnigrpis
pyr ol ySI S react or a(ggar atus co rises a reverse flow regener ati ve react or

appar at us30% chapeel 433k Mthy ganf3an pné lotah degpaédt #yCpA/agrdprietal waer el t he
refragt Or%hp%ﬁE @ht ¢ %fe? cgﬁﬁfeﬂﬂop@% Hed O, Tkotgkf%ﬁﬁ%tcﬁgﬁa\%&gg% %du&*b%a

apparat us of paragrap erern the refrac terial remains 1
oxi de f oramasbasnd e&xqsfﬁsedt (@ aar/ﬁh%si’@hami @ypamiﬁ/cssmfagaardm fiot bea tnayﬁengavae g
carbon part, al; pressu artl al pressure of 10 15

ba
bar, and Cé‘f/cént)é%ﬁ?@rr HP&W&PGWE@M@ F&‘ﬁ@’g P& r om 18000C to 21000C. 8.

The appargppm)of T?ﬁ%al@on&fﬂi%n&ﬁﬁﬁ}%’dhﬁ& PRSRGEAAN e oIIEHA 001 0381 ¢ EaRhd dddne
structure of the fefractory material is cubic during heat-up from 12500C to

22500C. 9nayTty@1caﬂpam<du¢ts faf camplofa prhﬁup:r &cmohbngt @m a9 maigH34 taiéd &Pm). t e
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paragrap %ouﬁ/\mfcﬁmut he PYiRA00 tPN BB KRR a@d it B@er ehbaditnehiy aﬂﬁtvﬁﬁm@h pr&sihBSS
than 10 7 bar at 20000C. 11. The an&grat us of any of the precedin

par agr aphych whéasaithan Kepsie 4EQ0kPdorfpioakast pyrabsisdeedust mayalag rweégrom dw
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products of the cracked product. In addition to the hydrocarbon feed to be cracked, the
20  reactor system may also include additional feeds, such as fuel, oxidant, steam, hydrogen, or
other hydrocarbon co-reactants, or other co-feeds. In some aspects, the conversion or
cracking of the hydrocarbon feed may be performed in the presence of hydrogen, hydrides,
other hydrocarbons, and/or other diluents or stripping agents.
[00120] In another embodiment, the present techniques relate to:
25 1. A reactor apparatus for pyrolyzing a hydrocarbon feedstock, the 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 for
at least one of
i) when exposed to a gas having an oxygen partial pressure of 107 bar, a carbon partial
30  pressure above the carbon partial pressure of the zirconium carbide and zirconium oxide
phase transition at the same temperature, and at temperatures below the temperature of the
zirconium triple point at the oxygen partial pressure of 107" bar;
ii) when exposed to a gas having an oxygen partial pressure of 10 bar and at temperatures

above the zirconium triple point at the oxygen partial pressure of 10 bar.
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12. The apparatus of any of the precedi ng paragraphs, wherein the reactor
conponent conprises a honeyconb nonolith having fl ow channels within the
nonol i t h woromoishréti ng at | east one of a pyrol ysis reaeCantS2ano3z23

pyrol ysis product through the nonolith. 13. The apparatus of any of the
precedi ng paragraphs, wherein the reactor conponent has a thernal shock
resistance 1ttt IATRARKIA Syl rararky heRGLhifRN "GRen
after quenching t react onent ron1FK[D to a water at to a

t enper at uxpostl 600G hammg agmygeer parhiainpB&ucadt i 15114|ar Ihmrtaqnplwraalwesshreany

of the preceding paragra wherejn the.reac onent conpri ses
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any of the preceding pagagraphs wherein the refractory rrat erial has
por 05|5tymﬁ1@®@@ﬁur90fh@ rhange of from2 to 28 vol . % based upon the vol une

of the refract a t he recedl n

par agr aphs. - oot PRt riecsigiohs b yRPBRE Fiblosk ity RS RS Nipon
the totalwi@i ghbscaftotd lh@fllhg%hﬂ)bﬁ paﬁtaepteaéure &7 10Thar, aamr&@g&m% ar@lhl 9O¥uRS

t he precedl ng garagra , conprising at least 80 w.%yttria based upon the
total weid| ary fed te@perabre Pl 2Qfieri al . 18. The apparatus of any of the
recedin ar o] ri [ a a
First gréﬁﬁ roehs” BB fO8F hD et T CATRORKadBbEL PlerRTRE (ETolpr BN
yttrim. Il®mplikes aathpﬁnatpgﬁolps‘ls saytoofipfahgugr ecedi ng par agr aphs, V\,her ein the
refractory materials substantially exc ude oxi g@s of toxic ceramcs.

The apparatus OF peRgrash negagwher“elw SRR Hiei HeEmal PYORISE ERACtoR %&par%%a ude
beryl |'i ureoﬁ{b%s&mlrelv 8wt feg&%ra@i%@éa@%dﬂ%})p{raﬁ@.y of the preceding

par agr aphs, wherein e refractory mater conprises; (i) at least 20 wt.%
of a firgt grafhe appdteutsaxfedy aopthwe frbeedingtmiagngihghvhotintthe rafefctoay tratayial has

material, t irs raj n nod ing a D50 grain size in the range of from
5 to 2000 m%ﬁal"%ng)‘O%P 'ihélégllg@\az\n % of second grain node based upon the
tot al ;sweight  ofpet fpara@fsr @Fﬁ&ﬁgfaﬂ[ﬁtle*}v'h@ﬂem tHerca86eRdmatcRhN rdiRAR Ratekid D50
grain size in the range of fromO mm up to not ‘greater than one-fourth

t he D50 deannvhshzapesedithe rﬁfqr@tce g)tymlymm@emllezre hﬁﬁ@gemwb@t pastiglf prpssuegefaph

g1 am cont ARG EEpetl P Sl nibF and  nLPERF B Ul AaBalll o
par agr aphrdn mdjwmbmt)m{j ref ractory material conprises at |east one
8. The apparatus of any of the preceding paragraphs, wherein the crystalline structure of
20  the refractory material is cubic during heat-up from 1250°C to 2250°C.
9. The apparatus of any of the preceding paragraphs, wherein the crystalline structure of
the refractory material is cubic during cool-down from 2250°C to 1250°C.
10.  The apparatus of any of the preceding paragraphs, wherein the vapor pressure of the
refractory material is less than 107 bar at 2000°C.
25 11.  The apparatus of any of the preceding paragraphs, wherein the reactor component

includes at least one of flow channels, a reaction fluid mixer, and a reaction heat sink
member.

12.  The apparatus of any of the preceding paragraphs, wherein the reactor component
comprises a honeycomb monolith having flow channels within the monolith for conducting at

30 least one of a pyrolysis reactant and a pyrolysis product through the monolith.

13.  The apparatus of any of the preceding paragraphs, wherein the reactor component has
a thermal shock resistance rating that demonstrates a total crack length per unit area after
quenching the reactor component from 1100°C into a water bath to a temperature of 50°C is

not greater than 30 cm/cm?®.
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of yttria, another yttrium containing conpound, a zirconium containing
conpound, and conbi nations thereof. 24. The apparatus of paragraph 23,
wherei n twe 2omiBaBory material further conprises from @COAB20W/03842D 5 W . %
based upon the weight of the refractory material, of conpounds that
conprise elenents selected fromthe group consisting of Al, Si, Mj, Ca, Fe,
Mh, Ni, , Crphell : j

ther eot . 5. ThS BBsaray Y5 eBr oL BHCHlE b Phar e AR iR

pyr ol ysi scomgaista nfodn g rod lryptiregmechayda b @nbdnsteegt stfook Jesathaa 13eryHraadtur e
of no less than 12000C. 26. T ar of any of the preceding
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any of the preceding paragraphs used in a pyrolysis reactor for pyrolyzing
a hydroc myfaééa%ﬁg@cﬂl,e ramgeapftfetmértatﬂﬁr@l-&%/ bargd [upes thehemurRo OO 0C, refrgctorfhe
appar at us qf.%ny of the precedi ng paragraphs, wherein the reactor conponent
i ncl udes B#1'€ast one of a honeyconb nonolith, a reactor bed, a reactor
condui t, j@nd arHceasiaadits B 6@y . of2the FlrEcARPPaRicHPhOf capridig ahedst 80ewi.Ng
par agr aphs, wherein the regenerative pyrolysis reactor conprises at | east
one of a iéher pxde %ﬁmmb@segwp%a@tt@tﬁl,ngghwﬁtb%qu@ﬁtonéa@te@ra,- syngas reactor,

st eam cragki n e fjer - T .t he
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reactor ibaséd @punabertotdliveaghtof thal iefradtbne rhatesdl. reactor, at | east one of the

first reactor and the secgnd rf ctor canprising the refr@Fto y material.
31. A regdéner athev@PParasss alc ey 9 dosy PisssERe pagephht Whegginothy Jplacterycmaterial

system f Qlonf¥Ql %249 _a%r?t?’%rﬁfﬂcﬁB@é)Qorﬁﬁ%%%ﬁa ﬁﬁ’dTQrs.bcfﬂnﬂ raift rﬁ&&eséonﬁlgfsﬁ%gor

and a second reactor in w conmuni cation"with the tirst reactor, east
one of thatrfairst reactor and the second reactor conprising a refractory

material jn oxjde form the refractory.mterial, hayin mel.tin oi nt . of
ot | eas Fhan BEcuBer R PEmtrnipaaaehy sfisrabmarreeht Tty 1)
when expaggdaittlld Aandhavidedoabxiexy¥@aficParti al pressure of 10 15 bar, a
carbon partial pressure above the carbon partial pressure of the zirconium

car bi de a&td ziThsoapparatoxiafepphaeph t Fanshercion thet oxides safntoxie repeanaesuregludnd

at tenperat Llfier%alﬁ Itﬁ)ovl\,/iutnpe tenperature of the zirconiumtriple point at the
oxygen partial pressure of 10 15 bar; and ii) when exposed to a gas having

an oxygerpipar tTi! afpassusCa®f oft Ghel prebéding aragtaph€ MPRErainUhe ScRBAYE BRrial
zirconiumtriple point at the oxygen partial pressure of 10 15 bar. 32. The
react or p8iPEWsBf paragraph 31, wherein the refractory material remains in

oxi de,, (1) at least 20 wt.% of a first grain mode based upon the total weight of the refractory

material, the 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 the refractory
material, the 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 the first grain mode.

25 22.  The apparatus of paragraph 1, wherein the refractory material comprises at least one
of yttria, an yttrium containing compound, and combinations thereof.

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

30 24, The apparatus of paragraph 23, wherein the refractory material further comprises from
0.001 wt.% to 5 wt.% based upon the weight of the refractory material, of compounds that
comprise clements selected from the group consisting of Al, Si, Mg, Ca, Fe, Mn, Ni, Co, Cr,
Ti, Hf, V, Nb, Ta, Mo, W, Sc, La, and Ce, and mixtures thereof.

25.  The apparatus of any of the preceding paragraphs used in a pyrolysis reactor for
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f orm when exposed to a gas having a carbon partial pressure of 10 11 bar, a
ref erence oxygen partial pressure of 10 15 bar, and a tenperature of
20500C. 380 20tve13s@act or system of paragraphs 3 1 and 32 pChhuse@ion3idbe
refractory material has porosity at 200C in the range of from2 to 28 vol.%
based upon the volunme of the refractory material. 34. The reactor system of
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the first urther conprises a first channe or conveying a first
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second reactant through the first reactor, the first re t
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second regct orTHcSafipd@doPYnd RE thedtecking ferPaiRt e iffa ?ﬁol}%%sﬁeaé{ép%}c

for pyrolyzing a hydrocarbon” feedstock in the second reactor,” wherein the
second r gueelyring eydiosabon ikedptetlk,ait & tymypataitesrafab legshanT{®0f@act or syst em of

any of t paragraphs 3 1.to 34,. wherei.n the reactor systemc ri ses
Meverse 1ion 1 heABTErdy of By i d Brlifle MRt Phattohe TR o
the paraghdpls a3 Ichst chedFa HoHéfdoaib endth,Si ragetér BeAag taublor bbadRiit, S&E4 te@btant

intermediate the first reactor and the second reactor to conbine at |east a
portion dXfhe first reactant with at |east a portion of the second

3 The. Pohot of TapbRlus il of 8y BRTRL AR, WGl B SRt TPl Bis
r ef r ant orrgacidt @niplses BiCleudeme Wi tar dedicragiidédomibiation heactoy,t g4sifivaticw rdaaion 9yggas

conpound, the refractory materia iacl uding a grain structure having a D50
grai n si Z&83Gtef, §tﬁ@nrcéﬂ?g’élgdf3a°lt‘?ro?ﬁ 54 fRA¢% 2000 mm 38. A method for

m U1 gat | ng) carAlelfr gk e CRh A e SLASLOMRlarhs! i T 8T rehdlod he
pr esencer%)f a pyer Ipyzelg’e%yd ocar %gnéc%gleg?tag%k%@ts’hg m&f%%ﬁdy%%ri sf.?‘nrg dt%%e
st eps of apdowsatond) réactom ihdlve dommghwatiaf withpie dlrytsicactor at {ast eyesofetineffost
pyrol yzing a hydrocarbon feedstock, apparatus conprising a refractory

ot or | al THTRSPAARS SERTC EHEOT SrPRCTSE e R A T g 3 mel £ ng_ poi ht  of
not |gss Fihan ROGRAGaR réhakory RBRbLSSN 'rébiéi’éii_t,dllﬁ)rri)lglﬁi@réééfor% stbRaSk pgﬂaﬁyza{g i)
when exposed to a gas having an oxygen partial pressure of 10 15 bar, a

car bon paxrhyidsecapgroasieedstockisomgrising: car bon partial pressure of the zirconium

car bi de and ziarﬁopi um oxi gea Qhas trtansi ion at the sane.thqﬁr%%%?tur nd

at tenperat ur s BerSWY R etis @I Al TreT & "R IMPRERTIM ¥IT g poir%%C?déta he

oxygen pdedsk ahe Bf eieSlttere@dtorléhdlthe Bédond @edtdri chnmpising @xRASEO Tt MaRrigibin dxads ng
an Oxygenfopnaf,r ‘Ehieallefrgcr:tgfys umra?eri(zl]; h%\ginéSa tr)naéﬂtinagngoig‘z otf E1:10 ?ersgttllila{neg%ooc and which
20 remains in oxide form for at least one of
i) when exposed to a gas having an oxygen partial pressure of 107 bar, a carbon partial
pressure above the carbon partial pressure of the zirconium carbide and zirconium oxide
phase transition at the same temperature, and at temperatures below the temperature of the
zirconium triple point at the oxygen partial pressure of 107" bar; and
25 ii) when exposed to a gas having an oxygen partial pressure of 107" bar and at temperatures
above the zirconium triple point at the oxygen partial pressure of 10 bar.
32.  The reactor system of paragraph 31, wherein the refractory material remains in oxide
form when exposed to a gas having a carbon partial pressure of 10 bar, a reference oxygen
partial pressure of 10" bar, and a temperature of 2050°C.
30  33.  The reactor system of paragraphs 31 and 32, wherein the refractory material has
porosity at 20°C in the range of from 2 to 28 vol.% based upon the volume of the refractory
material.

34, The reactor system of paragraphs 31, 32 and 33, wherein the reactor system further

comprises:
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above the zirconiumtriple point at the oxygen partial pressure of 10 15
bar. 39. The nethod of paragraph 38, wherein the refractory materi al
remai ns iwoariodesd7er m when exposed to a gas havi ng a caPbhoruSpaosmbks3
pressure of 10 11 bar, an oxygen partial pressure of 10 15 bar, at a
tenperature of 20500C. 40. The nethod of any of the paragraphs 38 to 39,

wherein the rgf)(r)]?‘?ttﬁé ﬁrﬁ%aﬁ{dgghrt%%oﬁ[p%éstd R PRIALI BF C&Rlegﬁ%:ﬂ fillRagbROOC.

41. The netho par agr ap erein the refractory nat remains in
t he oxi dehwugh whefirseé xgosedntia scgas chamenfpr ooaryigna peronid akaqtare skrongh dfe 10
10 bar, oxygen partial pressure of 10 15 .bar, and at t enperature over
the ful | TTSSBOT e Gt TEOBUE SOSHOGBE HStma M BE RO AP Sepgrat
paragr aphga.@88 to 41, wherein the crystalline structure of the refractory
material is cubic during heat-up from 12500C to 22000C. 43. The nethod of
any ofs the par(@yr aphesg8nd ecagr isivatedi by thhbeatapetermpparstyry @ apieash500°C for
refractor niat.eri al, _i.s I%ss tth@n C%0.7tbar at ,20000C. 44.. A_net hod fort
pyr ol yzi g AV AYRr bIAHESAOPRSEIHE Uit SaoByr SRYED sV PERE: i° 85r8pd fractor
conpri si n@niphigesthe pHraefory GRter.ovi ding in a heated region of a pyrolysis
reactor system for pyrolyzing a hydrocarbon feedstock, apparatus conprising
a refract®ry niceicrePr pystamiodeny gHnihe maeagraphs 2dt tor 34, reltesein dhe meagtaipystem

mel ting %%igﬁtrils%f%A%gﬁllsggggggggﬁegﬁ&gg&%ﬁgzsttgﬁp remains in oxide formfor at

| east on a gas having an oxygen partial pressure of
10 15i0bar36. a CHtcheactpasyistaat opaegsiiiie svayaptsitd ©ad ) durthardonglrisippes sat@antof
the zirconjum carbide and zirconi um oxi de ppase transition at_ the sane

t enper at UPEST 8108t infeampdiptst e SESHERERT 2RE the tpendt TREOLIO CABDIE & R

triple p%ﬁ%otﬁ@)f ﬂl@eﬁrg’t)%gﬁﬁht%'fﬁ .ht?lleas}? Ty 51‘?opfhe]sgcc;nl§1 Ilégétz'mt h)e r@mﬁlt %R%ed

| {
to a gas having an oxygen partial pressure of 10 15 bar and at tenperatures
above t hescetioroommiprisingrthpradfrapmirntmattriat. he oxygen partial pressure of 10 15

bar. 45. e t hod of paragraph 44, wherejn e.refractar terial .

Fermai e, 131 oxt e TE0Hh WRGHT ShpBedns HACgRL LG i Sielh BisreBR hufuerial
pressyr e ifélud@ yidiabatd/or aRotBXy @8R 86dthidlngRio8HoURE, tRE rekicibdy BRferiafincRidin
t enperature of 20500C. 46. The nethod of "any of the paragraphs 44 to 45,

further cogpmissiuptyra gt £PS0 gfain §ib§ irhtbatrangg of firerh@at gdh toé§0bmnt.o a
tenperature of, no le t han 12000C;, (c),introduci ng a hydraocarbon feedstock
Dt he Teat ot fr B SBsIG e GTHE HaYe8a Bol raBHSPBIRILE! ng
heat fronmn¢ hecsheat 66 alB8H9Ped AydrodiiBoBERRG RS tRNMMeBbd tddeRRIBIMRPRSHsASE t O

46, further conprising thé step of heating the heated region to a
t enper at urevidimgainr ahgecdfregion wf 126500 stsoreago0etem for pyrolyzing a hydrocarbon

20  feedstock, apparatus comprising a refractory material in oxide form, the refractory material
having a melting point of not less than 2060°C and that remains in oxide form for at least one
of
i) when exposed to a gas having an oxygen partial pressure of 107 bar, a carbon partial
pressure above the carbon partial pressure of the zirconium carbide and zirconium oxide

25 phase transition at the same temperature, and at temperatures below the temperature of the
zirconium triple point at the oxygen partial pressure of 10™"° bar; and
ii) when exposed to a gas having an oxygen partial pressure of 107 bar and at temperatures
above the zirconium triple point at the oxygen partial pressure of 10 bar.

39.  The method of paragraph 38, wherein the refractory material remains in oxide form

30  when exposed to a gas having a carbon partial pressure of 107! bar, an oxygen partial
pressure of 107 bar, at a temperature of 2050°C.

40.  The method of any of the paragraphs 38 to 39, wherein the refractory material has a
melting point of no less than 2160°C.

41.  The method of paragraph 38, wherein the refractory material remains in the oxide
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48. The nethod of paragraph 44, wherein the refractory material remains in

the oxi de form when exposed to a gas having a carbon partial pressure of 10
10 bar, awoarygeso7parti al pressure of 10 15 bar, and at paTiuSaquenai4as e over

the full range of from 18000C to 21000C. 49. The nethod of any of the

par agraphs 44 to 49, wherein the refractory material has porosity of from2
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| east 5a pBrti orheomethhd diyady oefatihb grardesands t3dcle 4hdvipredube vaper pisksee of the
hydrocarb roduct of the paragraphs 44 to 51,
wherein tﬁ@acq?%’ﬁn?tg)lald? Ieﬁsftg@?gﬁbgartaﬁgbpwactory mat erial conprises
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t he par ag?pawﬁlémgzt we@zo wherein the step (a) of providing the refractory
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refract orgy - el i@kt omdf The nethod of any of the paragraphs 44 to 54,
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parts, r aél ext Cseﬁiatﬂ gb%éllaw&g t%gg%ess %;W%%Iure of IS(} latb atrtgrfng%rgpu%es to

a comnpoun r CO conponen

wel | as idbot@MRizitabniam tviblchpodithethe ng@mmlalmm@@solmarcomonents such
as m xtures of conpounds. Further, en an anobunt, concentration, or other

val ue or 4ar arkicancthed gf paregeph 44, mdieret thepisEactepemareanl empanyiasoxddr farswer
pr ef ef,ab lvghe\ﬁa&b%%d ttg"asgdsshév(?né)% YRG! E&r?gfj p?é%sure of 10™! bar, an oxygen partial

pressure of 10" bar, at a temperature of 2050°C.
46.  The method of any of the paragraphs 44 to 45, further comprising the steps of:
(b) heating the heated region to a temperature of no less than 1200°C;
(¢) introducing a hydrocarbon feedstock into the heated region; and
25 (d) pyrolyzing the hydrocarbon feedstock using heat from the heated region.
47.  The method of any of the paragraphs 44 to 46, further comprising the step of heating
the heated region to a temperature in a range of from 1500°C to 2000°C.
48.  The method of paragraph 44, wherein the refractory material remains in the oxide
form when exposed to a gas having a carbon partial pressure of 107 bar, an oxygen partial
30  pressure of 107 bar, and at a temperature over the full range of from 1800°C to 2100°C.
49.  The method of any of the paragraphs 44 to 49, wherein the refractory material has
porosity of from 2 vol.% to 28 vol.%.
50.  The method of any of the paragraphs 44 to 49, further comprising the step of heating

the heated region by deferred combustion.
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specifically disclosing all ranges forned fromany pair of an upper
preferred value and a | ower preferred val ue, regardl ess of whether ranges
are separwbebw/dswel osed. CLAIMS What |s Clainmed |Is: 1. ARCTABetion3appar at us
for pyrolyzing a hydrocarbon feedstock, the apparatus including: a reactor
conponent conprising a refractory material in oxide form the refractory

et et al Ay ehcndTEbd brGATIAN ol lohd £55 SUIAMHEPEANE ARG el 1S i 1
oxi de form for gt ?gast 03292?5?? %ﬁ@%;exposéﬂﬂ%o a aé av?ﬁ%ﬁaﬁ'oxygen
partial pressuie offlavding 5t least onareataboin apfast diedctipn dssughethabae®r syseraar bon
partial pressute of the zjrconi um carbide apd zirconi um oxi de, phase

P ans: ti o at ke JI0EAMH 8L et TR0 Th Dl S oS S o are heatcd
tenperatq%gogjmﬂme zirconiumtriple point at the oxygen partial pressure of

10 15 bar; "and ii) when exposed to a gas having an oxygen partial pressure
of 10515 bar did atflavenpehatipcadonikpdstockhthroughctbeheated reigpingo pyiolyzeat lqakie

oxygen partial ssure of 1 ar.. 2. . The apparatuys of claim.1, wherein
Charor F antosfo REBERYRebor Repdihiasmnavina BRSH BuliPedbar bR g an
oxygen pa2ti alTHer@shod of hy dPthkSabatraphs 42ab N whafdin ele PGS BF pravidae thche

carbon partial pressure of the zirconium carbide and zirconi um phase .
transi ti dafragtoryh@atssipe corBpipes LRVIBING h irfepctore mppderial porwrighevd ledsd 59i Weoni um

triple pg&@ﬁvﬁgeédy%nﬁﬁygﬁﬂV&g@ﬁg?ymﬁéﬁéﬁﬁgﬁnﬁgﬁﬁp 15 bar. 3. The appar at us

of claim erern e refr remai ns in oxide form when
exposed t33.a (HR hetibdhgf asy bdtheparidraphs piden 2 evhefeirl thelstepb@l of arovidiyg e
parti al erssure of 10 15 bar, at a tenperature of 20500C. 4. The apparatus
of cl ai mreiracipRyy Batsriph eopRaRes groypngrafdeciogrpratesd comprisingett 1535t Syt @

reactor AL&Bupon-thd 138l FRUEH: BF HR ref‘ra&&@irmtémmher ein the thermml

pyrol ysis reactor apparatus conprises a reverse flow regenerative reactor
appar at usi4. 6. ThHeemetppdoatug obfheglagigmrhs 4dhersSi wheteen thefstectap oy pmatiding die has
a nmelting point of no |ess.than 21600C. 7. The apparatus. of claimJ, .
her ei n (RESHEp T DEtEHRy CHRREYS 10 S hE T HIT R R PBT ARG Bk DseH o a
r ef er gnCc e RMALISIpoNIRS ok IR oP B rBBadorgahdigaipar tial pressure of 10 10
bar, an oxygen partial pressure of 10 15 bar, and at a tenperature over the

full rang®.of Fheomett®dooiCany of 1ho@araggaphyie &ppPdr athgreinfthe Irefirantary miateriel n
e LS, SISO ARG I g ' cuol© during
56.  The method of paragraph 44, wherein the vapor pressure of the refractory material is
no greater than 107 bar at 2000°C.

20 [00121] While the present invention has been described and illustrated with respect to
certain embodiments, it is to be understood that the invention is not limited to the particulars
disclosed and extends to all equivalents within the scope of the claims. Unless otherwise
stated, all percentages, parts, ratios, etc. are by weight. Unless otherwise stated, a reference
to a compound or component includes the compound or component by itself as well as in

25 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

lower preferred wvalue, regardless of whether ranges are separately disclosed.
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9. The apparatus of claim1l, wherein the vapor pressure of the refractory
material is |essthan 10 7 bar at 20000C. 10. The apparatus of claim1,
conpri si nyoanidBass 80 wt. % yttria based upon the total pagiushal00834ehe
refractory material. 11. The apparatus of claim1l, wherein the refractory
material conprises at least a first grain node conprising yttria and a
second gr@ qviede conprising yttria. 12. The apparatus of claim1, wherein
the refractory materials substantially exclude oxides of toxic ceranics.

13. The apparatus of claim 1, wherein the refractory nmaterial conprises at
| east oneVhdr Iy ldinagd Ianot her yttrium containi ng conpound, a zirconium

cont ai ni ng conpound, and conbi nati ons thereof. 14. T&e apparatus of claim
13, wher e n t He 5810 ZBRYAYS FRIDEFAlRFINgG § Yy HEFar Agees thegmparap incdidiog: o 5
wt . % hased up 1 f refr [

ey Poace ench 08 VBB LobhRL AL ALK, TRAGHL B oy, GADPONRLERS
Mn, Ni, Q@oate@xl haV¥ing aHiheltidg phint oTap 1dds thaty2060°C laad wanmch E€eairand oxidetfarme or

t her eof . aﬁ The appar atus of claiml1, wherein the reactor conponent

i ncl udes At°%'edS° one of a honeyconb monolith, a reactor bed, a reactor
condui t, pRtheR dxBaklabla PhXBivind Bn RyE&DBNELRpIYRre LETDATHAL ¥ GOBJPHAARI
resistant, pyrolysis reactor system ?Ior yrolyzing a hydrocarbon feedstock
conpri si myessaref ahoyt theaetbon ramthl presuisnel theagtconivinn chibede suhaneingen axiden t h
the fjrst reactor, at |east one of the first reactor and.the second act or
conpr I%s: S PRl H8 Mie A e oo dndal Ropfef el bl i SphSaare of B
having a ARbhiuAtripRi pfintal HeKyesspdriapr2R6RAE 19ntbahiah remains in oxi de
formfor at |east one of i) when exposed to a gas havi_lg% an oxygen parti al
pr essur e DfWhq crpospalrto ax2as Aehag apryRe Pitalsrraysareapold ~ rearthitiempparresal
pressure J.Lconi - i i i i e transition at

t he sane at%é\r]r%:){glr%a ﬁé@?&éﬁ@eﬁ%ﬁgﬂglg%g? %%delgsaq;ﬁéllpgév’\g/'s?hgq? 8ﬁhptzar§at ure of the
zirconi u.tri pie goardtuabdf thén ok ygkereipatht i rafraqoss slategiabfis D odflefarm aineh i)
when exposed to a gas, having an oxygen partial .pressure of 10 15 bar and at
t enpebat (FBYSCALB VR BEhRA NG &5 kYE™ PITHePTSBUR Oht Ut hearoRygEPnpRArtialgressure
pressure r : r ; : £

el T act or gt A D B R o PRt B
car bon pdht isahe perepsaues, ahd kO tdiipdraturesaabogé ¢ nceonoxy geplepaninti @l thpoegsar e
of 10 15 bar, and a %gﬁr)m rature of 20500C. 18. The reactor systemof claim
16, wher P14 RECSPWSQ Stem further conprises : (i) the first reactor

further conprigRsappafatusf cR@NN bt the FBY R InAed] rsthaih€aLEHA8¢ form when
20  exposed to a gas having carbon partial pressure of 107! bar, an oxygen partial pressure of 107
" bar, at a temperature of 2050°C.
4. The apparatus of claim 1, wherein the reactor apparatus comprises a thermal pyrolysis
reactor apparatus.
5. The apparatus of claim 4, wherein the thermal pyrolysis reactor apparatus comprises a

25 reverse flow regenerative reactor apparatus.

6. The apparatus of claim 1, wherein the refractory material has a melting point of no
less than 2160°C.
7. The apparatus of claim 1, wherein the refractory material remains in the oxide form

when exposed to a reference pyrolysis gas mixture having a carbon partial pressure of 107
30  bar, an oxygen partial pressure of 107 bar, and at a temperature over the full range of from

1800°C to 2100°C.

8. The apparatus of claim 1, wherein the crystalline structure of the refractory material is

cubic during heat-up from 1250°C to 2250°C.

9. The apparatus of claim 1, wherein the vapor pressure of the refractory material is less
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through the first reactor and a second channel for conveying a second
reactant through thefirst reactor, the first reactant exothermcally
react i ng wiotzniovisso7second reactant to generate heat; (ii PCrhus2&emssids r eact or
is heated by the heat to a tenperature of at |east 15000C for pyrolyzing a
hydr ocar bon feedstock in the second reactor, wherein the second reactor
conpri sespi ey Tl a86@pPy, material . 19. The reactor system of claim 16
further conprising a reactant m xer section intermnmedi ate between the first
react or ad t Hehesgperwiuy efacthon It coopnbinpent dtast @Aswt.% yora bawed afpot hbe fidtalst
react ant mLthg% | east. a port.ion of the second reactant, the reactant m xer
i"Si

section cBHBN ity fReoPrSEtory material. 20. A method for mitigating

car bi de- oxi de BRI HPafatG06f 88in0N, Qherid Bl RELOLYy HRt@Tal 3bmpAsdshe 1QIseaeamse of
a pyrolyzed hydrocarbon feedstock, the nmethod conprising the steps of

provi di ngeriin rodsesampdisinggition and aacqopdirais impdesampusingystiam f or pyrol yzing a
hydr ocarban fegdst ock, apparatus c Lisin refractor terl in.oxide
o s her ef riit: oo it B Shfih 1y RGRD P Rug' el G SRAFLUAl, SR
20600C angidelidxse tdrar@xkde formfor at | east one of i) when exposed to a
gas having an oxygen partial pressure of 10 15 bar, a carbon parti al

pressur e l@bovelehpaeiusorf gairn il avhpicas Sigriefragtoryhmateripl eminpiines af kagieonenefl

zirconiu Xi NSt a a a e
Ferpor at ook BoP e Rh e Bt 2lorh i I A IRER = b S ofbouna. g
oxygen pabhibiatipnedstsof€ of 10 15 bar; and ii) when exposed to a gas having
an oxygen parti al pressurﬁ of 1Q 15 bar and at tenpergéﬁﬂes above th

t f

zi rconi um ri pthe HErRUse! eifEm d2y gorraiha iragions Sipfeiasfuriier mompgiscs fom,
fhe et Nagdo@ webio™ 200 WIRISIRn RS Wl PRI W HIBORY hilkerfaP T fhblndihde

f orm when exposed to a gas g a carbon partial pressure o 1 bar,
an oxygercopgris¢ alenpnessslgced dfoni helgoarqnsating of édper MaiCe, b¢, MO5SE) Co, 22,

The meth l.ai m 2 eint refractory material remains in the

oxi de fo?ﬁ1aﬁéﬁTgkgésgﬁxpg%%’B&§mﬂg5?ﬁ 5?@5?%8Wr gftial pressure of 10 10
bar, gan oxygenTR@hppRhtuPbERUEE, Wheddn IR RAktor 86HHpSHenRidcRIIBE hALH &RV t he
full range of from 18000C to 21000C. 23. The nethod of clai m20, wherein

t he crystheinkyqpmbsmenalithrarcadtor basl, p edactos conduitrand? reaktapsmegbi ¢ duri ng

heat -up from 12500C 1g, 23000C,. 24, The et hod of cl alma0 wherel b £fis;vapor
pressure of the ﬁ%P?achry et er P ars s s AR Y1o aryatm20bBYE Y 2E A
met hod fQgth@dMﬁwhHBgm&mﬁwdm@ﬁﬁﬁion feedstock using a pyrolysis reactor
system conprising the steps of: (a) providing in a heated region of a

pyrol ysis react fyst §5pstos el gy Se691b F4AE1OR g slow communication with the” first reactor, at

20  least one of the first reactor and the second reactor 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 for at least one of
i) when exposed to a gas having an oxygen partial pressure of 107 bar, a carbon partial
pressure above the carbon partial pressure of the zirconium carbide and zirconium oxide

25 phase transition at the same temperature, and at temperatures below the temperature of the
zirconium triple point at the oxygen partial pressure of 10™"° bar; and
ii) when exposed to a gas having an oxygen partial pressure of 10 bar and at temperatures
above the zirconium triple point at the oxygen partial pressure of 10 bar.

17.  The reactor system of claim 16, wherein the refractory material remains in oxide form

30  when exposed to a gas having a carbon partial pressure of 107" bar, a reference oxygen partial
pressure of 10 bar, and a temperature of 2050°C.

18. The reactor system of claim 16, wherein the reactor system further comprises:
(1) the first reactor further comprises a first channel for conveying a first reactant

through the first reactor and a second channel for conveying a second reactant through the
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hydr ocar bon feedst ock, apparatus conprising a refractory material in oxide
form therefractory material having a nelting point of no I ess than 20600C
and that werminmssi7a oxi de form for at | east one of i) wremuszposssl2zs o a gas
havi ng an oxygen partial pressure of 10 15 bar, a carbon partial pressure
above the carbon partial pressure of the zirconium carbide and zirconium

oxi de phagg Ee%é’t@?'thé %st%aét!&ﬁ e%@fﬁ%rrﬁfc?ﬁ&? LBLHAE wifh e%%c&n%%%t%t%ﬁ%%n@t%{eow

t he tenperature of e zirconiumtriple point”at the oxygen part
pressure hleht; 10 15 bar and ii) when exposed to a gas having an oxygen

partial press of . 10 15 bar atures above t irc

triple point di)t héh%ma%re&amgtea%ﬂéa FB&HO S3ermare ol5s b B oy o
cl ai m 25,, 01958k N hR8rdcefbbACleBdstodiB L ih@lsedoRTBIcASof, NwRKELRE tHeO §dBoW &Bactor
exposed to a"gas having a carbon partial pressure of 10 11 bar, an oxygen

parti al pmegﬁmﬁehefdﬁﬂkmﬁnwaﬂwlat a tenperature of 20500C. 27. The nethod

of claim25, further i Si eps.,of : heat regi on
Po 5 temdrat ot B TR s IS 0B R  schbist indctsthl dPSEh pele
f eedst ocknichh@dibth®cherhetk fiegidpior and ﬂ{eds)ec@w ehdai fRdcdnitendydie@t argedtion of
f eedst ock usrng heat fromthe heated re 28. The nethod of claim 25,

wher ei n tthe firgfreadand rwithat &apta PPEIPA] ‘Pifst rﬁeﬁfméi BREERE. sy FARGIRBRIEXGE SSEEP™ 0 a
gas havrQ%Pﬁqﬁgrgﬁgﬁgag%hpﬁl%Egpsure of 10 10 bar, an oxygen parti al
ar, and

pressure 0 a 'tenperature over the full range of from
180006 t @021000 @GetZS fo‘fhﬁitig’ﬁﬁirfg)chrbtfde@b(aieme&ﬁmcfd@[’rbkl@fl of anpfrastbigmiteeiaineps
of: (i) flowing at | east one reacta inafjrst direction through the
react or stb & (PEFENYS P% ar ygelyrsy b r&reca on éaeéi@toaketheelaethaﬁtcorr&rﬁm R estensadh or

system t%r@ﬁ@&n tie, *E%Qt%&*% 1691021 Pg\%grs(s' fdadtof lsQUEAFoR pVHYASRTPRMIE &EEHRH OCK

t hrough the ted regron 0 pyro | east” a portion of the "hydrocarbon
f eedst oc kfeedsd)ckr arhaceusacamaeduera hyftrcow s maerigrio duade. foﬁﬁ th'Ehefracgoﬂyomiatghal

cl ai m 25, mherel the s ing the refr i

compr | sedbHg g Bofb okt b FankloBli GrnEeIaR oy G oTL AT Bosine s
yttrig bas exdleﬁr&gotetierot@g@d hiveh@hh RY élhﬁaﬂflﬁlf pREIPE Yf rmtlfebalala cadlon pirflal
nmet hod of claim 25, wheréin the step % a) providi ng the refractory

rrat eri al [EOWpIC] sheye rihwaldhong)aatlarlettrrmteorﬁlthmmqonmrn sonbpde aidhgireaniym sideo0
Yoyttr Ihasebtfgllrans 10L1|1paqnthg rga?rn ?ernpera ulreg Di}ld %{ te[nrﬁpeere{tggeg %Cfo ! Mterr%r[nte)&a%re of the
zirconium triple point at the oxygen partial pressure of 10™"° bar; and
ii) when exposed to a gas having an oxygen partial pressure of 10 bar and at temperatures
20  above the zirconium triple point at the oxygen partial pressure of 10" bar.
21.  The method of claim 20, wherein the refractory material remains in oxide form when
exposed to a gas having a carbon partial pressure of 107" bar, an oxygen partial pressure of
107" bar, at a temperature of 2050°C.
22.  The method of claim 20, wherein the refractory material remains in the oxide form
25 when exposed to a gas having a carbon partial pressure of 107° bar, an oxygen partial
pressure of 107 bar, and at a temperature over the full range of from 1800°C to 2100°C.
23.  The method of claim 20, wherein the crystalline structure of the refractory material is
cubic during heat-up from 1250°C to 2200°C.
24.  The method of claim 20 wherein the vapor pressure of the refractory material is less
30 than 107 bar at 2000°C.
25. 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, the
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refractory material having a melting point of no less than 2060°C and that remains in oxide
form for at least one of
i) when exposed to a gas having an oxygen partial pressure of 107 bar, a carbon partial
pressure above the carbon partial pressure of the zirconium carbide and zirconium oxide
phase transition at the same temperature, and at temperatures below the temperature of the
zirconium triple point at the oxygen partial pressure of 10™"° bar; and
ii) when exposed to a gas having an oxygen partial pressure of 10 bar and at temperatures
above the zirconium triple point at the oxygen partial pressure of 10 bar.
26.  The method of claim 25, wherein the refractory material remains in oxide form when
exposed to a gas having a carbon partial pressure of 107" bar, an oxygen partial pressure of
107" bar, at a temperature of 2050°C.
27. The method of claim 25, further comprising the steps of:

(b) heating the heated region to a temperature of no less than 1200°C;

(¢) introducing a hydrocarbon feedstock into the heated region; and

(d) pyrolyzing the hydrocarbon feedstock using heat from the heated region.
28.  The method of claim 25, wherein the refractory material remains in the oxide form
when exposed to a gas having a carbon partial pressure of 10™° bar, an oxygen partial
pressure of 107 bar, and at a temperature over the full range of from 1800°C to 2100°C.
29. The method of claim 25, further comprising the steps of:

(1) flowing at least one reactant in a first direction through the reactor system;

(i)  reacting the at least one reactant within the reactor system to heat the heated
region; and

(i)  flowing a hydrocarbon feedstock through the heated region to pyrolyze at least
a portion of the hydrocarbon feedstock and produce a cracked hydrocarbon product.
30.  The method of claim 25, wherein the step (a) of providing the refractory material
comprises providing a refractory material comprising at least 80 wt.% yttria based upon the
total weight of the refractory material.
31.  The method of claim 25, wherein the step (a) of providing the refractory material
comprises providing a refractory material comprising at least 90 wt.% yttria based upon the

total weight of the refractory material.
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