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application relates to and clainms priority to US Provisional Patent
Application No. 60/751,985, filed Decenber 21, 2005, entitled "Corrosion
Resi stant Material For Reduced Fouling, A Heat Exchanger Havi ng Reduced
Fouling And A Method For Reducing Heat, Exchanger Fouling in a Refinery" and
US Provi sional Patent Application No. 60/815,844, filed June 23, 2006
entitled "A Method of Reduci ng Heat Exchanger Fouling in a Refinery" and US
Provi si onal Patent Application No. 60/872,493, filed Decenber 4, 2006
entitled "ACORROSIONRESISEANTMADERRAICEOR REDECHD FOULINGAHRATCESS Stream "

t he disclosgiﬁ@ ifically by
reference I el dﬁl}&?w nven %ﬁ%kﬂ%%%@@gwéﬁpﬁvﬁﬁ nrelates to
the reduction of RESISTANEE.MNIHMEJHOD BOB REDYENGHOUHNG he reduction of
depositional fouling in general and in particular the reduction of
sulifidation/sulfidic corrosion and the reduction of depositional fouling
in heat CrapRéferen&loROIBRANSplicokibich 1 ncl ude but are not limted to heat
exchangers, furnaces and furnace tubes located in refining facilities and
pet r ocheni cal 0§01 Cssppigation edldidstio &l cR PR o U@Bﬁa@@r&m Batessed for

transpor o) e o fouling.
In parti %‘h‘}mat%l\ﬁ (Wﬁ)/b r’rfﬂg(rli ﬁgﬁé ?rgth Zr%g#m%hﬂmé] (’Corrf’ﬂ lreéﬁ'ﬁ'gt]\?%‘h‘ lE)f corrosi on
and foul Fﬁé‘e%%ﬁqubt&d HepttBxchyngre HewngRedaeaddoulib dnpAddathntd Fomvent i on i s

di r ect edrédicifig ABH BRYAarRE: i G A8 b mponent,
whi ch CO?@%};%%A; he ugn(e% rofogﬁhécor r%fisn%gnhdragg g}?‘gﬂgﬁﬁn%t&m@ﬁg %gl\llﬁﬁg t he desired

surface Jded Jpmeg3.:20Q0 enfitlad; “Ad¥istend o Redpripg Heat Bxchangen Roulingdma and i nt er nal
turbul e nRe‘ﬁnpfybmbltLE’ Eovifiaakpteatyspliofion Ne 60RYEM] B December b %@6’”] Heat

transfer r r.e etrochg rocessi ng

appl i cati %ﬁé@‘alp Vari gdu@et#? 3f$@ﬁ%‘“§/\h“ﬁ‘i‘%["?&g°cf%§<§"|eﬁr @sglf%%gfai ¥st the

t enper at whieh {¢ hezeby inverporated harcmipecibéally bereferapeessed fluid (e.g., crude oil or
derivatives thereof). The heat transfer conponents (e.g., a heat exchanger,
fumaces, and fiimace tubes) nay be near the furnace to pre-heat the

t enper at FERA oPfhei@n@id Prior to entry into the furnace (i.e., late-train).
A typical tube-in-shell heat exchanger inc hides a plurality of tubes

t hrough whi choao2p Taislinvemion tdlaytd the RUGHoPETduIG@atioh Ss0BidicAoRRion hdgui d and a
cold fluj d gucttx [ Sehar.at charrbers or t ubes of tgﬁ heat. exchanger unit. The
hot f1ui@ 5 anot drgporignalfouling i eqnzal and in pagiicyjpr fhe rqqpstiqnolt “exchanger is
desi gnedsulifidatipr/judfidiorroirgsidnaadithe edudtiemsf depositiomh foulidglin beat wansfxot her . The hot
and ol dechlobies, i L butGRITR] ity datregttexéhgf?ga&f fnaS Gl Smd L RUON Lhe Tube

wal | that Separates the hot an By enpl oyl ng € correct flow
rate andofredinedingfagifiies apdpstrepherpigyd Pf?ﬁ‘rsﬁlt‘& fagihities Brdsathen santpanagtsuseder f or mance

can be opt ﬁmowgeo@hre@lnhedmesést&am &hi¢h Rhy I HSE iRainge XGRARAE designs,
such as @P' r al chanﬂ e]% %tgre i N- tub‘g heat exchan ers and

pl at e- an ?W%?Wé"‘ﬁ G 5“’8?) corresioaaad fopiingapsocifid ViPreSsite pri nci pl es.
100041 Dupedmsy Thopmht mwwmstdlrecmnb aotethb@bfnedning foeling h a Badrdnker heat

exchang ur bui | d-up of
deposi tgtrorm E Sish %gﬁk@%@&g 4’9‘% et Aogrﬁg& r?%séa%g%%grr‘aggﬁvmg% dgwteg %e opt i mal
contr ol f@‘thP‘ﬁéWH'e@F a@k@?ﬁ@h@fé’llbfatlp@muismn prr intiing] tebitnexproingtesshe  unwant ed
deposition of solids on the surfaces of the tubes of the heat exchanger,
which leads to a loss in efficiency of the heat exchanger. Fouling is not
limted 9 heat Sxghangers. Foul ing may occur in other heat transfer

compone e nponents for transferrr ng process fluids. The

| oss in heat n [ |n hr fuel consunption at the
furnace and r[{ét{gglcg%ﬁuﬁtﬁhﬂﬁﬁ ?&Yilaheq%%d&?e up- IREUPORSHIi d transf er
c onpone rPBliGAESE ptvariquy IOF@@EFC‘@Q’“I the Beilhgs i adJUht lgﬁhfempﬂr@ad §.eq heapurwnlh g devi ces

and pl Ugﬂ’lﬂﬂgardéésséamﬁ é%ﬁ%ﬁﬁe%ﬂlél- Wmmveﬁﬁer&ﬁ)r Y&e Qéa%scfelqjom{)&x
peri odi caI Iy, di sl odge and fl ow downstream aresult o ouI | ng, the

t r ansf er®8oh{yBHeMea eaﬁﬂnﬁesa?“dtfP‘B%F‘@Fs)Eﬁh%‘ﬁéﬁP%ﬁ*ﬁﬁ%etm pehps e odi cal |y
renmoved témmemnsesfithecs! pirior tb ents/ ﬁaﬂfé(ﬂ'uma-ﬁb(lﬁ d&wﬁasg@p&vm&ldl stfeaci ity
reliabil 0 Thi so leads to increased
manpomrde%téa%ﬁg{r@cﬁ‘?%y%ﬂgg{% % geesﬁo er" ‘8 ‘éé”ﬁ ﬁw%’f equired to
service foul ed heat exchanger and process fI uid transfer t ubes. Anot her
detrinent is an increase in volatile organic em ssion resulting fromthe
cl eani ng process. 100051 During normal use, the surfaces of the
tubes of the heat exchanger are subject to corrosion as a result of the
proI onged exposur e to the stream of cr ude and ot her petrol eumfractr ons.
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3 100061 Wil e the problens of fouling extend beyond petrol eum
refining and petrochem cal processing, the presence of crude oil presents
numer ous wbvemi7es4i n preventing fouling that are uni queCcTwsp@icne3sum
refining and petrochem cal processing not present in other industries.
Crude oil, in the context of fouling, is in reality nore than sinply a
petrol eum product produced from an underground reservoir. Crude oil is a
conpl ex m xture of organic and i norganic conponents which nay result in a
variety of foulant deposits on the surbaces of the heat exchanger including
but not limted to both surfaces of the heat exchanger tubes, the baffles
and the tube sheets. For exanple, crude oil as it is received at the
refinery often nt ai CQLT. e, which
are forned?P ‘%r‘.’é égrlagr}s(%aocn %id%gteﬁé g&] i g‘#g&e%ﬁ&e{hﬁ%g&%{ggﬁker hol ds
and crude srnxoﬂag@tﬂandk@sfefshrséemtmobér %r’{aebeat%eharsegmdewﬁ@rou ons, will

deposit w teﬂicilnﬁsﬁ@aﬁasf&m%%ﬁ%éﬂ&@e%&wm Hotqg‘df)&m fuh @RI nete@ tUnibd@d. Cr ude

oils often contdi n agueous contam pants, sone é\hﬂép ({ ve at the
refinery. Ib@staTaﬂﬁf?igcquSSﬂHQ‘@Bﬂted“breé"ﬁlér}’étsﬁ?%ﬁtesg?"hf"iﬁ“ BtaPY but sone of

these cont apbRAL e Best florait g ridEnitdesad dref ofitrbartitide her adengr eheat train.

These di ssol ved salt | so _contri bu epos it oyl Sodi um
chlori de aR@RERI %EﬁPtWﬂaf%‘ glelg gy?fi?%re%’a% ha{]%pgésﬁ f)éehdl(') f oul ant
deposit. Aspiradhet aalthngand, abehﬁmm&tsxcamemmlm@merﬁam@@t prctmemu on of crude
fromold resery 3 | .t grganic materials are comng to the
refineries ?eratfgsggnzl?]@g%giswgﬁg’ l{Bf(%lt entially contributing to fouling,

100071 Crude oi :‘[(ﬁmfﬂr BulingRb&:R L with e heRtect M6 oif SditRaHedt exdhiiged he m Xi ng of
certain types o

crudes can lead to a e of . foul ant rial. The
asphal t eni comesiasapdihe byjldtup pEdeppsiitoqsyss: aﬁle{)"“ﬂgf féiﬁmsﬁsg‘s ?#e“ C?'}Egﬁ% Sble
crudes W | |Fo@lide@8vdr@R Gmpaots &e@ﬁﬁﬁ@mﬂﬂalrdf kh¢ hedt gahingert Fpdingfn thiveoniertgs  whi ch
W th prolonge s At dehiohbd doyds@h e BuERLARR: PRERSAT oRhes Ofarlknifyoul ant

deposi t. ards ROt N ach di ¢ conpone irectly
corrode t heleddea;ta lmxoml”eﬁﬁt@ecy afitedapdt exchanger. Weuling lsmardmhémleataeqhwew Il renove
metal fromghe S#!%r RGP in ARG rfeut{trah%ér%o@%maaasm LdmpORbE For SretiskentlisC

corrosi on whic s I ron su is sulfidic scale that is forned is
of ten r ef erpresgsstividasThedess indeatiprstes efficiensy resylty in higher fuel copgmaion{fAt het i ¢

crudes are glekl\uesreflcothRLDEES Theighilalp IPdulii® RASHuiShaber colnBineansltis Br extra
heavy oils and are al so roc sed in refli ner(g@o%?régééons These synt hetic

crudes pr esEHEebqrepYrhighes s PRSI U a0 °r"’r‘@ftrerm|n§(|1“ "B'e too
heavy and Cdarrurwdaasmf fdubaeariddally didodgy piddllv doghstran.yAs orepittoEslng, The
materials atge Of 5n%nt A tsgra.%ﬁ E%oggn %gttﬂe%&'ro%lcgl r@lﬂ <l B&R Shipped to
refineries ese cru cont ine particul ate
sfti caceousseivive rtcg&rcieanedaﬂlsadecre@gmveaﬁ facnhmfbl@btklas@e @fShlité‘rW“ééﬂﬁds Sone may

al so contain 15 “(ée' *is Qb SEddR kCinTBE R thalboivet RAlireRERs Me%‘ﬁe Erﬁntfeﬂffm ng
pol yneric fou deposits w thin heat exchanger scﬁﬁsgg be under st ood

fromthis d‘il@él{}SSfFUhfeq%fF@rHéer(‘ﬁcf ulgd heapex ARk 24 PR ‘déré‘ﬂfa%F”B of formng a
w de-range &ﬂoﬂfe@&ﬂh@ﬂéﬂtﬁ&pﬁ&édse inwpRBle organic emidsMDOShiticifrore e kiganigher e ar e
various techni ques avai l abl e for reducing fouling in refinery operations.
ne techni &% avoi di ng the purchase of high-fouling crudes or corrosive
crudes. Thrs I tially
avai lable to t hgm\gfrDﬁ%}r&%&Hﬁggr f{ﬂgﬁg{g% ogﬁ%ilﬁeggﬁﬁlgﬁ%f éxa%g%ér §rga?§ee§?ed to
det er m ne waeetusion oy a meyt of thepielongsd earorsuﬂr g theghpran ofisTode FdrMeRTECFE | nery.

Agai n, thisgLabhs! EisRn bide £&ﬁ@k§b%&m@&tcea&s @Idnyveamafabahﬁteanteehah&e refinery.
Ant i -fouI ant agents may als

e ﬁ e refiner %tcrﬁ ev ile these
t echni ques @Plé‘gd’é‘é‘f"ii’lﬂ‘eivﬁ“‘?”éam???gmtn &t %1‘36308‘?111?’{?6%"}% B BFReMREC heat

t ransfer copegRhal suffeel Foalingimyot Hinitéd solBlyceithe undiayils beng moasssed. ridenst ances.
The heat exchan st stil i or

cl eaning to’ "ﬁc‘é‘ﬁ‘g gaﬂge%s TR i QS%? Eo%%%ttﬂ%%hﬁgﬁm Kﬁgrbéga?gk%%&gﬁﬁh%t be

t aken of f - | ¢on@inasoliisstdaerhigh ﬁOHIdEC Budids ean bp bgepiatedyebathcerrosessiEamant

deposi ti on. QB&L‘?& buit Jt(ﬂﬁlﬂé’c{tb X@ fduﬁ%ﬂaﬁ‘ge m#&e@%m BitrPeResk Q%aﬁ@ﬁclﬁkﬁn
mechani cal devi ces "brush and basket" devices These
devi ces, hobipettimi v@rchqser(r&brlr)r ty and hi gh mai nt enance needs.

[ 00101 There is a need to significantly reduce fouling in heat transfer
conponents in refinery and petrochem cal processing operations that does
not encounter the drawbacks associated with the current techniques. Sunmary
of the Invention 100111 It is an aspect of the present invention to
provi de a heat transfer conmponent that is resistant to fouling. The heat
transfer conponent is used to either raise or |ower the tenperature of a
process fI ur d or stream The process fI ur d or stream | S pref erany cr ude

o S Ly




[ 0013] The heat transfer conponent nmay be a heat exchanger and the at | east
one heat transfer elenent is a tube bundle having a plurality of heat
transf er wohess/o79é3er ei n each of the heat transfer tubespbanisogcamssnner

di aneter surface and an outer dianeter surface, wherein at |east one of the
i nner dianeter surface and the outer dianeter surface having a surface
roughness of less than 40 mcro inches (1.1 gn). It is preferable that at

| east one of the interior surface of the wall of the heat transfer
conponent and the inner and/or outer s8rfaces of the plurality of heat
exchanger tubes is fornmed in accordance with this invention to have a
surface roughness of Iess than 40 mcro inches (1.1 gm. Preferably, the

surface roughnegggs Swrtle%?eptdtsmsaﬁfo reaeﬂdrbehﬂapétmeﬁmgﬁhmgwe pref_erabl Y,
the surface roqughness is less than 1 n?[lcro i nches ggﬁ‘af CL IS

cont enpl at @t?ofhﬁ‘&tcalﬁ’&cﬁs‘tlﬁéh%’i‘ﬁ@tce aheirdsg %rrsegfar’rfaeé%s & PB ‘Eﬂ“&%. ty of
heat exchapgrig tﬁdﬂ&@&m&ﬁ)ﬁo PerdRuth Mna@ammmmemmcsmg mt preseatiighthess. Such a

surface roughness_s i .cant uces. | n rface within
t he i nner ’88%? e %ef nlt‘ﬁ %8 t%’xmr@gmgels n e ogéth%;h%ﬂpﬁwgt ro?‘je{um stream
f1 owi ng thprcdlghprbdueedtfwlrxam md’dngomdmtrvplsmcacéss amqmphemumfwf orfjagifret er of the
tubes and 9 \{{H A reshlpﬁla%y@oﬁ@ﬂnlthepf)s@tg%ﬁegﬁﬁcéseg of the

vacuum r esi (rslllua(1r rea ousi n Is al'so contenpl ated that the
sur f aces oﬁlemﬁeemhﬂﬂgﬂtre@uld@%htte@ ltmﬂ%iorbo@'ﬁéff%eﬁtf the heah gl ihes e sur f aces

of the tubgrBlesd fe nbbincls. TBELKaRIERBIde 6il tsuhe&céxrbdrat taceﬁ,myofat so have the
above- nenti oned surface roughness. Ugé:@ surf pael hness uI d

si gni fi cantamAins SeRRsn PREIdUriSUSH s RS T%‘Blhaé?t ogme y coFg 2 is an
aspect of Eﬂnﬂngatmaseeﬂbxpkmﬁzem,k@nommqbém&d stheaga tapkse Ghis ntaleait], ur@errtlse‘rgstt ant to
sul fidation corrosi.on and.co Nodh g . h ansfer
conponent . GFﬁg] OB &} “?"Wé‘r%s tgurl B%agexc %é ulltglg "Id&éOSHﬁ)gil zdzgﬂsﬂt?g oﬁlg&eh%lrat transfer
el ement havftengosain Rquaes cm@mérsompﬁ\de@ammaathe whnesy. Resdtnsieysediar f ace,

wher ei n t hgeahod Biatﬂét'xﬁ{enﬁ L RPRRE oPELsE Gont@iARA phst @dueh fk Héﬁlteffﬁtcﬂlid al . The
sl eeve in accordance wth the present jnvention has, a f| rﬁngdggmce adapt ed

to cont act cyferrefeattgm. These 9‘5581"5415@{‘%93“ alse gogibute fplepqsitiong) fou er surface

of the heaEhl&ﬁc@@ﬁcf@ho®|c&B&ﬁte sﬁ&dre&yp&iﬁﬁ&'fﬂds wdfme&mttedsmemt act the
process streamh erer n the seconcés{ urface roughness of
TR e :

| ess than A8 e prad oEqhagce prgd ‘?HB §'I‘d§2r cgrresr‘fwot‘rorme Froma
conposi t i ototdagit mawrizlese atnang to the refinérieks chetbd qnmde@dmrctmteotrallan@ltrdmhm&isi on

i nduced focrlll ng- 100151 The use of conposition that is resistant to
sul fidation oresuffidic corrosion and foul i ng for formng at |east a

portion of the h)@ & @&@J‘(ﬁlfs@lretﬁﬁb@%ﬁ&de@ﬂt@ééﬁhﬂpr&ﬁd&Eﬁﬁ&@o‘f’cﬁﬁimﬁhﬁﬁnt|y

reduces foulin corrosi on, which produces Eerous bggeflts i ncl udi ng
an i ncr easéf §H eh@‘&t‘?aﬁ&@P%?ré%ﬁﬁ@“l”a“rag’ﬂﬂcﬁ’iﬁﬁp HEABRPLS  anpunt  of
ener gy neegedzp&a@edrwatenatﬁugoferrcuﬂpaume lerud@rwill Bfidhéas ® d predosfnmtyyordatiic opghput  and
a significa educti ol jer accor dance
wi th one asg%’(‘:‘ go‘?’h’f}h‘(’éqb‘?xg % PR w@%@nna PR S HDOT erolgér%@% orpt he sl eeve or
t he heat t degnst. @m@mﬂpdfcmratso mmtaal astde@bmwnlﬁ@@wttdlrmﬁlyemﬂdathﬁh%g X, Y, and Z,
wherein X 'e;?chanégﬂha%naﬁ% £ hph b AD L AC i ttRe GRAPISH hBGrle b8 sublic Co and
m xtures the nis Vi . wher el n is_ at aEﬂaﬁslt one

al | oyi ng elcmﬁﬂtss‘é‘ﬁléé\tséﬁﬂﬁqi‘tﬁ?ff?%‘f@ @?@JMHP&?‘%@M@‘%@‘@?C scafgthatily, 1 | 7y,
Hf . V, N, thhed VBftenMferpSd to X5 sulf@e in€@ed BulingCu, Ag, Au, Ru, Rh, Ir, Ga, | n,

Ge, Sn, Pb, B, C, N, O, P, and S. The sl eeve or the heat transfer el enent
cont ai ns Cr - enr [(0bgdSynehiged crides fre dertviic@oprpcesdirerof bituniehs st@le; rsendsioed | ayer

al so being fornmed fromth e G gsteoof Y to
X in the Q‘ex%an}refl‘gh‘)llsda!}ryalr eea?SO éﬁc%sed gg‘?%*épeﬁg%%t ggesg% F%hcotﬁb% & § in the
remai ni ng p@uwmlrfowiﬁlgptwelemeat thtspara@fﬁ& argfoe heavy al@rwsfﬁ@e%ﬂeladeﬁf@ t@r enri ched

| ayer 1Japr'cﬁ%g/ t@}ﬂrogés? B nileRAL &90@&';}&‘@@&3@@‘@% ;Jn%@tton@ﬁb Sgmkace of heat
transfer eI ment, €lectroplating, thermal spray a|n ar deposi tion,
sput t er i ng,shipPRSY @ﬁ‘l‘enﬁsaaﬁé}‘nﬂtfé‘f)‘ﬁs‘iefl Ohpse Eﬂ‘r‘?ﬁf“&’é?o“@ 1°6‘ﬁ° Spl asna

powder wel GidpghniVikradach &hn@@l@h:d@@oftﬁ@&ddlsﬁrﬁuﬁh)odlsohcmﬁih rbgcuvé\o]efuﬁ:t ective |ayer
may be fornmed on_an outer surfac he T rotective
| ayer conpr‘?asgégpgﬁt BXPY t%ZW8§ggy’?erno:tnu?ﬁr'}%eacr’%ﬁ%&co%sl 'S han Fre P‘ %a&nagnetr te,

an iron-chrom um spinel, a chrom um oxide, and m xtures thereof The
protective layer is fornmed when the Cr-enriched |layers is subjected to a
process stream at high tenperatures up to 1100C. 7 [0017] In
accordance with anot her aspect of the present invention, the conposition
for the sleeve or the heat transfer conmponent is a carbon steel having an
al um num or alum num all oy | ayer |ocated thereon. [0018] In
accordance mnth another aspect of the present i nvention, the conposition

o, o



0.01 t%to about 3.0 wt% Al and at | east about 0.01 wt%to about 30.0 w %
Cr of the alloy. The non-netallic filmon the surface of the alloy may
conpri se WO 2b@ag5631 nm t hick Si-partitioned non-netalli ecriuseooschigsso
non-netallic filmis a nulti-layer non-netallic filmand consists of at

| east 10 atomi c percent Si based on the concentration of the non-netallic
film 100211 To further reduce and/or Iimt fouling, the heat
transfer conponent nmay include or be operatively coupled to a vibration
produci ng device to inpart a vibrationdal force to the heat transfer el enent
which results in the devel opnent of a shear notion in the liquid fl ow ng
within the heat exchanger. This shear notion or turbulent flowwthin the
heat transt el couRPRE N hislasislioh, L& iR bR Bk RS Yaphilbiasinuln Wifke sur faces
of the component by reducing the viscous boundary | ayer adjacent the walls
of the heafangqfiurastdepesitf®it . The heat transfer conponent may include or be

operatively coupl 93 0 a | sati on duci ng .devi.ce to | y.pressure

pul sations to tﬁ‘gs r%ﬁ%ﬁg’f?éﬁl’ﬁmwg{ec ‘Tﬁ@gﬁgﬁftforfegu%%a@ﬁgg"gspect of the
present i nyefinéry operdtionsp 0mv iectmiqae isetdidiol tbé pureéhdseof high-foolihg angles ot carrdsivat
exchanger for_a.pr I . ality of

exi sting hgrélfl ex c‘ﬁg‘ﬁgezvr%f’?eh“%“gg& q%gggfnfgqt%%%cé%gE?ﬁg@?b&%ﬁn%%?e%h%t | east a
portion of refierypRddiddnaliyy thefrudodilsrn pryestrdde detsrminamhether pinsete difilihe heat
exchanger ; c@xﬂﬂﬁbl@%tﬁ[hls Fdlerf RbaiH, sl by re@fce Bt BleAGRRBAENBALvaiRX RRAMger tubes.
Each of the%_pl urality of replacenent heat e>§,chan er %ﬁiﬁbm formed from

a conposi t FgReYhARt-faslaptagentsrapplse be addedtp S reiBRY 652 il e“F%ﬂHGF ng,
descri bed akaveul itReucigMerdiiaciouliag gliie ts hek trhreBscompamentd Jouting may stiliches (1. 1

urn). Alternativel .each repl a nt tube na tain S| ee | ocat ed
ther ei n.  TRECL IS B e R B er spstaneer el e Slohel Vel Bom 2 6
sul fi dat i osereios foogéaning arremeve thedsildwp df nehirsatantso Hlrnarg tubes must be[tgGR ST | tis
anot her  as ReehngQlear 1€ afRbEASHfigdeBUERIE Bfobith: BEAYHAL chucRRIARfeal VI i N

sul fidation corrosion resi Sta ce and corrosion induced fouling resistance
to a netal msthefsipdudefhsiuse of mgchapiesl devicss @-gpr FTREL wnd ebapeh 42d bes

t enper at ur ggvicelNgnese tivRds, ho\dveidRse RVaMiabilifGr@hifeingihtehaadeaiceddavi Nng a surface
roughness of less than 40 micro inches (1.1. um formed froma conposition
conprising X, Y[o0a0)dThére imhadee torsigiificantlg radededbulisginthedt eohsfer anmpbhatsgn oup

consi sting Fe, .Ni . Co.and m.Xxtures the Lo s Cr, and
wherein Z i“gs}‘fmgrly afl%%a’gf’ Chg?lnéglgmc%sf/lfl (g)fefa %nr?glr?g gogle Oé%g‘gﬂfr ?‘85‘? b ‘é°"‘§r oup

consi st i ng assbeiB8ed wigdl the dvirentTchniges. | - 1f, V. No, Ta, Mo, W Sc, V. La, Ce,
Pt, Cu, Ag, Au, Ru, Rh, It, G, In, Ge, Sn, Pb, B, C, N 0, P, and S,
wherei n a Gummaryefdthe Ingentlon; 5 | ocated on the nmetal |ayer, wherein the
Cr-enriched | ayer al so beisp;]eq &lgrmed fromthe st‘cfel co sition X, Y, and Z,
wherein the rat 1918 I ap gspsctphe pieseptinvepiion (U8 4/ NE3 BATREBBEE er t han t he
rati o of Y tiabis¥esisantthulifef Te heatyrensfer ddngponaat i ogd fakithéresiseiondwedtbs f or mi ng an
protective |layer on a sur f - i.ehe ) 2 100241 It
is yet anotfie rerag“sepégc? 57 Bﬁggrps(r%gasl% Eﬁ‘egﬁjgégwlgg sﬁ 8%%2{7%%%5 mr?gf) ]I110d of

provi di ng $edefl puils prosessed iragefineny or patiodemitelfacility Themresait Brentipd hewsyes oul i ng
resi st ance id Qy frel&dlio S 1MNRA Sdiel P MRAUSES eridblbilso8iRer prbBs ROk dofGiderdes
providing a silicaon containing steel conpggltlon i ncl udi ng an_ al | oy,

wher ei n t hdo 8a Wwihin thesicprsdf HF BiSTePHRYR M 485 hepigransfer comPoRali MBY 5§ % which n i s
a netal selhegeatadeenTubdace, GRS BSing biherGomponkr within,a rémeryand mi Xt ur es

thereof, O0is Si, and t js.at |.east e al |l oying el ement sel ected fromthe
gr oup consipg?‘?cﬁﬁmﬁa??aﬂl‘%y dﬁf“ {,’leﬁstfan%?rfmﬁe?t, ﬁ{‘\'}? glﬁlﬁrfeg“lncr)‘?o WB&‘GW%' > La, Y,
Ce, Ru, Rhalsbbyscdptible ftfoulifiy inclaging ot Genited3e Crylls Prehenf, Coker p@heat, BGC B, C, N, P,
0. S and MatlhGRnbkRh o JfnWRAARE b kAR LA EL S LA (HhAG o7
non-netallic filmon the surface of the alloy having a surface roughness of
| ess than Pehpatesy 9 refinem dacilitios and fgpgoriniRsenr ePmPORHE and Feattrackerirefommer m

conpri ses sief inGRtrocRenhi6he faclids D TEkEheatMahstdr dempoRiy Sdkdins AEleasOony Benk bi de,

oxynitride an ] Xtures thereof 00251 It is yet ot her aspect of
the prese ntt‘apﬁ%’ifgl’?f“le’ﬁnﬁfscfob‘?‘&a?t&dethﬁ tebed 8%“3%{ COSPERANEE ﬁéeaé fﬁac‘glﬁnécé??to n

Corrosi on mesingt@adee! iancfinay siesin@riorn to the cde dn@uihg nfymeesvsddbmde b a heat

transfer cq nen ce . Th j Lidj teel surface
cont ai ni ng “a %%ééfe%g%g %?,‘“@b%‘é%%%%?%‘(%}‘ %&B&%@%&Xhﬁl %ﬁ_gea?n_at hod further

i ncl udes f erehapggr keving e o¥bF byndisdechiehwithing heveing. V3O aregrnt HPYBorip netinindede s

t hereof) on the surface of the steel, wherein Mis a netal containing at
least 5 wt. % Cr based on the total weight of the metal M The nethod al so
includes formng a top layer formed on the surface of the chrom umenriched
oxi de having a surface roughness of |less than 40 micro inches (1.1, pm,
conprising sulfide, oxide, oxysulfide, and m xtures thereof. Brief

~ - ~ F AT —— o, o



[0031] Figs. 5 and 6 are inmages illustrating the fouling on a conventional
heat exchanger tube after a field trial; [00321 Figs. 7 and 8 are

i mages i IWovo7at7se3g t he significant reduction in foul i n@Corusacdamas3so
exchanger tube in accordance with the present invention after a field
trial; [00331 Fig. 9 is an insert sleeve in accordance with the present

I nvention 100341 Figure 10 is a partial side view in section of a
heat transfer conponent having its inner dianeter forned in accordance with
the surface disclosed herein; 190351 Figure 11 is a partial side
view in section of a heat transfer conponent having its outer dianeter
formed in accordance with the surface disclosed herein; [ 0036]

Figure 12 {3 fnfdth tu@é-msshdﬁexvﬁaﬂg%sl Hlth‘éleEhE bRRnohveatidhanas aﬁpﬁ@ﬂsﬁxelthuconponent
havi ng both 1ts inner djaneter an ? Lf)ter ter fornmed in glccordance
ling when subj

dia
with the sbegehangers whish ggriesiaf Tb‘ﬁﬁﬁ F‘gi’ﬂ‘?’%r vpuyesidvely o oss
secti on of st@afddrthasiBe- tntsﬁateﬁd\aa@r fhxlpdleah hﬁdmghivlmgra@&piémhnrtg(a holsv first exanpl e

her ei n; ur e | L.u
concent r at 1in§ orV irg%ﬁgll‘?f) ﬁr?%elr Slﬁfél“pet tf;lat $a Jac elskfolloé 'inte% l' nﬂle %a?glngfex[ 0039]
Figure 15 élemat guyiphs titlelbuslla ladater githlin llmitm lmmlceséﬂl@ hmap‘eg &g crdedikif ge over

tinme for AL § itk B Ihgiﬁ)';]v mterhor of the Q040 ané:e'r g(':{l@iﬁg 186nd Sud o 5BR Vet t’né’St rating

di mensi onl &Ss tenperature c over for _another test specinen,;

100411 Fi gubebtungls. ngdaetbwaile mfereblmn@aﬂeis np@@b'tyuoafihpabffxcls?n#éalpe% ransfer
conponent havi nﬂ its inner meter formed in %ianc with t e surface
di scl osed her ei(R912l I“““”P?Sb‘lf pﬁsa‘tmi@“?‘émamﬁﬁ g%ﬁ" %%C(’WW A section
of ﬁ hﬁat hdaa;ig&f;ﬁéce@@ﬂaﬁnmﬁs rmmhng silfidati@dosbsichi aadredresiof nlingavhem accor dance
with the surfa i scl os e tial side
view in se®P? 8§?°‘gepm‘ﬁ%ss eafnr ans e@FtranSfer Yolhi ntggﬁlgcl/ud% aql?ugf% Ha§ln£? ﬁ%fer di anet er
and its oufoemingla betlewenterfoprwhectinite V@H@Ylmewwfhcetﬁéeagmeﬂ&e‘éfaﬁﬁfﬁg cl osed
herein; 1\1.18ment lolg'é]t&%ﬁ}ln i l%usn?%foﬁﬁ% 1R prdcOs SrafGHnMmOfonéw Sbage treat ed

as explalne respect to the second exanple herein.
the housing. In accordance with the present invention at least one of the inner surface and the

at least one heat transfer element having a surface roughness of less than 40 micro inches (1.1
um). The surface roughness is preferably less than 20 micro inches (0.5 um). More preferably,
the surface roughness is less than 10 micro inches (0.25 ufn). The at least one heat transfer
element being formed from a composition that is resistant to sulfidation corrosion and corrosion

induced fouling.

[0013] The heat transfer component may be a heat exchanger and the at least one heat
transfer element is a tube bundle having a plurality of heat transfer tubes, wherein each of the
heat transfer tubes having an inner diameter surface and an outer diameter surface, wherein at
least one of the inner diameter surface and the outer diameter surface having a surface
roughness of less than 40 micro inches (1.1 pm). It is preferable that at least one of the interior
surface of the wall of the heat transfer component and the inner and/or outer surfaces of the
plurality of heat exchanger tubes is formed in accordance with this invention to have a surface
roughness of less than 40 micro inches (1.1 pm). Preferably, the surface roughness is less than
20 micro inches (0.5 um). More preferably, the surface roughness is less than 10 micro inches
(0.25 pm). It is contemplated that both the inner and outer surfaces of the plurality of heat
exchanger tubes may have the above-mentioned surface roughness. Such a surface roughness
significantly reduces fouling. The smooth surface within the inner diameter of the tubes
reduces fouling of the petroleum stream flowing through the tubes. The smooth surfaces on the
outer diameter of the tubes and on the inner surface of the housing will reduce fouling of the
vacuum residual stream within the housing. It is also contemplated that the surfaces of the

baffles located within the heat exchanger and the surfaces of the tube sheets, which secure the



Det ai | ed Description of Preferred Enbodi nents 100461 The present
invention wll now be described in greater detail in connection with the
attached woguemese3kig. 1 is a tube-in-shell heat exchangem/uk®ocimsssh i s

| ocated upstream from a furnace (not shown) and enpl oys the principles of
the present invention. The tube-inshell heat exchanger 10 di scl osed herein
illustrates one application of the present invention to reduce sulfidation
or sulfidic corrosion and depositional fouling in refinery and
petrochem cal applications. The tube-iB-shell exchanger 10 is just one heat
transfer conponent falling under the scope of the corrosion reduction and
fouling mtigation neasures in accordance with the present invention. The

princi pl es gt 1{191 cet?ﬁa%%ﬁs'hav'eth‘é%sﬁvb%m%@d duftc8 RslghetsO S as@tle i N Ot her heat
exchangers inc ut. not I|m dto sgl ral heat exchangers,

t ube-i n- tuEf@glh’éﬁtWOE%éWﬁﬁ&@F}é‘eﬁ‘rFa mg & BESecrPBSheat exchangers having at

| east one heat nsfer el e rincjple nventi on
are intended toOB’g]eIhﬁla?)Wfftf’ﬂf‘%‘trﬁéﬁuﬁgﬁPn torpa(hs grSIe%VS%agﬁeeﬁtgéﬁlétcl udi ng

f urnaces, fulfidatiaecotrudiesand patrosibinfonlingdertuse inahet EaHngommn@nt sthedath may be
prone to peLlel eum an gtnau?e\!QﬁME ?e%i ﬁjaHg'Lreegllétlt'hQ\gng ANfneP @@here¥eRROGEr 10 is
used to preé-heat ¢rude ol in are peration prior to entry into the
furnace. Thud dveater Gxudicngtoee. berpin die @@Pé § axafemggqnh@mgrforgﬁ@ frpm 8 first whi ch

surrounds gp rlglomslévaglaccgf@mﬂcgmﬁ lh@'breéle%t inRntoH @ﬁr:.lst?suffzfce la@@tfed exchanger
tubes 14 is located within the P‘B‘%{gl nterjor 12 asf'i‘ﬁ %gFlg 1. The

bundl e 13 icPctNe st the ﬁ‘F‘?}rd}fF‘teteysubece goufe] diaspger PffprE o arranged in
a triangul @enefRhd Dt s@RcOIdaed 16 Cin@IBIGHE @bceSARéa whatih die secﬁimrface ube

arrangenents are cgnte ated and cansi dere e scope of
the pr esenfn %ﬁ‘lf(}gﬁ?r(%hsﬁl S'gT4 ﬁ%t%mét“hegﬁ‘tefr)’é‘ﬂ ﬂﬁhﬁv l&Bnt errﬁor 15 such
t hat the cifioohe coinposition et ihesistad td Julfidation h@roewtl md@ggmnrmchémhpmg or warmng

fluid (e.g., vacuumresidual stream flows through the hollow interior 12
to pre-heat thel09#3]dEhegist ofsprpasitiombatityesigan wapifidatigner Lifdissgresionandol | ow

interior 1%&8%\%; ?&%nﬁxget1éa§tra%%nof%é&m&hdféf@wponbﬁtamor@e@te%pl ated that the
crude oil nm | ow t hroug h |OWJnte(5IOI’ 0 r;g 11. The

ol
housi ng 11 S&H’(ﬁ“’%“ﬂé”ﬁ”ﬁﬂﬁ%@“ g a&‘f‘é’“ﬁ?@t APigRPY “F%Sr"r‘rglarof’srb(??ﬁrkgs “s‘@““z‘tg Conposi tion.
It is cont eﬁmdaaetledeatdfg?e_tfﬁmémey h@ddlﬁd:tibgmltﬂe @l irhent efeasgylntedeedyo Hoat theor med from

th t Ahd th
tuge:arlr?l gﬁ}‘ pas F%Plﬁrg?flefnr% mea‘t&t%e@gmn& s?%rl grﬁ%dulh%pl cgﬁeggd Jv#é tubeseand
the housing are [JDQQHE%CEO';&%%&%?&E D5t e PG QMU QOB ioS FoR Bk -

10047! As descri ove eat exchangers are typl caIIy subj ect to fouling
after prol @hge@rérxb@?éueefemﬂepmes biteel Compasitinesaupipie &f Y%L Mg eluces t he

perfor ma-nCQs Qxfnetﬁltlﬁe on%&ﬁ&ﬁ%ﬁsnsﬁ &Fe, N, @ﬂeﬂld@uidlreuﬁéréca,t@eiehﬂs efif ects of

fouling on the surface t resence, of foulln
r educeg t hr%t?é‘h rrhtfe‘a%ds rtﬁreftea%@gﬂ% meegﬁtkﬁrfg??%tte gy ‘8%"“5‘%‘“58%9 Ay )
il lustrate Mkdi, ammm' N, T4, <Mn| anc [, Bs ©atPrydut Agm Re RickatGaekcGadger t ube
atter f1ve Joptds of p OREE Al Oflevel sk nf LUk ABCILAR! SIRRL Br AfticRRRLEX] MRl el y

31% reducti oh At rsqger efficrency 1n e refinery. The foul ant
cont ai ns sddimerthetebr miherein tierGrrensaied lpxgealsprhging mmaagte%mowa%x As shown

in Figs, 5 \ag}{&zfiqhéta%bfw)a)@tntﬁer@ftbﬂﬁale@fayd@béutg @&t&ﬁﬁn&%%@@fYtﬁhtl ng can
further exacerbate the fouli ont ra 7

n
and 8 ill usq*erfé’t’@mf‘h'éoflﬂ‘é’cﬂf&elhffgui“ﬁfef ﬁﬂ?ﬁ“h%f sl |T§€i (F‘Fge“ﬂgéil eﬁfc’ﬁéﬁ‘ber t ubes 14
whi ch enbodymicd gy feion &b@lo%hihfngfaﬂeasﬁfn&ﬁlﬁ&é of Haa/tenaﬁsf@ plemdhelcsuoplagiog
cross-sectipns il lustrat S and, 8. eduction
in foul ing. tgeﬁ%lss%r 3(??3@523 &%efsepl"%é"%t %’81 TREP ys'calv osfhepa%lg%nxc nglg‘;r3 %nd subj ect
to the sanﬁlepxpemamlasrgamsrddnWQIWVQWrclEtdheg,mfmﬁlméom M petedtiyel. Wil e t he
foul ant prﬁé@ ?&f&b&d@ﬁ‘%&gﬁﬁf&%‘?ﬁle eﬁ"rlcﬁé?i l&ﬁzﬂtﬂbpl% ghedRdiykim chl ori de,

iron sulfi car bonaceous material, the amount of foul ant was
si gni fi cantdoyprsseiucsile seteréedifiomdReEe® corpsistingeof p SUBISHE: R4 FHATILBIPPE | ess

than 10 m ¢f @Rsniun] BEdd, HRESxDAY ihbeofl MR ;rraehﬂleerdyes WibaRre whalshhaatchald so

exhi bi ted Iess_g%%tiqg. The convent,i. bes |I18§%rated in Figs. 5 and 6
exhi bi ted d2¥FEdhsePGHUe ﬁ?pﬁﬁﬁﬁgFP“ﬁﬂv%t?mﬁ o ng/ cn2. By contrast,
the tubes 14 constructed using principles in accordance with the present
invention illustrated at | east 50% reduction in the nmean foul ant deposit
wei ght density. The sanple tubes exhibited a nean foul ant deposit wei ght
density of 22 ng/cnR. Deposit weight density was determ ned by the National
Associ ation of Corrosion Engi neers (NACE) net hod TMD199-99. The reduction
in fouling shown in Figs. 7 and 8 illustrate the benefits of the present

i nvention. 100491 The reduction in fouling may be obtained as a
result of controlllng the surface roughness of the |nner dlaneter surface

. e Y . a A




14 also contain mxtures of Si, A, M, Ti, Zr, H, V, Nb, Ta, M, W Sc,
Y, La, Ce, Pt, Cu, Ag, Au, Ru, Rh, Ir, Ga, In, G, Sn, Pb, B, C N O, P,
and S. Thwowedmgitsesper cent of an all oyi ng el ement i s preferaisbyoshiugsser t han
0.01 wt.% and nore preferably higher than 0.05 w.% and nost preferably
hi gher than 0.1 w.% based on the conbi ned weight of three primary
constituents X, Y and Z. The conbi ned wei ght percent of all alloying

el enents in a steel conposition is preferably less than 10 wt. % and nore
preferably less than 5 wt% based on the combined weight of three primry
constituents X, Y and Z. Wile other conpositions are considered to be
within the scope of the present invention, the above-described conposition

has been found 91 ﬁ afug rdfa&la‘ l;vitﬁ] %other aspect oF %%%en?ﬁ\bénﬁoﬁl tHe cl)rH&i‘siﬁlaﬂ B

non- I|n1t|ng exanples o steel conposition that is resistant to
sul fi dat i ofhesleevegf thﬁ bﬁa&tr?éléfﬁrrce@%ﬁﬂtma@s? sterd paymmepm iRBE e HTRY™ f or use in

bot h refiniying 138doRelitiReddgm cal applications. OQther materials exhibiting
simlar properties are considered to be well within the scope of the

present inventi mnmrm\acddmdncsmhaﬁnﬂfeeasp@tdﬂfeaskdsenmnwiﬁm theeospoien BF t he

Gonst |t uont™eTE SO LR TR e N, HBRRE Gl o 111 W1

aluminum, titanium, chrormum

[0019] In accordance with another aspect of the present invention, the composition for
the sleeve or the heat transfer component is a chromium-enriched oxide containing material
formed from the composition §, €, and {. { is a steel containing at least about 5 to about 40 wt.
% chromium. & is a chromium enriched oxide (M;0; or M;O3 or mixtures thereof) formed on
the surface of the steel {. M is a metal containing at least 5 wt. % Cr based on the total weight
of the metal M. § is a top layer formed on the surface of the chromium-enriched oxide ¢,
comprising sulfide, oxide, oxysulfide, and mixtures thereof. The top layer § comprises iron
sulfide (Fe,S), iron oxide (Fe;0,), iron oxysulfide, iron-chromium sulfide, iron-chromium
oxide, iron-chromium oxysulfide, and mixtures thereof. The metal M of the chromium
enriched oxide (M0, or M,05 or mixtures thereof) may comprise Fe, Cr, and constituting
elements of the steel {. The steel { may be selected from low chromium steels, ferritic stainless
steels, martensitic stainless steels, austenitic stainless steels, duplex stainless steels and

precipitation-hardenable alloys.

[0020] In accordance with another aspect of the present invention, the composition of
a heat exchange surface for the sleeve or the heat transfer component is a silicon containing
steel composition including an alloy and a non-metallic film formed on the surface of the alloy.
The ailoy is formed from the composition n, 6, and 1. 1 is a metal selected from the group
consisting of Fe, Ni, Co, and mixtures thereof. 0 is Si. vis at least one alloying element
selected from the group consisting of Cr, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, La, Y, Ce,
Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au, Ga, Ge, As, In, Sn, Sb, Pb, B, C, N, P, O, S and mixtures
thereof, The non-metallic film comprises sulfide, oxide, carbide, nitride, oxysulfide,
oxycarbide, oxynitride and mixtures thereof. The metal ) may comprise at least about 60 wt%
to about 99.98 wt. % of the alloy. The alloying metal 0 may comprise at least about 0.01 wt%
to about 5.0 wt. % of the alloy. Preferably, the alloying metal 6 comprises at least about 0.01
wi% to about 3.0 wt. % of the alloy. The alloying element 1 comprise at least about 0.01 wt%
to about 40.0 wt% of the alloy. Preferably, the alloying element 1 comprises at least about 0.01
wi% to about 3.0 wi% Al of the alloy. The alloying element 1 may comprise at least about 0.01
wi% to about 30.0 wt% Cr of the alloy. The alloying element 1 may comprise at least about



Kl 1562 Bal anced Fe 1.25Cr 0.5Mb, 0.551, 0.3M, 0.15C, 0.045P, 0. 0455
T22 1(21590 Bal anced Fe 2.25Cr 1.0Mo, 0.55i, 0.3Mi, 0.15C, 0.035P,
WO 2007/075634 PCT/US2006/048359

0.01 wt% to about 3.0 wt% Al and at least about 0.01 wi% to about 30.0 wt% Cr of the alloy.
The non-metallic film on the surface of the alloy may comprise at least 1 nm thick Si-
partitioned non-metallic film. The non-metallic film is a multi-layer non-metallic film and

consists of at least 10 atomic percent Si based on the concentration of the non-metallic film.

[0021}] To further reduce and/or limit fonling, the heat transfer component may
include or be operatively coupled to a vibration producing device to impart a vibrational force
to the heat transfer element which results in the development of a shear motion in the liquid
flowing within the heat exchanger. This shear motion or turbulent flow within the heat transfer
component limits the formation of any foulant on the surfaces of the component by reducing
the viscous boundary layer adjacent the walls of the heat transfer element. The heat transfer
component may include or be operatively coupled to a pulsation producing device to apply

pressure pulsations to the process stream.

[0022] It is another aspect of the present invention to provide a method of reducing
fouling in a heat exchanger for a process stream. The heat exchanger has a plurality of existing
heat exchanger tubes. The method includes removing at least a portion of the plurality of
existing heat exchanger tubes from the heat exchanger; and installing a plurality of replacement
heat exchanger tubes. Each of the plurality of replacement heat exchanger tubes being formed
from a composition that is resistant to sulfidation corrosion and fouling, described above, and a
surface roughness of less than 40 micro inches (1.1 pm). Alternatively, each replacement tube
may contain a sleeve located therein. The sleeves being formed from a composition that is

resistant to sulfidation corrosion and corrosion induced fouling,

[0023] It is another aspect of the present invention to provide a method of providing
sulfidation corrosion resistance and corrosion induced fouling resistance to a metal surface that
is subject to a process stream at high temperatures. The method includes providing a metal
layer having a surface roughness of less than 40 micro inches (1.1. pm) formed froma
composition comprising X, Y, and Z, wherein X is a metal selected from the group consisting
of Fe, Ni, Co and mixtures thereof, wherein is Y is Cr, and wherein Z is at least one alloying
element selected from the group consisting of Si, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, Y,
La, Ce, Pt, Cu, Ag, Au, Ru, Rh, I, Ga, In, Ge, Sn, Pb, B,C, N, O, P, and S, wherein a Cr-
enriched layer is located on the metal layer, wherein the Cr-enriched layer also being formed
from the steel composition X, Y, and Z, wherein the ratio of Y to X in the Cr-enriched layer
being greater than the ratio of Y to X in the metal layer. The method further includes forming

an protective layer on a surface of the Cr-enriched layer.

-



0. 035S T5 550100 Bal anced Fe 5Cr 0.5Md, 0.5Si, 0.3Wn, 0.15C, 0.04P,
0.035 T9 J82090 Bal anced Fe

WO 2007/075634 PCT/US2006/048359

[0024] It is yet another aspect of the present invention to provide a method of
providing sulfidation corrosion resistance and corrosion induced fouling resistance to a heat
transfer component surface. The method includes providing a silicon containing steel
composition including an alloy, wherein the alloy is formed from the composition 1, 0, and 1, in
which 7 is a metal selected from the group consisting of Fe, Ni, Co, and mixtures thereof, 6 is
Si, and 1 is at least one alloying element selected from the group consisting of Cr, Al, Mn, Tj,
Zr, Hf, V, Nb, Ta, Mo, W, Sc, La, Y, Ce, Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au, Ga, Ge, As, In, Sn, Sb,
Pb, B, C, N, P, O, S and mixtures thereof. The method further includes forming a non-metallic
film on the surface of the alloy having a surface roughness of less than 40 micro inches (1.1.
pm), wherein the non-metallic film comprises sulfide, oxide, carbide, nitride, oxysulfide,

oxycarbide, oxynitride and mixtures thereof.

[0025} Itis yet another aspect of the present invention to provide a method of
providing sulfidation corrosion resistance and corrosion induced fouling resistance to a heat
transfer component surface. The method includes providing a steel surface containing at least
about 5 to about 40 wt. % chromium. The method further includes forming a chromium-
enriched oxide (Ms04 or M,05 or mixtures thereof) on the surface of the steel, wherein M is a
metal containing at least 5 wt. % Cr based on the total weight of the metal M. The method also
includes forming a top layer formed on the surface of the chromium-enriched oxide having a
surface roughness of less than 40 micro inches (1.1. pm), comprising sulfide, oxide, oxysulfide,

and mixtures thereof.

Brief Description of the Drawings

[0026] The invention will now be described in connection with the following drawings

in which like reference numerals designate like elements and wherein:

[0027] Fig. 1 is an example of heat exchanger having a plurality of heat exchanger

tubes for use in a refinery operation;

[0028] Fig. 2 is a schematic view illustrating the various layers forming the steel
composition utilized in forming the heat transfer components in accordance with an

embodiment of the present invention;

[0029] Fig. 3 is a schematic view illustrating the various layers forming the aluminum
clad carbon steel utilized in forming the heat transfer components in accordance with an

another embodiment of the present invention;



9Cr 1.05i,

Fe 11. 5CrwO0 2007/075634

0. 35Mnh, 0.02C, 0.04P, 0.0453 409 S40900 Bal anced Fe 10.5Cr
1.0Si, 1.0wm1, O0.5Ni, 0.5Ti, 0.08C, 0. 045P, 0.0455 410 541000
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[0030] Fig. 4 is a partial sectional view of a heat exchanger tube in accordance with

the present invention;

[0031] Figs. 5 and 6 are images illustrating the fouling on a conventional heat
exchanger tube after a field trial;

[0032] Figs. 7 and 8 are images illustrating the significant reduction in fouling on a

heat exchanger tube in accordance with the present invention after a field trial;
[0033] Fig. 9 is an insert sleeve in accordance with the present invention

{0034] Figure 10 is a partial side view in section of a heat transfer component having

its inner diameter formed in accordance with the surface disclosed herein;

[0035] Figure 11 is a partial side view in section of a heat transfer component having

its outer diameter formed in accordance with the surface disclosed herein;

[0036] Figure 12 is a partial side view in section of a heat transfer component having
both its inner diameter and its outer diameter formed in accordance with the surface disclosed

herein;

[0037] Figure 13 shows a cross section of a surface treated as explained with respect

to the first example herein;

[0038] Figure 14 is a graph illustrating atomic concentration versus sputter depth for a

test specimen;

[0039] Figure 15 is a graph illustrating dimensionless temperature change over time

for a test specimen,;

[0040] Figure 16 is a graph illustrating dimensionless temperature change over time

for another test specimen;

[0041] Fig. 17 is a partial side view in sectiqn of a heat tfansfer component having its

inner diameter formed in accordance with the surface disclosed herein;

[0042] Fig. 18 is a partial side view in section of a heat transfer component having its

outer diameter formed in accordance with the surface disclosed herein;

[0043] Fig. 19 is a partial side view in section of a heat transfer component having
both its inner diameter and its outer diameter formed in accordance with the surface disclosed

herein;

[0044] Fig. 20 shows a cross section of a surface treated as explained with respect to

the first example herein; and,

Bal anced

PCT/US2006/048359
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[0045] Fig. 21 shows a cross section of a surface treated as explained with respect to

the second example herein.

Detailed Description of Preferred Embodiments

[0046] The present invention will now be described in greater detail in connection
with the attached figures. Fig. 1 is a tube-in-shell heat exchanger 10, which is located upstream
from a furnace (not shown) and employs the principles of the present invention. The tube-in-
shell heat exchanger 10 disclosed herein illustrates one application of the present invention to
reduce sulfidation or sulfidic corrosion and depositional fouling in refinery and petrochemical
applications. The tube-in-shell exchanger 10 is just one heat transfer component falling under
the scope of the corrosion reduction and fouling mitigation measures in accordance with the
present invention. The principles of the present invention are intended to be used in other heat
exchangers including but not limited to spiral heat exchangers, tube-in-tube heat exchangers
and plate-and-frame heat exchangers having at least one heat transfer element. The principles
of the present invention are intended to be employed in other heat transfer components
including furnaces, furnace tubes and other heat transfer components which may be prone to
petroleum and/or vacuum residual fouling. The heat exchanger 10 is used to pre-heat crude oil
in a refinery operation prior to entry into the furnace. The heat exchanger 10 includes a
housing or shell 11, which surrounds and forms a hollow interior 12. A bundle 13 of heat
exchanger tubes 14 is located within the hollow interior 12, as shown in Fig. 1. The bundle 13
includes a plurality of tubes 14. The tubes 14 may be arranged in a triangular configuration or
a rectangular configuration. Other tube arrangements are contemplated and considered to be
well within the scope of the present invention. Each tube 14 has a generally hollow interior 15
such that the crude oil to be heated flows there-through. The heating or warming fluid (e.g.,
vacuum residual stream) flows through the hollow interior 12 to pre-heat the crude oil stream as
the stream flows through the hollow interior 15 towards the furnace. Alternatively, it is
contemplated that the crude oil may flow through the hollow interior 12 of the housing 11. The
housing 11 and the tubes 14 are preferably formed from a steel composition. It is contemplated
that the housing 11 and the tubes 14 may be formed from the same material. It is also
contemplated that the housing 11 and the tubes 14 may be formed from different materials.

Typically, the tubes and the housing are formed from a carbon or low chromium content steel.

{0047} As described above, heat exchangers are typically subject to fouling after
prolonged exposure to crude oil. The presence of fouling reduces the performance of the heat
exchanger. Figs. 5 and 6 illustrate the effects of fouling on the surface of a heat exchanger

tube. The presence of fouling reduces throughput and increases fuel consumption. Figs. 5 and
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6 illustrate the amount of fouling present within the heat exchanger tube after five months of
operation. This fouling represents an approximately 31% reduction in the heat exchanger
efficiency in the refinery. The foulant contains sodium chloride, iron sulfide and carbonaceous
materials. As shown in Figs. 5 and 6, significant amounts of pitting are present. Pitting can

further exacerbate the fouling problem.

[0048) By contrast, Figs. 7 and 8 illustrate the reduction in fouling utilizing heat
exchanger tubes 14 which embody the principles of the present invention. The surface cross-
sections illustrated in Figs. 7 and 8 illustrate a marked reduction in fouling. These tubes were
located in the same heat exchanger and subject to the same operating conditions over the same
five month period. While the foulant present in the exchanger tube 14 also contained sodium
chloride, iron sulfide and carbonaceous material, the amount of foulant was significantly
reduced. The thickness of the foulant was reduced to less than 10 microns. The tubes having
the reduced surface roughness also exhibited less pitting. The conventional tubes illustrated in
Figs. 5 and 6 exhibited a mean foulant deposit weight density of 46 mg/cm’. By contrast, the
tubes 14 constructed using principles in accordance with the present invention illustrated at
least 50% reduction in the mean foulant deposit weight density. The sample tubes exhibited a
mean foulant deposit weight density of 22 mg/cm’. Deposit weight density was determined by
the National Association of Corrosion Engineers (NACE) method TM0199-99. The reduction

in fouling shown in Figs. 7 and 8 illustrate the benefits of the present invention.

[0049] The reduction in fouling may be obtained as a result of controlling the surface
roughness of the inner diameter surface and the outer diameter surface of the tubes 14 and/or
the interior surface of the shell 11. Controlling the surface roughness of the inner diameter
surface of the tubes mitigates the fouling of process fluid or crude oil within the tubes 14.
Controlling the surface roughness of the outer diameter surface of the tubes 14 and the inner
surface of the shell 11 mitigates fouling associated with the heating fluid (e.g., vacuum
residual) flowing within the hollow interior 12. In accordance with the present invention, at
least one of the interior surface of the hollow interior 12 and the surfaces of the tubes 14 has a
surface roughness of less than 40 micro inches (1.1 pm). Surface roughness can be measured
in many ways. Industry prefers to use a skidded contact profilometer. Roughness is routinely
expressed as the arithmetic average roughness (Ra). The arithmetic average height of
roughness component of irregularities from the mean line is measured within the sample length
L. The standard cut-off is 0.8 mm with a measuring length of 4.8 mm. This measurement
conforms to ANSVASME B46.1 "Surface Texture- Surface Roughness, Waviness and Lay,”

which was employed in determining the surface roughness in accordance with the present
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invention. A uniform surface roughness of less than 40 micro inches (1.1 pm) produces a

significant reduction in fouling.

[0050] Further reductions in surface roughness are desirable. It is preferable that the
surface roughness be below 20 micro inches (0.5 um). It is more preferable that the surface
roughness be below 10 micro inches (0.25 pm). It is preferable that both the inner diameter
surface and the outer diameter surface have the described surface roughness. The desired
surface roughness may be obtained through various techniques including but not limited to
mechanical polishing and electro-polishing. In the samples illustrated in Figs. 5 and 6, the
surface roughness of the tubes was variable between 38 and 70 micro inches. The tubes in
Figs. 5 and 6 were not polished. The tubes illustrated in Figs. 7 and 8, which form the basis for
the present invention were polished to a more uniform 20 micro inches (0.5 pm). This was
accomplished using conventional mechanical polishing techniques. The tubes were then
electro-polished in an acidic electrolyte to produce a reflective surface having a surface
roughness below 10 micro inches (0.25 pum). The treated tubes exhibited a marked reduction in

fouling.

[0051] In accordance with the present invention, it is preferable that the tubes 14 be
formed from a steel composition that is resistant to sulfidation or sulfidic corrosion and
depositional fouling. The use of such a steel composition significantly reduces fouling, which
produces numerous benefits including an increase in heating efficiency, a reduction in the
amount of energy needed to pre-heat the crude oil, and a significant reduction in refinery
downtime and throughput. It is preferable that the tubes 14 and/or the housing 11 of the pre-
heat exchanger have several layers, as illustrated in Figs. 2 and 4. The primary layer 21 is a
steel composition containing three primary components or constituents X, Y and Z. X denotes
a metal that is selected from the group preferably consisting of Fe, Ni, and Co. X may also
contain mixtures of Fe, Ni and Co. Y denotes Cr. In accordance with the present invention, a
steel composition contains Cr at least greater than 1 wt.% based on the combined weight of the
three primary constituents X, Y and Z. Higher Cr contents are desirable for improved
sulfidation or sulfidic corrosion resistance. 1t is preferable that the Cr content be higher than 5
wt.% based on the combined weight of three primary constituents X, Y and Z. It is more
preferable that the Cr content be higher than 10 wt.% based on the combined weight of three
primary constituents X, Y and Z. Z is preferably an alloying element.

[0052] In accordance with the present invention, Z preferably includes at least one
alloying element selected from the group consisting of Si, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo,
W, Sc, Y, La, Ce, Pt, Cﬁ, Ag, Au, Ru, Rh, Ir, Ga, In, Ge, Sn, Pb, B,C, N, O, P,and S. Z may
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also contain mixtures of Si, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, Y, La, Ce, Pt, Cu, Ag,
Au, Ru, Rh, I, Ga, In, Ge, Sn, Pb, B, C, N, O, P, and S. The weight percent of an alloying
element is preferably higher than 0.01 wt.%, and more preferably higher than 0.05 wt.%, and
most preferably higher than 0.1 wt.%, based on the combined weight of three primary
constituents X, Y and Z. The combined weight percent of all alloying elements in a steel
composition is preferably less than 10 wt.%, and more preferably less than 5 wt.%, based on
the combined weight of three primary constituents X, Y and Z. While other compositions are
considered to be within the scope of the present invention, the above-described composition has

been found to reduce fouling.

[0053] Table 1 illustrates non-limiting examples of a steel composition that is resistant
to sulfidation or sulfidic corrosion and corrosion induced fouling for use in both refining and
petrochemical applications. Other materials exhibiting similar properties are considered to be

well within the scope of the present invention provided such materials fall within the scope of

the prescribed ranges.
TABLE 1
Name UNS Constituent | Constituent Constituent Z in wt.%

(Grade) | Number | X inwt.% Y in wt.%

T11 K11562 | Balanced Fe | 1.25Cr 0.5Mo, 0.58i, 0.3Mn, 0.15C, 0.045P,
0.0458

T22 K21590 | Balanced Fe | 2.25Cr 1.0Mo, 0.58i, 0.3Mn, 0.15C, 0.035P,
0.035S

T5 S50100 | Balanced Fe | 5Cr 0.5Mo, 0.58i, 0.3Mn, 0.15C, 0.04P,
0.03S

T9 J82090 Balanced Fe | 9Cr 1.0Si, 0.35Mn, 0.02C, 0.04P, 0.045S

409 840900 | Balanced Fe | 10.5Cr 1.0S1, 1.0Mn, 0.5Ni, 0.5Ti, 0.08C,
0.045P, 0.045S

410 S41000 * | Balanced Fe | 11.5Cr 0.15C, 0.045P, 0.038

430 S43000 | Balanced Fe | 16Cr 1.081, 1.0Mn, 0.12C, 0.045P, 0.03S

XM-27 | S44627 | Balanced Fe | 25Cr 0.5Ni, 0.75Mo, 0.48i, 0.4Mmn, 0.05Nb,

E-Brite 0.2Cu, 0.01C, 0.02P, 0.028S, 0.015N
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SeaCure | S44660 Balanced Fe | 25Cr 1.5Ni, 2.5Mo, 1.0Si, 1.0Mn, 0.05Nb,
' 0.2Cu, 0.025C, 0.04P, 0.03S, 0.035N

304 S30400 | Bal.Fe,8Ni | 18Cr 2.0Mn, 0.758Si, 0.08C, 0.04P, 0.03S

3041 S30403 Bal.Fe, 8Ni | 18Cr 2.0Mn, 0.758i, 0.035C, 0.04P, 0.03S

309S S30908 Bal.Fe, 12Ni | 22Cr 2.0Mn, 0.758i, 0.75Mo, 0.08C, 0.045P,
0.03S

310 S31000 Bal.Fe, 19Ni | 24Cr 2.0Mn, 1.5Si, 0.75Mo, 0.25C, 0.045P,
0.03S

316 S31600 Bal.Fe, 1INi | 16Cr 2.0Mn, 0.758i, 2.0Mo, 0.08C, 0.04P,
0.03S

316L $31603 Bal.Fe, 11Ni | 16Cr 2.0Mm, 0.75S1, 2.0Mo, 0.035C, 0.04P,
0.038

321 S32100 | Bal.Fe,9Ni | 17Cr 2.0Mn, 0.75Si, 0.4Ti, 0.08C, 0.045P,
0.03S

2205 832205 Bal.Fe:4.5N1 | 22Cr 2.0Mn, 1.081, 3.0Mo, 0.03C, 0.14N,
0.03P, 0.028

2507 S$32507 Bal.Fe:6Ni1 24Cr 1.2Mn, 0.88Si, 3.0Mo, 0.5Cu, 0.03C,
0.2N, 0.035P, 0.02S

AL- NO08367 | Bal.Fe:24Ni | 20Cr 6.2Mo, 0.48Si, 0.4 Mn, 0.22N, 0.2Cu,

6XN 0.02C, 0.02P, 0.03S, 0.035N

Alloy N08800 | Bal.Fe:30Ni | 19Cr 0.15Ti, 0.15Al

800

[0054] The chromium enrichment at the surface of the non-fouling surface is
advantageous. Therefore, the steel composition preferably includes a chromium enriched layer
22. The Cr-enriched layer 22 is formed on the primary layer 21. The layer 22 may be formed
on both the inner surface and the exterior surface of the tubes. The thickness of the Cr-enriched
layer 22 is greater than 10 angstroms. The Cr-enriched layer 22 contains the same three primary
components or constituents X, Y and Z. X denotes a metal that is selected from the group
preferably consisting of Fe, Ni, and Co. X may also contain mixtures of Fe, Ni, Coand Ti. Y

denotes Cr. It is contemplated that Y may also comprise Ni, O, Al, Si and mixtures thereof.
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The percentage of Cr is higher in layer 22 when compared to the primary layer 21. In
accordance with the present invention, Cr content in layer 22 is at least greater than 2 wt.%
based on the combined weight of three primary constituents X, Y and Z. It is preferable that
the Cr content be higher than 10 wt.% based on the combined weight of three primary
constituents X, Y and Z. It is more preferable that the Cr content be higher than 30 wt.% based
on the combined weight of three primary constituents X, Y and Z. In the layer 22, the ratio of
Y to X is greater than the ratio of Y to X in the layer 21. The ratio should be greater by a factor
of at least 2. The ratio should preferably be greater by a factor of at least four. More
preferably, the ratio should be a greater by a factor of eight. Z is preferably an alloying

element.

[0055] For example, S-chrome steel (T5) nominally contains about 5 wt.% chromium
per about 95 wt.% iron to give an untreated surface ratio of 0.05 in the primary layer 21. In the
Cr-enriched layer 22, the ratio increased to at least 0.1, preferably to 0.2 and most preferably to
0.4 chromium atoms per iron atom in the surface layer of the heat exchanger tube. For 316L
staigless steel, which has nominally 16 wt.% Cr, 11 wt.% Ni, 2 wt.% Mn, 2 wt.% Mo, the bulk
ratio of chromium to iron would be 16/69 = 0.23. After treatment to enrich the surface
chromium, the ratio may rise to at least 0.46, preferably 0.92 and most preferably 1.84.

[0056] In the Cr-enriched layer 22, Z preferably includes at least one alloying element
selected from the group consisting of Si, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, Y, La, Ce,
Pt, Cu, Ag, Au, Ru, Rh, Ir, Ga, In, Ge, Sn, Pb, B,C, N, O, P, and S. The weight percent of an
alloying element is preferably higher than 0.01 wt.%, and more preferably higher than 0.05
wt.%, and most preferably higher than 0.1 wt.%, based on the combined weight of three
primary constituents X, Y and Z.

[0057] It is contemplated that the Cr-enriched layer 22 may be formed on two sides of
the primary layer 21 such that both the interior surface and the exterior surface contain a Cr-
enriched layer. The Cr-enriched layer 22 may be formed on the primary layer 21 using one of
several techniques. The Cr-enriched layer may be formed by electro-polishing the tube in a
solution containing chromic acid. This is effective when the Cr content in the steel
composition is less than about 15 wt. %. It is also contemplated that the Cr-enriched layer 22
may be formed using various other formation techniques including but not limited to
electroplating chromium onto another alloy such as a carbon steel, bright annealing,
passivation, thermal spray coating, laser deposition, sputtering, physical vapor deposition,
chemical vapor deposition, plasma powder welding overlay, cladding, and diffusion bonding,

It is also possible to choose a high chromium alloy including but not limited to 304L stainless
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steel, 316 stainless steel and AL6XN alloy. In accordance with the present invention, the
secondary layer 22 may be mechanically polished and/or electro-polished as described above in
order to obtain a uniform surface roughness of less than 40 micro inches (1.1 um), preferably
less than 20 micro inches (0.5 pm) and more preferably less than 10 micro inches (0.25 um).
The desired surface roughness can also be achieved using fine abrasive polishing or metal

peening.

0058] The Cr-enriched layer 22 may be formed on the primary layer 21 by bright
annealing the tube. Bright annealing is an annealing process that is carried out in a controlled
atmosphere furnace or vacuum in order that oxidation is reduced to a minimum and the surface
remains relatively bright. The process conditions such as atmosphere, temperature, time and
heating/cooling rate utilized during the bright annealing process will be dependent on the
metallurgy of the alloy being acted upon. The skilled artisan can easily determine the
conditions based on the alloy's metallurgy. As a non-limiting example, the austenitic stainless
steel such as 304L can be bright annealed in either pure hydrogen or dissociated ammonia,
provided that the dew point of the atmosphere is less than -50°C and the tubes, upon entering
the furnace, are dry and scrupulously clean. Bright annealing temperatures usually are above
1040°C. Time at temperature is often kept short to hold surface scaling to a minimum or to

control grain growth.

[0059] In accordance with the present invention, a protective layer 23 is preferably
formed on the Cr-enriched layer 22. The Cr-enriched layer 22 is necessary for the formation of
the protective layer 23. The protective layer may be an oxide layer, a sulfide layer, an
oxysulfide layer or any combination thereof. The protective layer 23 preferably includes a
material such as a magnetite, an iron-chromium spinel, a chromium oxide, oxides of the same
and mixtures thereof. The layer 23 may also contain a mixed oxide sulfide thiospinel. While
it is possible to form the protective layer 23 on the Cr-enriched layer 22 prior to installation of
the tubes 14 within the housing 11 of the pre-heat exchanger 10, the protective layer 23 is
preferably formed on the Cr-enriched layer 22 after the tubes 14 are located within the
exchanger 10 and the pre-heat exchanger is operational. The protective layer 23 forms when
the Cr-enriched layer is exposed to the process stream at high temperatures. In a late-train heat
exchanger application, the protective layer forms at temperatures up to 400°C. In applications
in a furnace or outside the late-train heat exchanger, the protective layer forms at temperatures
up to 600 °C. In petrochemical applications including use in steam cracker and reformer tubes,
the protective layer forms at temperatures up to 1100 °C. The thickness of the protective layer
23 is preferably greater than 100 nm, more preferably greater than 500 nm, and most preferably
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greater than 1 micron. As illustrated in figures 6 and 7, a field trial of 5-chrome steel revealed
about 1 micron thick Cr-enriched magnetite layer formed during about 4 months of period.
Since the stream oil flowing within a heat exchanger tube is a highly reducing and sulfidizing
environment, the protective layer 23 can further convert to a mixed oxide-sulfide layer or a
thiospinel-type sulfide layer after prolonged exposure. Applicants note that the formation of
the protective layer 23 is a result of the electro-polishing of the Cr-enriched layer 21.

[0060] The formation of the protective layer further reduces fouling. The foulants,
which form on the protective layer 23 exhibit significantly less adhesion characteristics when
compared to foulants, which form on surfaces that do not have the protective layer. One
benefit of this reduced adhesion lies in the cleaning of the heat exchange surface. Less time is
required to remove any foulants from the tubes. This results in.a decrease in downtime such
that the pre-heat exchanger can be serviced in a more efficient manner and placed back online
sooner. Also, with a less adherent deposit, on-line cleaning methods may become more

effective or at least more rapid, which will further reduce downtime and throughput loss.

[0061] There are numerous additional benefits of reducing the surface roughness of
the tubes 14. One of the benefits is the shifting from a linear growth rate of the foulant, which
results in the continuous thickening of the foulant deposit; to an asymptotic growth rate which

reaches a finite thickness and then stops thickening.

[0062] The tubes 14 disclosed above may be used to form new heat exchangers. The
tubes 14 can also be used in existing exchangers as replacement tubes. The use of the tubes 14
should produce significant benefits in the refinery operations. In addition to reducing fouling,
there is a reduction in the number of scheduled downtimes the heat exchangers operate more
efficiently because the harmful effects of fouling are reduced. In addition, as demonstrated in
the field test, the use of the tubes 14 will also prolong tube life due to reduced pitting corrosion.

[0063] The tubes 14 in accordance with the present invention may be used to retrofit
an existing heat exchanger during a scheduled downtime. The existing tubes can be removed
from the heat exchanger. The tubes 14 having the above described surface roughness and/or
material composition are installed in the interior 12 of the housing 11. While it is preferable to
replace all of the existing heat exchanger tubes with replacement tubes having the above-
described construction in order to maximize the reduction in fouling, the present invention is
not intended to be so limited. It is contemplated that only a portion of the existing heat
exchanger tubes be replaced with replacement tubes. While such a construction may not result
in the same reduction in fouling, a degree of fouling mitigation will be obtained. The

determination of the number and location of existing tubes to be replaced by the replacement
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several t ec*chm@l@sbjGCTme@wéhpﬁIGheﬁeqlamﬁlm@yanb@“ﬁmmﬁé@ tpyequired

el ectro- po'cfe:ﬁmlmgr}gulﬁ BerekrdtiRd ith ﬁan%l@sls Wkdi %er%%ﬁ AlcRb Gl iR KhGo Afletb a THi S IS
effective when the C content in the steel conposition is_|ess than about

15 wt. % FPoqiy corasignEsispetimmfeuiae pheyipner H’éméFf safficec Rugveudd egmsh ey be
formed usi e&apeamaﬁ)wglaaﬁgm enied el ek Bingbrubdle fHieSstinleds kdd! Bguivateht not |im ted

br gt annGaTHE é%%ﬁ%fﬂwﬁ”"t eeraighed SEF PR efu8Er "Goposi ¢ on,
sputtering, phyﬁi Iay Rﬁ‘onagg&%ﬁéellsqgatalsP?lng%ﬂJ:atl p?{sngt%%?sﬁ)lletl)% pl asma

powder wel di ng usion ndi n
possi bl e teolem&@sea@oﬁagnerwﬁmomeanﬁtmw&ﬁqrwmt@w%frﬁbﬁ%fhamﬁ% I‘\éd to 304L

stai nl ess gk, isik g&kible Blifie 8 RicRlvABRew bEelacBRht Ab@sx%reidn% thkr8 ardGéapr dance
with the present invention, the secondary ham cally

| a
pol i shed aardsxaEplet vhege ﬁ%‘l"ﬁgé’ﬁgﬁ §maasdtameﬁé 5’89@"‘?”#@?’8&0  obtain a
uni f orm SUIélfe&E)Q)oﬂlﬂMQMEISQ s!aél tibe gsteid vl the 4@k remilyciised §-aebastubel . Howevar, in pr ef er abl y
less than %gs m C{hg Ie eor € Eetput dlaameerrrglee oped?f & abl séngssnn;[err&%‘.p 10 mcro
i nches (0. LES reEIl surface roughness Tan al so be achi eved usi ng
fine abraselﬁeitqsim:mtsmmnj where yeinkebs sreleainapbe used. Thd 3B E4l foFlsaeserorrosion ched | ayer
22 may be fanmkds 8 ikhe The Advmg baNSresent ir¥ndh i@t ariiR8AbbIRReat he t ube.
Bright annealing is an annealing process that is carried out in a
control |l ed at nosphere furnace or vacuumin order that oxidation is reduced
to a mnimmand the surface remains relatively bright. The process
conditions such as atnosphere, tenperature, tinme and heating/cooling rate
utilized during the bright annealing process will be dependent on the
rret al I urgy of the aI I oy be| ng act ed “upon. The ski | I ed art| san can eaS| I Y.

.

o o



18 greater than 1 mcron. As illustrated in figures 6 and 7, a field trial
of 5-chrone steel revealed about 1 mcron thick C-enriched magnetite | ayer
fornmed duwongo7absast 4 nont hs of period. Since the streamrcoius2ddcowdssg w t hin
a heat exchanger tube is a highly reducing and sulfidizing environnment, the
protective |ayer 23 can further convert to a m xed oxide-sulfide |layer or a
t hi ospi nel -type sul fide |ayer after prolonged exposure. Applicants note
that the formation of the protective layer 23 is a result of the

el ectro-polishing of the Cr-enriched [28yer 21. [ 0060] The formation
of the protective layer further reduces fouling. The foul ants, which form
on the protective layer 23 exhibit significantly | ess adhesion
CharaCteriﬁ&h&ﬁswbﬂ@aﬁﬁﬂﬁamﬁdw&mnE@Bkﬁﬁﬁsanhnehe&&&mh@mdsﬂﬁmﬁsea t hat do

oL e e LSk o B sl S Sghon |
any f oul antespeétnome tdueous etbmanme'ﬁmrsthertebnﬂutesdwaetde&mlaébe hlghlydm\mtonrre such t hat
e o o heflin i GABHEL G DERBEL NG i) BechDL B sl WinfTRAET and

pl aced back™ online sooner ess adher ent eposit, on-line

cl eani ng nesriesiosresisignt pises drhe fanwsedn apfieatipnsyvhers g highly ceresive pigesss fuidisd, whi ch
Wil furt hept 8AUGE imd QR dnBR 168 Wb dVe AANPH LodiRERith the outer d{aQQ@rllmIAaer e are
nuner ous a d|t| onal benefits of reducing the su face r]beld hness f t he tubes

14. One of & Jst tHe frepipieg of the gepgic Siahen wgTerthegiss of € GF%%&‘?JIS fﬁ"eaé{ g of the
foul ant, Whk 6kly Feasblt toStetdretilttg @B innérddistet fobltigeni ng of the foul ant deposit;
to an asyrrptotic grom h rate which reaches a finite thickness and then

st ops t hi ckeni nig067] The ins¢rOPG2eleTinetotiohies beydnddhegriraswnlardipetvashemsisal be used to
formnew h XC 4 i ng
exchanger s%gé 11r%ep{9 ﬁ%ﬁ%al %Ewﬁ&g%ﬁg aufsog%% %%cpﬁnggﬁ)gléllﬂgs%ﬁﬁfpéi pr oduce
signifi canﬁlutbjem%ﬂfﬁmtgna ip theefpeper aflipplp infugp apigtopiglegical Feptaggeation Giv-Pwingbduci ng

foul'ing, tRehEwdts tRarh& i diifatioR ﬂdtiéﬁgrﬁim@crco&imlﬁeﬁlbﬂdiﬂl@ﬂaﬂﬁmhtams the heat
exchangers oper ate nore efficientl ecause t harof ul .ef fects of fouling

are r educedd SPRIcegusten ipystricssregue R A coniamupptipn pig ‘é’al“fig’lcﬁasfr@é]f the use of the
tubes 14 V\feﬂféctnaeh&@o@b@de@tﬁt@altdﬂhﬂtaimﬁﬁmﬁmlmas foe chuicanthtipn pipingiy tipomelesi on.

[ 0063] The_t ube accorda ce vvit LiQRqpRy be used to
retrofit aR "exi® %i‘s g epé"'[lgaengg ers'“surl ng fog({ giﬁ%dk&ég 01{]/\/nt|grg:31 The

exi sting twb%pmamibeldiuampe@lem (ﬂﬁytnheshmag me&@h@h@@l’wrplpms apdibsels 14 havi ng
the above Qﬁﬁ&{%&?ﬁgd &%Jdﬂse%om}égfwﬁéﬁsm%@ss mta@ﬁéaaéxcmg@?%b& bon are
installed 1n the 1 nterior the housing 1 VWhile it referable to
repl ace al remgpe yvafer déwwsﬁﬂlzﬁé’awoé%?ﬁﬁaﬂ&&ar@c‘%‘%mﬁ °E‘Ff“¥?1%°'|cﬂ 5?? ment tubes

havi ng t he .ahmeedesish} RaHNLORN SinbdanbidRatddby @fidiventiéh. maxi m ze the reduction
in fouling, the present invention is not intended to be so limted. It is
cont enpl at ed t h@D68) MUiynyaopeatial netal tafes tdn de esed Stfomghdiasit 2ekibbanglehoubes be
P e o amaach SR RAGRTRE of MO8 stlhigfs BLED. G EARP AN B iBNedrO! 1SS!
in the sang reduction in fou 0 oufrng mtigation will be
obt ai ned. Thenshledstenitiv stainlesisteel Su@h@sw raﬂ‘b?ﬂ& cpheas¢dgp fapricatsthestiieng t ubes to

be repl acegsby due stﬁﬁﬂis@ﬁ@lrm&rs coul@alidﬂ@%é’edcsﬁ& R enaflbat Khified skys &cphysi cal

i nspection of the tubes within the bundleéﬁ‘ﬁ&gﬁg%& hea exc ? er. The
tubes | ocatedrediBersiic finlesates's RRSORTE PestogRcs gloyssgr ﬁg As such,
it is al sobeemnsigsril satied sﬁﬂ&ﬂhst&nﬂb@ﬁmlemledxcm& 6XNsdnplx Steeldsheh &ur nace may
be repl ace o) ffective to
repl ace al f”ll%’rzags aﬁgrs‘fperfemﬁ? Eps nglbe e ah?yS%Kalg’% tetu?egiﬁl%}%%mgorrponent with
t ubes 14 cemsonuatsedd indludectboNiden (NerrF ¢ hm‘tﬂﬁé}ﬁ\tf?-?ﬂ:fﬁwhe%oféﬂobtsh60‘1}?1" esent

I nvention. aAd]u@ﬁ\ﬁ%f&?@&@axw 60?&1@&%%@&%@%&51 iRt RGy RE@SRBlioyldy&at i on, an

insert 50 i's provid Use Iin retrofitti n% exi sting heat _transfer
conponent s bg @e“rﬁot’ql’@@?@f ?Wisﬁﬁnmq‘ﬁ‘é‘s pRSEPle mafsTighfgriuseps aﬂl wsgt iThe getely

connect i on g¥dcfitied Eér@ma:%not'ﬁﬂﬁteﬂ RSR¢ Wittbfle m&r@iaﬁleldlt&ldﬁﬂﬁetﬁﬂﬂﬂéd thitéheout er di anet er
of the insert is si 0 surface of the tube 60.

‘?z tfabuttelnneg hfm Surf ace
The tube 6@?eTRISERYPeltged o foameay lgas ° heg} Yrogder, PIPLEIt cnded that t he
insert 50 1S Loggy” gngﬁu%gl&1fshmgor%ﬁ%maggo@mm%&@&rﬁ@e%ugh@§J er components,

it is contenpla corrosion g., an oxldi zed | ayer)
may exi st ldeqcmbéﬁbqvmnqylhbeseéelﬂ&h‘&fqrh@ aftprdhertpbenith ﬁletmﬁ% isgpsidediB&si bl e t o use
the insert pEQexcdhideld iBIOYSbta@ thelBgired bifabedtbphd$ Cln sbMEinbiBEY, it might i zed to
closely surround the tube, which is susceptible to foullng, bui | d-up or
corrosion on its outer dianmeter surface. The insert 50 in accordance with
the present invention may be constructed fromany of the materials

descri bed herein having the above described surface rougl nesses. It is
important that the insert or sleeve 50 contact the tube 60 such that the
heat transfer propertles are not adversely or 5|gn|f|cantly dlnlnlshed

F A/ sS—T . o v . . .



[ 00681 Many potential netal types can be used to formthe insert and the
nmetal chosen will depend on the nature of the fluid streamand the type of
foul i ng twetoem7basiung prevented. Though austenitic stai mrceas2@bee83sy such as
types 304 and 316 can be used to fabricate the tube inserts, other
stainless steel alloys could al so be used, such as martensitic stainless
steels such as type 410, ferritic stainless steels such as type 430. O her
hi gh perfornmance all oys could al so be considered such as superaustenitic
stainl ess steels such as AL-6XN, dupl eX! steels such as alloy 2205 and
superferritic grades. N ckel based alloys will also be useful in certain
environments and include the NN-Cu,N-Cr-Fe, and Ni-Cr-M-Fe famlies of

al | oys. CO%Ettad@ﬁildgéohit&ﬂistdllﬂﬁhﬂs@jé&nt@.ﬁxees&ialsﬁe Bl tfidn&ala& iivwelllbd \ﬂlﬂmpaur e met al
inserts. nmet a an_be e ctro or ot herw se
smoot hed i Q‘Xaae"ﬁlé?%‘?rﬂi‘detﬁ%‘?%\;‘i’pg?thf emsﬁ fig; Case%ger % t gel{ﬁefgm%t al s descri bed
her ei n ar e prdiice b ktotkpdoftheat usbanger thbes Wish mﬂslbdmsertsandrmctmpotlslx thesebafrenpl at ed
t hat the he heat
transfer ggl %ﬁﬁ{e})&%d%@@ g%l%gcﬁ)eo%g{e ﬁ%m&m{be%ﬁ %r%‘leegﬂ{segg%ttar educi ng the
surface rou@ﬁw@ssew@gtqamw@wleabweﬂlmbesra@s%e@o@sé%rorwef ore or after

the tube Wc&r{gtn;cngn SIASEN hedk &chﬁ%@r@h{ldﬁjwhé?eaghﬁlé&&%gﬁ%@ﬁ@ﬂﬁﬁﬁe fndl e to
obtain the desired surface roughness. instances, it mght be 21

nost advant‘%ﬁ’@é%‘&%aft%dqh‘g‘ﬂilf?r "f}?ﬁ?r‘? WE‘@?Péghfqﬁl‘bmfhﬁbes that are al ready

t hensel ves i nst thin heat Lsh the
inserts. In oth #)17(@ %s i§ curref)tlyaﬂl%?,latse 1rF1)srtae rulgsg Exea?exaﬁangegtt\fb ¥ gc%: Epi le of
heat exchamgei-totroeig sonmctiig muss beahdueed ini erdee fot reiniamad hedtereltSfeob@ilefi it coldse before
they are o QtlPilehdliPeblifentdf iR BRG e ald e L HRE 1R APARS @e Mbdfier DE

appropriate to retrofit are t|ve K new heat exchanger bundle in which the
t ubes are dsiaeter st prrsdleataspassivle apdireef slidyertliagds hﬁforeamﬁew%%apwe% hanger

bundl e, whesgagitt J@mhﬁtatl@@r df'c&'h;sxoﬁ) 61 APPKRNMEndlRg b Oleanlseifdcoisiréldtivilg an ol der

bundl f wh tl
P he  bas e wistER et & o A Fr i biteat R Ot e Sl g b By BShag sty "o 1Y

met al - t o- meliealsedmahet dtszﬂxgurglltghtsxnechmwalrhsmngdaymrmum@r Fpl@wmghymoztetwheat

Lranster | Qeehfon il i cflo ARENTI 1A oflle br AERSRLUERANLAS AUkEL ! ube and
thetubellnpe ahi er dianeter as clean as
possi bl e ancgooche@h@ﬁcaemhbdtsvemmq mayma@rhthmmm@etfheb? wgléﬁi be ﬁ“§ﬂaé1%panded Even
with cl eanlpp@m@fo}ggé%mg,fl“&g;f@sghgpsle@le may exist. Ensuring a clean surface
is relatively straight forward for new tubing, but can be nore problematic
for used tubi ng{oomdmahaasﬁ biitee ;ﬁéseﬁtmeemedﬂmm,e debcstiet th gaencbr Hetajhin

mechani cal honin Wi ng _h t n of the
i nsert, medRYKFE IwniB%}gl f %g gfdhfsﬁa ena mtog %lm}{gm%%@ g cogeﬁ{&%@@%gw red to
produce a gixocayieodifactive ol redeal clyesinead ntlmtiilgfgdmg Angbernseeeapeedl Bube. A
tube woul d cgﬁedsdr Olab @;tﬂl thmm ﬁi?erf?@r"mé%ﬁmﬁ{ﬂumaﬁpor a%mﬁn allbPRgy g Or sl eeve.

[0071) A variation o resent 1 nvention wi| be_descr] bed in
great er detagplied Ph“@@ﬂmfﬂ@ﬁte%“t polfep glumipumgoy @l“mlgmi“la'll‘lyé){ Patber@abn al uni num or
al um num alsbﬁ}’m &&ﬂ&dmﬁaﬁdw&osbvﬁehlaﬁlha&numymene@‘ea @0l tiibea 4) the dl@nttagh Ng

W th an 8l dReniai lagendet Beretgn By ar Serei s ey be ©

appl i ed by l4sheisto o Mfentdidhed Isyee@2. i n nolten al um num or al um num al | oy or

by thermal spraying of alum num powder or wire that is atom zed. Wen used
in a tube 14, t 09731 Drecenudpnteyibrangberaspedt gEthe wyenion. Bebept £¥6RT nner di anet er

surface an Qoﬁdgﬁleﬁ%gﬁ as@k AR Albes b'e[nfb@-G&ls@fcteH I?t@mtaldillSon:lc4>11t§iltaiiig ktsdt to the

Cr-enriched | ayer . [007 chcjafancs W.t h not [}% aspect of the
i nventi on, ?W@Osﬁ‘éaf°’ﬁ“a‘?¥sﬂ“é‘}loyc36‘ﬁﬁ6?fe‘ﬁ?ta hfitlponre 8’3(@5%% Y can be
const ruct ederawlea SonlpbLitin-foranad af thd rﬂzger&tsee@ agouTpoBis tasem maometahseleqmg an al |l oy
and a non- t I|cf|Imfor OQ th f e loy is a
conposi ti o OFHEQ T HES °‘[E%g‘?‘|§ ’S (?'f& %%%81061&%] Cg}hé)&gﬂc}agsggﬁe is a

met al sel eoctnedIIO[vmeniembre sgtrmdrﬁromohm@mlcmglsmg oEET, ANiMn, Tp Zr. SV, ﬁﬁbx?fur es

thereof. 0 y§ yWise, @??@@Rntmt Il 8, atci aasky eaecahl, Q:.Y'SH%beﬂ’lﬁﬁP@,tN sebect ed
fromthe group consis Ta, Mo, W Sc,

La, Y, Cc, SRepdnppures tpereqﬁdThemon-ne@lhc )&6“ c@ns@éﬁ&oxn}&cm@# mgﬁe Shb, Pb, B,
C N P 0,ox§51ﬁﬁl€|, oy ohtbileSkyhiiiie @aff mixthiee thevest; andtisdbrmied od iop nf thoatloy.i ses

sul fide, oxide, carbide, nitride, oxysulfide, oxycarbide, oxyniinde and
m xtures thereof, and is formed on top of the alloy. 22 100731 The
non-netallic filmfornmed on the surface of an alloy contains at |east one
of a Si-partitioned oxide, sulfide, carbide, nitride, oxysulfide,
oxycar bi de, oxynitride and m xtures thereof. The tenperature at which the
non- netalllc f|In1fornE varles In a Iate train heat exchanger

o, T 1 r o, M A NN N




[00741. In particular, for the alloy, the netal n, selected fromthe group
consisting of Fe, Ni, Co, and m xtures thereof, can have a concentration

t hat rangwe 200mnTs@t | east about 60 wt. % to about 99. 98 patr/US2hospusster abl y
at |east about 70 wt. % to about 99.98 wt. % and nore preferably at | east
about 75 wt. %to about 99.98 wt % It is preferred that the netal ri is
Fe. is well known that pure Fe has nmuch better sulfidation resistance than
pure Ni and pure Co. [ 00751 The netal 0 is Si. The alloy contains Si
at | east about 0.01 wt. %to about 5.022¢. % and preferably at |east about
0.01 wt. %to about 3.0 . % The netal Si in the alloy pronotes formation
of Si-partitioned oxide of oxysulfide in the non-netallic filmfornmed on
tOdef tlhe al | Omomeﬁleian-hﬁtalﬁXlﬁ%ﬁgngd(%n?iloer@il@ae6@3?1@3@61&&168 aﬁteﬁs!i‘gﬁoﬂ;é)su_(ll_ﬂ as a
crude oil streamat te tur 0 e
metal t is?2atPirdieasd ‘B‘Hjé Sél %ﬁ‘i" ‘ﬂe gﬁxﬁ?eqﬁysugéeeogycg@%rogmmgmg%ﬁ ®tonsi sting
of O, A, &Mbof T]lhe teZ’fperaHe,at WhicHNRe nohanetdVix, filMforfe yarfe, In ¥]atGeiniRat Rh, 1i, Pd,
Pt, Cu Ag, L\ﬂyto400° S and m xt ur es

t her eof . ﬁé°h8‘2%ﬁfcaé’R‘t‘°Pé‘{“F é?le no’f"meta?n F‘H?POTTE%? hen%erfltﬁlgf/ ranges fromat | east

about 0. 01 apglicat¥ng ip adibrmage or30tside the lateyaipheat exgharer ﬂmnorr@a@thc fpfoms®t 01 wt. %

to about 3 s % t o about
25.0 ut. %‘?ﬂ%ﬂ%ﬁ;g%sﬁf’%w* B R e e a1 Ty

cont ai ns Alrefermer wbest themnpapetadiic im\f\ﬂfms SR eERBERI P 19 1000 The temRfEpSesat er abl y - at

| east  aboUtytifdzeR durihs theorhiatichlD the nen-Metittic fill W1A|be fependetl o tlfeli\ﬁtaalllrgpgf with
synergi sti c sul fidatio corﬁlgﬁklﬁegi resi st ang Thus, the al | n this case

o)
cont ai ns Sithe stFeiFmE ATTHRHPOR JEFLHED bdef?fn’%f the YRRELCIRIINT 5. 0wt . %
and prefer abxks}tatﬂ& bisediGi the 2B1'sahdalinrgd. OThelﬁbpaI%lttI@d@b@ﬂO)@’SﬂﬁWﬁlm% and Al in

an anount o ferably
at | east abSas fe 6%vﬂy &? rogg/r%}s%ogt 8%11e\{’1\6%m§51 19ﬁﬁf}9ﬁ§ro§su%%%'ro fon ?I_cﬁfg) Bn{lialtgal { can
al so i ncl udaelfi@rion terrosinais seasetially misigatpd. dYptiowntly.Lirfer sarfacatsmpféla@& offiifsout 0. 01
W, % to abQiy qufeQr ¥dilichh-cbltailth Qi A@pbdiondhi Bt thehest KREAEREE Sirfabe,

sul fidation corrosion resistance. Thus, the all ?—é gccor di, nag to this
conposi ti orfushi 4 heas grshagess tubes ip FeTiaFry aRpHEANEnSo VIt UPTTRL OPINg BeNFAGS- 01 wt . % to

about 5.0 wt. % r ef ast. about 01wt (VtoabotSOWt
% and Cr in an! %{ﬁﬁnhﬁ{) W“é%gfé‘ﬁalﬁ"ya‘g%ﬁfmd’ Tieetit romihe gto, B%otﬂltc'mﬂ‘é . % and
pref er abl y ratNi, eashd abaiks tdre0fl cantifie accondsotrrtioBBatQangesdfpom at least abomo@‘?g] The
metal t can alj/ % ab%ut9@9§81§ﬂ% Hx%%e'ra%gl a?feas?&b%}[]ﬁa% % o%%oxﬁg@é@\lvte% a;nla\;?\n’to?é l oy can

contains Si (co | east a %to
about 5.0 wrefergbly atiedstpbaut & wiboyto alout W8 vt &b olyts prpfarred thet the metdl §isfisolit 3.0 wt .

% Al in ang aePkHatn fat e Fe@ashudbotst sudadddonibsistaed tRandR Wi a&i&re\/@o % and
preferably at |east about 0.01 wt. %to about 3.0 wt. % and Cr in an

amount of at | eag7splBeietf) 6GISiMIhe o} contlie Bi at #8st Bbont 0.01% % gpoafsdr abl y at

| b 0 |
eig?r:alg ggt‘fthé’ %Y‘F\Igﬁff\/{a’%g’\ﬁ?ﬁﬁslg?bﬁg (ﬂnﬁo§ b8 30wt % %JI%F%]@% ela telzlnlgn Tabl e

2, bel ow. AlrbrogtesNonmetidfiof S-wititiEheimside of CEM»UW@ in moam@@ﬂlﬂfém 3’.@3‘ ongog C
EM 1002

of the alloy when it is exposed to a high temperature stream, such as a crude oil stream at

temperatures up to 400°C or higher.

[0076] The metal 1 is at least one alloying element selected from the group consisting
of Cr, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, La, Y, Ce, Ru, Rh, Ir, Pd, Pt, Cu, Ag, Au, Ga,
Ge, As, In, Sn, Sb, Pb, B, C, N, P, O, S and mixtures thereof. The concentration of metal 1 of
the alloy ranges from at least about 0.01 wt. % to about 30.0 wt. %, preferably at least about
0.01 wt. % to about 30.0 wt. %, and more preferably at least about 0.01 wt. % to about 25.0 wt.
%.

[0077] Itis preferred that the metal 1is Al. The alloy contains Al at least about 0.01
wt. % to about 5.0 wt. %, and preferably at least about 0.01 wt. % to about 3.0 wt. %. Al
provides the alloy with synergistic sulfidation corrosion resistance. Thus, the alloy in this case

contains Si in an amount of at least about 0.01 wt. % to about 5.0 wt. %, and preferably at least



Bal anced Fe: 2.5Si :0.5Mn: 0. 15C EM 1003 Bal anced

Fe: 1.5Si:5.00::0.5M:0.31VIn: 0.15C:. 0. 0413: 0. 03S EM 1004 Bal anced

Fe: 1. 5Si .wb.206va78633Mo: 0. 5Mh: 0. 1C EM 1005 Bal anced PCT/US2006/048359

Fe: 2.5S1:5.0Cr0.5Mo: 0. 5Mh: 0. 1C EM 1 006 Bal anced Fe: 2.5Si:5.0Cr: 0.5A1: 0. 1C
EM 1007 Bal anced Fe: 2.5Si:5.0Cr: 0. 5A1: 0. 5MD: 0. 5Mh: 0. 1C EM 1008 Bal anced
Fe:2.55i:5.0Cr:0.5A1: 0. 5SMp: 0. 5Mh: 0. 5Ti : 0. I C 100811 The non-netallic
filmforned on the surface of the alloy conprises sulfide, oxide, carbide,
nitride, oxysulfide, oxycarbide, oxynid¥ide and m xtures thereof. The
nonnmetallic filmcan conprise at least a 1 nmthick Si-partitioned
non-netallic filmand can consist of at |least 10 atom c percent Si based on

'ﬁ]gﬁ ?rg{‘glerﬁl{éﬁ%(b B0, td BButn@winG] Ak Al & af dndint dNaeledt alohin,01the% Biabpar ti ti oned

| [ n, OXi tit d d
oxysul fi de? 'Pl“ﬂrﬁ’é‘?‘%@%f?’iak’/lﬁFveqs%agﬁqtgéwaojﬁotag%%pm’§j fﬁtrjsl S:JIOP?dafi(lone o
corrosion is S%ﬁ'}ﬁ nlt'hI elaYIbclan al cgi%ll?dg(?r Tﬁ ?&aseoﬁlregflcycgﬂﬁ?s@?(a'tg
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of at least about 0.01 wt. % to about 5.0 wt. %,-and preferably at least about 0.01 wt. % to

about 3.0 wt. %, and Cr in an amount of at least about 0.01 wt. % to about 40.0 wt. % and

preferably at least about 0.01 wt% to about 30.0 wt%.

[0079] The metal i can also be a combination of elements. For example, the alloy can
contains Si (component 8) in an amount of at least about 0.01 wt. % to about 5.0 wt. %, and
preferably at least about 0.01 wt. % to about 3.0 wt. %, Al in an amount of at least about 0.01
wt. % to about 5.0 wt. %, and preferably at least about 0.01 wt. % to about 3.0 wt. %, and Cr in
an amount of at least about 0.01 wt. % to about 40.0 wt. % and preferably at least about 0.01
wit% to about 30.0 wt%.

[0080] A non-limiting example of the alloy having the composition n, 8, and 1 is listed
in Table 2, below.

Alloy Name Wt.% of Elements
EM-1001 Balanced Fe:3.081:0.1C
EM-1002 Balanced Fe:2.58i:0.5Mn:0.15C
EM-1003 Balanced Fe:1.551:5.0Cr:0.5M0:0.3Mn:0.15C:0.04P:0.03S
EM-1004 Balanced Fe:1.581:5.0Cr:0.5Mo0:0.5Mn:0.1C
EM-1005 Balanced Fe:2.581:5.0Cr:0.5Mo0:0.5Mn:0.1C
EM-1006 Balanced Fe:2.58i:5.0Cr:0.5A1:0.1C
EM-1007 Balanced Fe:2.551:5.0Cr:0.5A1:0.5M0:0.5Mn:0.1C
EM-1008 Balanced Fe:2.5S1:5.0Cr:0.5A1:0.5M0:0.5Mn:0.5Ti:0.1C

[0081] The non-metallic film formed on the surface of the alloy comprises sulfide,
oxide, carbide, nitride, oxysulfide, oxycarbide, oxynitride and mixtures thereof. The non-
metallic film can comprise at least a 1 nm thick Si-partitioned non-metallic film and can consist
of at least 10 atomic percent Si based on the concentration of the non-metallic film. Preferably,
the Si-partitioned non-metallic film is an oxide or oxysulfide. The Si-partitioned oxide or
oxysulfide film effectively retards iron transport, thus sulfidation corrosion is substantially
mitigated. The Si-partitioned oxide or oxysulfide film is preferably formed on the exposed
surface of the heat transfer component (e.g., heat exchanger or insert), for example on one or
both of the exposed exterior surface and the interior surface of a late-train crude preheat

exchanger fube.



24 [0082] The non-netallic filmcan be fornmed in-situ within the heat
transfer conponent. The initial non-netallic filmis preferably formed by
exposi ng wbeoeld7ssa4t 0 a crude oil stream at hi gh tenper @acunssoodp483s9 1100C.
[0083] Thus, the non-netallic filmis formed on the surface of the alloy to
construct a surface that reduces sulfidation corrosion and reduces
depositional fouling, in heat exchangers for exanple, especially in

| ate-train crude preheat exchangers. The material forns a surface having a
surface roughness of |less than 40 m cr®t i nches, preferably |l ess than 20

m cro inches and nore preferably |l ess than 10 mirco inches. [ 0084]
The non-netallic filmcan be forned on the inner dianeter (ID), the outer

di ameter (QD) OOOMtﬂeB&ﬁmétQh@ﬂgl RS ig:aqequ LifdGvidtinl IQVheat@@R@RdI Ng ON the need

for mtigating corrosion and fouling he non-netalljc filmis formed on
t he surf aceergpngohlbgin ann%ﬁlﬁfo@mﬁbprﬁfﬁ’ébl}’ fyrmedyy exposipgihg aHydo § ¢9deng D of
the all oy bdstRadbOlichiaiRemhadsup e 118°Cdescri bed above. 100851 The

non-netallic filmalso can be forned before exposing the alloy of a heat
transfer conponi@og3]iThusg ttemudaetallit filnt i Eemedxin the sgiiace ofthesllay toreesstug at 0 400C
The non- ”ega%au tﬁatiédu& a?ﬁhat?ac ﬂgsﬁmn@ed&ctgedegmm@a@ Soullf hm@at@ia%@y exposi ng
the all oy parti a ressure environnment at a teriperature of
f rom about foses@pteoesnef@ nrleqz-tran @Iiudmvremtfexcéareﬁtﬁ The regterialdformsigsurfase mat i on of

the non- rrehahdgaemffacle FugHRERbERR MM 48 Hlecrmaregrﬁ;eeubgqesé b2 (cRREQS at | east
al nmu thick artitioned non-netallic filmand consisting of at |east 10

at omi ¢ peré@fﬂor@re%?glé&fsﬁ)ﬁa“cwemf%ﬁ%ﬁt ration of the non-metallic filmon

t he surface of 61 A.lo pLessure

envi ronment can H%qge X“'{"%ta“‘? rﬁangségneéieo \éy‘é?t1 ar‘“(’)el[rt)fe:lr Iﬁiﬁ“"r Oup consi sting
of CO2, COdia@tdAODINIDothHROID ahdmﬁomtheAHO}’, fperaling onithemendder ﬂtﬂmtl%f As a
non- I m ti 9g, EXAIM ulinE i Bn- %919111%%91’5 H%mmmmeeﬁmgaﬁywem% A tine

sufficient to e? ect t or mat i on a non- net mcorrpr|S| ng at

| east a 1 HiPHPRjer kit ﬁaﬂ? mdu%efdh%w ‘ﬁéthﬁhltq"t?e’Pi“Felsr?saiﬁﬂr"eféﬁgqv§{l ng of at

| east 10 atom c cent Si e con ratian on-nmetallic
filmon the sur*oggsé ﬁ?n?‘hg‘e‘éﬁf [65‘5?”3 h‘% ﬁn%%grﬁf”ﬁ’of%g '%3)6 °P$P§anh
t hi ckness ﬁﬁnsfelﬂmmpomnnmtaahide all mmtmaghgemetfanmmmto 4loe°£st’l‘haimunetallmm t o about

100 um prefer t re

prefer abloyﬂm G a a eéaogltt& fac? §€Lt8%88ﬁ1%‘{ ex%o{)%rqle a%@&%%g_ﬁ%géégﬂa ﬁg?et allic film
provi des swppenicenvivomendat agemzrathré ofifiomgout 81°6 tati e errainiechikientto heat
exchanger TB ‘?ﬁlef &t{%lf,l) € Yon® lﬁc%%l p §:rab1y the nognilagﬁig?lilm JJ};ﬁ,nEHng metal lic

filmmay be orrre e surface bright anneal i ng
net hod. = Br legsie latnﬁealr $rrpgrt1hgneénora%ﬁ@h<r f hganéfs@éege Of pdgestil afemicPrERt out in a
cont r ol | ed saRaR R Bnckitfal@CH tRhmoRmeéanit B sihoaercelopthphiyi de | ow oxygen
partial pressure environments in order that oxidation is reduced to a

M ni mum and t he[098s]f Atsr oxggamipasalpedssutd eneitopmbiticgif e gerktuted fdh gagedcess

condi tions a sph Qop.t tiRgf ling rate
utilized dﬁeﬁ?c?]ela fro ?bgrtnq1 & I%lsgﬂﬁg ogﬁgg%&bﬁé I!I ESzHﬁe eAE ndtnggﬁr{&@%e

met al | ur gy ﬁm‘mf h°eaaIIOH)l;whbePW@P@C@%%E@@O%@SSWFM%@D@F piedah tian easily

det erm ne tsBﬁm&QﬂQfﬁe&t%%orQﬁ%Q)f QHontlgéal@J ﬂilﬁ%oﬁpﬁ?ﬁig@k ieé&fégynmﬁtsck@l—non limting
exanpl e, the bright annea i ng, can be done in either ydrogen or argon

or di ssoci Arstenshirsrnetllicieppdensittng pf ¢ F‘Fé“&l%W’B’ﬁP‘?ffe“g#l bf‘sr‘fé"’a?‘?mspher eis
| ess t han %nuaﬁdnwmeammahﬂm@nt@mnﬂuﬁdabe&e alRy adnkas filaimdl ribevi®@oalout | 038C.

Time at tenpera softenk t ot hol d surface ling to a
i i um or 6t Estees gL B wE e P s 8 SR GORLP | achi eve
t he best abfmﬁamtyefdncmwhbduyldmrtobbdugm pxamwaﬁréfagblpﬁbrp@slen& ddaculim | evel s in

t he furnace m er tha Fast cooli i n_vacuum f ur naces
i s general M} %}?th@é'ﬂl E})e B%{'crﬂet#} 1 fﬁi’%"vf‘%%sue?{&’ﬁ%%ﬁ“m ?“ﬁqgltl“é%rﬁm%?m%l trogen
and then r eemeficialut i enchabder Bibgasrefiterhipglicav@isoci ty through a heat exchanger
to renove heat. 100881 Fig. 10 shows a heat exchange conponent, in
this case a pi p®08D0Theman-maigllia filpamey gormed pribeisupfhcetdh e allqydy the brighid t and
the non- rretaa{emng nteullom &%t Ik AESs Aarkbiin SptbdesCRat RfcakiBordln :Q¥ndod&E on the

| D. shows a heat exchange conponent, in this case a
pi pe 200, ﬁﬁ‘%ﬂsﬂ‘@rea‘%%‘fgér%ﬁwffﬁ}%ﬁ t?)ﬁ‘“"f‘?‘f’e“"af’fy&?“ Ry Pfesawaewvuwnishe

non- net al | ixCorfidr tia BeHatidnds redetedd atofi@imatahdibe suoface rbigaisd rblatively d8ght.OThet he COD.
100901 Fig. 12 shows a heat exchange conponent, in this case a pipe 200,
having a base 202 fornmed of the alloy n, 6, andt and the non-netallic film
204 formed on the surface of the alloy base on both the ID and the OD.
100911 Exanpl es of preparing a sanple in accordance with the conposition

di scl osed herein follow. Example 1 100921 Silicon-containing steels
Ilsted |n above tabIe are prepared by are rreltlng The arc rrelted steels

1 .. T o —— I



26 10093] Both surface and cross sectional inmges of the tested

speci nen are exam ned using a Scanning Electron M croscopy (SEM. The

at om ¢ pewoend7/0f63@l ements in the silicon-containing steelr/usemposs3s? on i s
determ ned by standard Auger El ectron Spectroscopy (AES) anal yses. A
focused el ectron beamirradi ates a speci nen surface and produces Auger

el ectrons, whose energies are characteristic of the elenent from which they
are generated. Conpositional depth profiling of elements is acconplished by
usi ng an i ndependent ion beamto sputtdr the sanple surface while using AES
to anal yze each successive depth. Exanple 2 [ 00941 The commercial ly
avai |l abl e ALCOR Hot Liquid Process Sinulator (HLPS) is used to evaluate the
relative fautehmndamtnemchadaﬁn&fmetehen@érude tnhd afid mrauﬂog/@md@ rdeailizéded in the

exanpl es b test. unit ed d s| testing is as
fol | ows. mfg aﬁméefeﬁ‘tf%é%‘%@ '&f‘ﬁ KIE}EC")H?YISJ!LB§ atteeds't
procedure. up%hCCR skﬂlﬁtt;armammaasuly dafermirie ﬂbyoxtdhtangbas@ oh the abieyss-nheitailangy.r eser voi r

with a crude ol ngﬁnggek&ﬁﬁe t@%ﬁ&tcar%ggc%'b@d &Aﬂﬁte}pqﬁté&}@m%mgaum ng it

across a vertical I'one stee owrate of 3.0
mL/ mi nut e. orﬂmeocsatﬂeramn@mh, <B'ldsd>thhtéltﬁtced peint afithe atransphseeds kwithapnf40fGe ALCOR
reservoir, NS pi st on,

t her eby al P\A%btanne %%%ﬁ %Sil}g%poagp)gkr%a H(%%Fﬁdrn% 4 t%e%tsﬁgrgle%gurl zed with
ni trogen ( lmasheme hokii sgr)facp sqabrrg te @mindrokm tmstg pomtrelrgratnogrew@u Vecugmdwsacesemai n

di ssol ved L heng lac!hleqyfhb Bgt dnh&pherie Huahtgtl'}@r Hright ahfealio@hfpbde€ A dciunheat ed to a

preset tenperaturées and hel d constant, rou hout the run. The rod surface
t enper at ur Bvesagherfgpace H@%‘ée begter than; 1£16) 7@6 ENOHRIB LR FEREESAY s ar e
recorded fgé’nelfamyeacbw&&bﬁlb&ﬂc&ilih@hﬁkhaﬁtﬁa@@ﬁﬂt&fr@hﬁ;m%ﬂeﬂlﬁﬁtﬁeﬁli’ﬁ&ﬁﬂ’calhwfge (Tow e,

and the te er at f.or. he ro Tows). The heated surface

t her mocoup E@E ?cétﬁé‘cﬁoﬁgﬁgf‘e 5) Sinbi e [0096] During the fouling
tests, asphal te f % | y degraded
to coke, which @Sﬁﬁ] &qﬁ%oﬁrﬁ’wgﬁ‘é&gﬁ‘?‘?’ﬁgé P&Hﬁeﬁ?{gsst .e ‘?t e deposit

causes an bm@ﬂZafpllrrngO%thff dloy niOhend 1 prsktherog-metpllicdflm 24 fémey Oaﬁéﬁléfacwfl lity of
the heat edggyiidyaeg ch@eligat the oil passing over it. The resulting reduction
in outlet bulk fluid tenperature continues over time as nore foul ant buil ds
up on the surfapes9] THid. swredzushdaeacnaﬂgdceﬁipereattmmes ¢asedpafeeom eeivutgm as the

out | et qu ta,T i s dependent on ru end,
testing co ?&g‘]ﬂ e&ﬁ%‘ﬁ%%ﬁét‘ e?‘{aeéltdetge“f"ﬁ"m ‘%{‘B‘&rpl se((iémg‘F3 gsrgaée l}Jas [ 0097]
AT - Tow etheanqydmteloetthem( [ 00981 Del ta T measures heat transfer of
the foulant layer. The Dinmensionless Delta T is expressed as: 100991

Di mensi onl ess AP890] diig. |12 shows g beaf echragd comperEpipl tipwees pigegRly, havigen

[00100] Di n%&éb@%ﬁ&&of‘ﬁeﬁ ?ﬁeatmtfa&trm@aﬁtm&amerfﬁt&o:;fat}aerd@ﬁtlersmsauas of the
oil tested. [00101] The test tine hese runs is 180 m nutes. Noteworthy

i s that théhetatlwateégub%ﬂfedt’at%e%‘acm system i s | ami nar and therefore
has been_ pr oven "0 cpPoe FraGiR s arprars gt RS b0l g
pot ent i al shéreihvdlew. crude oils and bI ends

Example 1

[0092] Silicon-containing steels listed in above table are prepared by arc melting. The
arc melted steels are hot rolled into thick sheets of about 1/2 inch thickness. The sheets are
annealed at 1100°C overnight in inert argon atmosphere and furnace-cooled to room
temperature. Rectangular samples of 0.5 inch x 0.25 inch are cut from the sheets. The sample
faces are polished to either 600 grit finish or Linde B (0.05 pm alumina powder) finish and
cleaned in acetone. The sample is exposed to 60:40 vol.% of a crude mix (e.g. 60 vol.% Maya
and 40 vol.% Olmeca crude mix) at 400°C for 4 hours in a tubing bomb test apparatus. After
testing, the specimen is cleaned in toluene and acetone sequentially and characterized by

selected analytical instruments.



[ 00102] The ALCOR unit standard fouling test paranmeters and operating test
conditions used for whol e crudes/bl ends are summari zed bel ow. Fl ow
Rat e/ Typewo20@/aTkg3eni nute / once t hrough operation Met alPcurupgoosoassson- st eel
(1018), alloy 1, alloy 4, heater rods System Pressure: 400-500 psi Rod
Surface Tenperature(s): 275C System Tenperature Setting (reservoir, punp
and lines): 150C Actual Bulk Fluid Inlet Tenperature: 105-120C Tine: 30
m nutes of stirring and pre-heat within reservoir are allowed prior to the
start of run. [001031The ALCOR test rdb speci nen incl udes
silicon-containing steels, alloy 1 and alloy 4, that are prepared by arc
nmelting. The arc nelted alloys are hot rolled into thick sheets of about
1/2 i nC[l t hi ﬁknmstm C?B}'??suﬁ‘ﬁ@@ﬁcﬁcréblﬁ SecAonmamhgelofike slQFechNARIegRimiAad | nert
argon at nosphere an ur nace- coo o.room.tenperature. .The ALCOR rod
speci men | ¥HEACKPHEG EF?“B%E}\%‘H@S@%@?@' TS psfEn 02818'Ben§r‘%[¥'ﬁ8@f°§hed to
e: t her g 600 c@airtingf stedli cfp@itioh isrekerndid bP stiiiand mugdr Riichicn Jpesubeopy GAES) sh and
cl eaned in_acet one. 0104 r | ISt . ' | sed to
50: 40 vol | FBF"a ATPEHTE i omRrary e Dlp B ILE M s aboct SO
gpp_ar at us. whfse energiestej chyyacteristic of the clemem fiom whieh they e gpneegedp (ompption] gure 13
epicts a . I i t pmen. A
o et a1 L o B e R R
Si-partiti m@érses@}cwbﬂw@gﬁgséb%‘ww&h spfessiyecPfet al lic filmis fornmed on
t he silicon-containgng steel surface. The sane tested specinen is
charact;arizedfb?xa 2 1001051Fi gure 14 depicts AES depth profile fromthe
top surface o tested s j ntrat | i ..el enent s
(0 & C Ry alfiPy TRoGRREERN i K oRAEERbERLADSBlkPIyEis?, TTFTLD,
in nm The usedite qveltizi¢ the celativg fonling pethitigls obibe cragnoda pblends dseciiedin feur e of outer
iron sul fidgnfleheisd. Ptkst \ﬁmgfoce%mraesﬁgﬂea foPMRdesa¥ys hdbidR: The thi ckness of
outer iron sulfide filmis about 800 urn, and the thickness of the inner
Si-partitioned mgysjuhhidlaice with btndalaQUICOROAPSTER fodSit, A@ORatsaad i on of the

inner Si-partiflone I fide film i tk hj. b i
i gh as. 1 CHTBHMEoA R T et Bt Yitha Sge oo P b TR R R 7 T

150°C) and pumping it across a vertically positioned, carbon-steel rod with a flow rate of 3.0

mL/minute. The spent oil is collected in the top section of the ALCOR reservoir, which is
separated from the untreated oil by a sealed piston, thereby allowing for once-through
operation. The system is pressurized with nitrogen (400-500 psig) prior to each test run to
ensure gases remain dissolved in the oil during the test. The rod is electrically heated to a
preset temperatures and held constant throughout the run. The rod surface temperature used for
these tests is 275°C. Thermocouple readings are recorded for the bulk fluid inlet temperature,
outlet temperature (Touer), and the temperature for the surface of the rod (Trs). The heated

surface thermocouple is positioned inside the rod.

[0096] During the fouling tests, asphaltenes deposit on the heated surface and are
thermally degraded to coke, which build up on the surface of the test rod. The coke deposit
causes an insulating effect that reduces the efficiency and/or ability of the heated surface to heat
the oil passing over it. The resulting reduction in outlet bulk fluid temperature continues over
time as more foulant builds up on the surface. This reduction in temperature is referred to as
the outlet liquid Delta T and is dependent on the type of crude oil/blend, testing conditions and
other effects. Thus, Delta T is expressed as:

[0097] AT = Toutlet - Toutlct max-

[0098] Delta T measures heat transfer of the foulant layer. The Dimensionless Delta T

is expressed as:

[0099] Dimensionless AT = (Touger = Toutter max) / (Trot = Touttet max)-



28 which contains at |least 10 atom c percent Si based on the concentration
of the non-netallic filmis about 500 nm 100106]1n the second speci nen,

f ol | owi ngwDhleo7AZE3R HLPS t est net hod descri bed above, tireTAISGOR 1S3 Made
out of alloy 1 is tested in the ALCOR unit. Figure 15 depicts the test
results of alloy 1 (shown as Fe-3.0Steel in the figure) along with standard
rod (shown as 1018CS in the figure). Di nensionless AT of alloy 1 remains

al nost flat for 180 mnutes of testing tine. This result suggests
depositional fouling is substantially 2%duced by use of the
silicon-containing steel conposition of this instant invention. In

conpari son, Dinensionless AT of 1018CS decreases with tinme for 180 m nutes
of testing ti ”Eoolebﬁs I e ntnsDHIGEOScSrdcRBr hos RBRkL BRASte@ficd dTtecnude m X
deposit on the heated ALCOR rod surface and are thermally degraded to coke,
whi ch buil &s8$ on the surface of the test rod. [00107]In the third

speci nen, follow ng.the COR HLPS test nethod descrijbed abov the ALCOR
rod nade out of mg?‘ﬁby 4 e FEEIMEJOTRTSEHE Vil g()le&f)rgldrlsetgitgiedepi cts the
t est resul towedgird fontie ALCOR eysrmds laimbr dré thE€fote &Skt chmeldtloewith firld e) al ong with
standard raod (.shown..as,1l I . i oy WeTal® —alloy 4
remai ns al rgr’(‘)pse§‘ “FF at 1f$%%t’ ég%%ﬁég%%?ée?g%? %nﬁ%@%%’%hggggégﬁcgguggests
deposi t i onaglative édulimgpotestiala Hstyteemarpdgloflsand Bgedsed by use of the
silicon-containing steel conmpasition of this invention. In corTPari son,

Di mensi onl ess Aiﬂog‘m 10183 M EPBasE anfprd folipgisstprpmaerd andioREFEEE 158 t est i ng
time. Thi s cb@ithi usSUBIRBIISriddgtbles pb alohrRiteal fowt he crude mi x deposit on the
heated ALCOR rod surface and are thernmally degraded to coke, which build up
on the surface ofowtRae/ Typst3.0 0lmihd0bo&|trbhehoperitwoe treat nent can be used in
any heat exchangttaiogpondat-sied (Mild)allany, aHewr 4, hexersdscepti bl e to foul i ng or
corrosion. |t i SysdnsPressweslots@0p® use the treatnent with ot her mechani sns
for reduci ng foRbd Bgfentenmpertet):02V5°Gor exanpl e, the surface treatnent can
be used with heapstexTdrapagaracisHipe (restveir,phap amlisesd] 5¥°Subj ect to vi bration or
pul sed fluid fl dwuabBvillciuid fndet frenaresatirs i95-428E t o di srupt foul i ng and

corrosi on deposiTime A0 mboBd gfstiring anderedieatyyithinrgserai adiabayved prieriethe izt ace
treatnent can befapplied to a heat exchange conponent in the formof a heat
exchanger tube, esgeci ally those formed as tube bundles retained in a heat
exchanger housi ff193lt i s TheA-COBrpstrrp sreciaym tglifessiiconsoprinpg sede@iofent can
be used in rgpk@sANBMardppRSd Braré Rellingh hs e aklis sl drethot roledéo dieki nner  or

outer dianeter of a corroded or_foul ed tube, qr w t ube .as 1,
dependi ng dp%H of Roukl2 ek ‘g'ﬁlﬁ’.esslagisjj?ﬁf‘ﬁ ¥e @Bia!fﬁ&bﬂgg%vﬁvfrﬂ‘glétﬁ%inﬁ%gg%‘s pect of
t he i nvent i ffosphicheant @adact-todles fabort @mpanernt ThesAlcCORmd sgaimen isalreligd t ubes or

inserts, c b onstructe rom a.chr.om.umenri.che i i ning the
mat eri al h%"ﬁ%e %‘e%% &8 DAL BR ‘%{llsﬁd(r%lc{;e@?r 6§8 grét(rﬁélsg?%%&%ﬁ@gggﬁse, Cis a

st eel cont aluniifgpoatier) Bragitandtlemntd ib atewnabout 40 wt. % chromium a is a | ayer
formed on 29 the surface of the steel C and is a chrom umenriched oxide
(M304 or M203 o0&t ur esFaritherfiesd specimpo eldyr it er@oses tofi0:4veloneleicrde at | east 5

w. %C b AR Qt Rbed BF4 ﬁc%'seﬂx a W@iingbémbocgst Eﬂ%aﬂﬁ t Rdrer testing, the specimen is

characterized by SEM. Figure 13 depicts a surface and cross sectional images of the tested

specimen. A non-metallic film comprising outer iron sulfide (Fe,«S) and inner Si-partitioned
oxysulfide is observed. The non-metallic film is formed on the silicon-containing steel surface.

The same tested specimen is characterized by AES.

[00105] Figure 14 depicts AES depth profile from the top surface of the tested
specifnen. The concentration of various elements (O, 8, C, Fe, and Si) in atomic % is plotted as
a function of sputter depth in nm. The non-metallic film in this case appears to be a mixture of
outer iron sulfide (Fe,..S) and inner Si-partitioned oxysulfide. The thickness of outer iron
sulfide film is about 800 nm, and the thickness of the inner Si-partitioned oxysulfide film is
about 1000 nm. The Si concentration of the inner Si-partitioned oxysulfide film varies through
thickness, but is as high as 14 atomic %. The thickness of the Si-partitioned oxysulfide film



M (3 is atop layer formed on the surface of the chrom umenriched oxide a
conprising sulfide, oxide, oxysulfide, and m xtures thereof. [001111The
steel C cwotedmesat | east about 5 to about 40 wt. 6/4. elorars2edosssds i s
selected fromlow chromumsteels, ferritic stainless steels, nmartensitic
stainless steels, austenetic stainless steels, duplex stainless steels and
preci pitation-hardenable alloys. A non-limting exanple of the base netal C
is listed in Table 3, below. Base Metal, C Alloy UNS No. Alloy Conpositions
(Weight %9 Low chromiumsteels T5 S5018® Bal . Fe: 5Cr 0. 5Mo, 0,5Si, 03M,

0. 15C, 0.04P, 0.038 T9 J82090 Bal .Fe:9Cr:1.0Si, 0.35MW1, 0.02C, 0.04P,

0. 045S

which contains at least 10 atomic percent Si based on the concentration of the non-metallic film

is about 500 nm.

[00106] In the second specimen, following the ALCOR HLPS test method
described above, the ALCOR rod made out of alloy 1 is tested in the ALCOR unit. Figure 15
depicts the test results of alloy 1 (shown as Fe-3.0Steel in the figure) along with standard rod
(shown as 1018CS in the figure). Dimensionless AT of alloy 1 remains almost flat for 180
minutes of testing time. This result suggests depositional fouling is substantially reduced by
use of the silicon-containing steel composition of this instant invention. In comparison,
Dimensionless AT of 1018CS decreases with time for 180 minutes of testing time. This result
suggests that asphaltenes of the crude mix deposit on the heated ALCOR rod surface and are
thermally degraded to coke, which build up on the surface of the test rod.

[00107] In the third specimen, following the ALCOR HLPS test method
described above, the ALCOR rod made out of alloy 4 is tested in the ALCOR unit. Figure 16
depicts the test results of alloy 4 (shown as Bal.Fe:5Cr:1.58i in the figure) along with standard
rod (shown as 1018CS in the figure). Dimensionless AT of alloy 4 remains almost flat for 180
minutes of testing time. This result suggests depositional fouling is substantially reduced by
use of the silicon-containing steel composition of this invention. In comparison, Dimensionless
AT of 1018CS decreases with time for 180 minutes of testing time. This result suggests that
asphaltenes of the crude mix deposit on the heated ALCOR rod surface and are thermally
degraded to coke, which build up on the surface of the test rod.

(00108} The surface treatment can be used in any heat exchange component or
with any surface susceptible to fouling or corrosion. It is also possible to use the treatment with
other mechanisms for reducing fouling and corrosion. For example, the surface treatment can
be used with heat exchange components that are also subject to vibration or pulsed fluid flow,
which are mechanisms used to disrupt fouling and corrosion deposition.

[00109) In one exemplary embodiment, the surface treatment can be applied to
a heat exchange component in the form of a heat exchanger tube, especially those formed as
tube bundles retained in a heat exchanger housing, It is also contemplated that the surface
treatment can be used in replacement tubes or in tube sheaths vused to cover an inner or outer

diameter of a corroded or fouled tube or a new tube as well, depending upon the situation.

[00110] In accordance with another aspect of the invention, the heat transfer
component, such as heat exchange tubes or inserts, can be constructed from a chromium-
enriched oxide containing the material having a composition containing 8, €, and {. In this

case, { is a steel containing at least about 5 to about 40 wt. % chromium. ¢ is a layer formed on



Ferritic stainless steels 409 840900 Bal . Fe: 10.5Cr:1.0Si, 1.0M, O0.5N,
0.5Ti, 0.08C, 0.045P, 0.0458 410 S41000 Bal . Fe: 11.5Cr: 0. 15C, 0.045P, 0.03S
430 8430080Bad7/(Fe6316. 0Cr: 1. 0Si, 1.0M1, 0.12C, 0.045P, 0rQ38Sfaostoasseti C

stai nl ess steels 304 830400 Bal . Fe: 8N :18Cr2.0M, O0.7581, 0.08C, 0.04P,
0. 03S
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the surface of the steel { and is a chromium-enriched oxide (M3;04 or M,0;3 or mixtures
thereof) wherein the metal M contains at least 5 wt. % Cr based on the total weight of the metal
M. § is a top layer formed on the surface of the chromium-enriched oxide & comprising sulfide,

oxide, oxysulfide, and mixtures thereof.

[o0111] The steel { contains at least about 5 to about 40 wt. % chromium and is
selected from low chromium steels, ferritic stainless steels, martensitic stainless steels,
austenetic stainless steels, duplex stainless steels and precipitation-hardenable alloys. A non-

limiting example of the base metal { is listed in Table 3, below.

Base Metal, { | Alloy | UNS Alloy Compositions (Weight %)
No. .
Low chromium | 15 | S50100 | Bal.Fe:5Cr:0.5Mo, 0.5Si, 0.3Mn, 0.15C, 0.04P, 0.03S
steels T9 | J82090 | Bal.Fe:9Cr:1.0Si, 0.35Mm, 0.02C, 0.04P, 0.045S
Ferritic 409 | S40900 | Bal.Fe:10.5Cr:1.081, 1.0Mn, 0.5Ni, 0.5Ti, 0.08C, 0.045P,
stainless steels 0.045S

410 | S41000 | Bal.Fe:11.5Cr:0.15C, 0.045P, 0.03S
430 | S43000 | Bal.Fe:16.0Cr:1.0Si, 1.0Mn, 0.12C, 0.045P, 0.03S

Austenetic 304 1 S30400 | Bal.Fe: 8Ni:18Cr:2.0Mn, 0.758i, 0.08C, 0.04P, 0.03S
stainless steels

310 | S31000 | Bal.Fe:19Ni:24Cr:2.0Mn, 1.58i, 0.75Mo, 0.25C, 0.045P,

0.03S
253 S30815 | Bal.Fe:11Ni:21Cr:1.75i, 0.04Ce, 0.17N, 0.08C
MA
RAS | S30615 | Bal.Fe:14.5Ni:18.5Cr:3.58i:1.0A}, 0.2C
5H
Duplex 2205 | S32205 | Bal.Fe:4.5Ni:22Cr:2.0Mn, 1.0Si, 3.0Mo, 0.03C, 0.14N,
stainless steels 0.03P, 0.02S
2507 | 832507 | Bal.Fe:6Ni:24Cr:1.2Mn, 0.88i, 3.0Mo, 0.5Cu, 0.03C,
0.2N, 0.035P, 0.02S
j00112) The chromium-enriched oxide & (M50, or M,O; or mixtures thereof)

can be formed on the surface of the steel { before use of the chromium-enriched oxide
containing material, for example in a late-train crude preheat exchanger. The metal M of the
chromium enriched oxide g (MsO4 or M; 0, or mixtures thereof) preferably contains at least 5
wt. % Cr, preferably at least 10 wt. % Cr, based on the total weight of the metal M. The metal
M of the chromium enriched oxide & (M204 or M;O5 or mixtures thereof) preferably comprises
Fe, Cr, and constituting elements of the steel {. Constituting elements of the steel { contain Ni,
Co, Mn, Al 8i, B, C,N, P, Y, Ce, Ti, Zr, Hf, V, Nb, Ta, Mo, W, and mixtures thereof. The

metal M of the chromium enriched oxide € (M;04 or M,O5 or mixtures thereof) is preferred to



310 S31000 Bal . Fe: 19N : 24Cr: 2. OWh, 1.5Si, 0.75Mo, 0.25C, 0.045P, 0.038 253
MA 830815 Bal . Fe: 11Ni: 21 Cr1.7Si, 0.04Ce, 0.17N, 0.08C RA8 5H 830615

Bal . Fe: 14wBNno71B858Cr 13. 5Si 11. 0A1, 0. 2C Dupl ex st ai nl ess petrasbecad2659 832205
Bal . Fe: 4. 5Ni : 22Cr: 2. OMh, 1.081, 3.0M, 0.03C, 0.14N, 0.03P, 0.028
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be Cr-rich. Excessive partitioning of Cr in the chromium enriched oxide & (Ms04 or M,0Os or
mixtures thereof) attributes to superior corrosion resistance of the steel {. Chromium preferably
enters to vacancy sites of the oxide lattice and effectively suppresses iron transport from the

steel, a prerequisite for sustaining corrosion.

[00113] The chromium enriched oxide £ (M;0, or M,0; or mixtures thereof) is
formed on the surface of the steel { by exposing the steel { to a low oxygen partial pressure
environment at a temperature of from about 300°C to 1100°C for a time sufficient to effect the
formation of a chromium enriched oxide (M50, or M;O; or mixtures thereof) on the surface of
the steel. Thermodynamically, an oxide forms on a metal surface when the oxygen potential in
the environment is greater than the oxygen partial pressure in equilibrium with the oxide. For
example, the partial pressure of oxygen in equilibrium with Cr;0; at 1000°C is about 102! atm.
This implies that the formation of Cr;0; is favored thermodynamically at 1000°C in

environments with oxygen partial potentials higher than 10! atm.

{00114} A low oxygen partial pressure environment can be generated from
gases selected from the group consisting of CO,, CO, CH,, NH;, H,O, H,, N, Ar, He and
mixtures thereof. As a non-limiting example, CO,/CO and H,O/H, gas mixtures can be used.
A time sufficient to effect the formation of the chromium enriched oxide & (M;0, or M,O; or
mixtures thereof) on the surface of the steel ranges from 1 min to 100 hrs. The thickness of the
chromium-enriched oxide & (M;0, or M,O; or mixtures thereof) ranges from at least about
Inm to about 100 um, preferably from at least about 10 nm to about 50 pm, more preferably
from at least about 100 nm to about 10 pm. The chromium-enriched oxide & provides superior

corrosion and fouling resistance beneficial in heat exchanger tubes in refinery applications.

[00115] The chromium enriched oxide & (M;04 or M,O; or mixtures thereof)
may be formed on the surface of the steel { by bright annealing method. Bright annealing is an
annealing process that is carried out in a controlled atmosphere furnace or vacuum to provide
low oxygen partial pressure environments in order that oxidation is reduced to a minimum and
the surface remains relatively bright. The process conditions such as atmosphere, temperature,
time and heating/cooling rate utilized during the bright annealing process are dependent on the
metallurgy of the alloy being acted upon. The skilled artisan can easily determine the
conditions based on the alloy's metallurgy. As a non-limiting example, the austenitic stainless
steel such as 304L can be bright annealed in either pure hydrogen or argon or dissociated
ammonia, provided that the dew point of the atmosphere is less than -40°C and the tubes, upon
entering the furnace, are dry and scrupulously clean. Bright annealing temperatures usually are

above about 1038°C. Time at temperature is often kept short to hold surface scaling to a
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[00118] Fig. 17 shows a heat exchange component, in this case a pipe 100,
having a base 102 formed of steel { with a layer 104 of chromium-enriched oxide ¢ and top

layer 106 formed as a coating 8 on the chromium-enriched oxide layer on the ID.



31 minimumor to control grain growth. Vacuum furnaces can generally

achi eve the best atnospheric quality for bright annealing purposes. Vacuum
| evel s i rwoheotursesace nmust be better than 1x10-3 Tom Fa®CTasedtcngs3sn vacuum
furnaces is generally achieved by back filling the chanber with argon or
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oxi de | ayer on both the ID and the OD. Example 1
[00124] Fig. 21 depicts a surface and cross sectional images of the tested

specimen. A top layer is comprised of iron sulfide (Fe,.S) and magnetite (Fe;0s). The
thickness of the top layer is about 5 um. A chromium-enriched oxide (M;0y) is retained. The
concentration of the metal M of a chromium enriched oxide (M;0,) is Balanced Fe:12.0
Cr:1.58i in wt.%. The thickness of a chromium-enriched oxide (Mz0,) is about 4 um.

[00125] The surface treatment can be used in any heat exchange component or
with any surface susceptible to fouling or corrosion. It is also possible to use the treatment with

other mechanisms for reducing fouling and corrosion. For example, the surface treatment can



[00121] A first exanple of formng the surface is as follows. A low chrom um

steel, T5, specinen is exposed to a gas m xture containing 50% H20 and 50%

He at 566@ownatn7ss3fil ow rate of about 500 cc/mn. The specirasnoncm48seat ed to

566C at a rate of 20 C/ mn, held for 24 hours, and cool ed down to room

tenperature. After heat treatnent of the specinmen in a | ow oxygen parti al

pressure environnent, the specinen is characterized by Scanning El ectron

M croscopy (SEM. 1001221Fig. 20 depicts a surface and cross sectional

i mges of the heat treated specinen. Aq3op | ayer conprising magnetite

(Fe304) and a chromiumenriched oxide (M304) can be observed. The

concentration of the netal Mof a chrom umenriched oxide (M304) is
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exchanger hialegéuig.conduitd &F tidleSehatierdng ARt R4link Paton iR SMAd-AGSad/HiRAt MENt can
be used in r te&lalavc&rreeng t u%g or in .ttube she t.htsh usl.eg tt}? cover_an inner or
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alternately be drawn into the cylinder and then expelled from it, creating pulsations in the

conduit to which the device is connected. The use of a double-acting pump of this kind with

one side connected to the inlet conduit and the other connected to the outlet conduit is

particularly desirable since it will create the desired pressure pulsations in the tubes regardless

of the pressure drop occurring in the exchanger tube bundle. Variation in the frequency of the

pulsations may be afforded by variations in the reciprocation speed of the piston and any

desired variations in pulsation amplitude may be provided by the use of a variable displacement

pump, e.g. a variable displacement piston purmp, swashplate (stationary plate) pump and its

variations such as the wobble plate (rotary plate) pump or bent axis pump.

[00129] The present invention is not intended to be limited to the above-
described pump; rather, it is contemplated that other types of pumps may also be used as the
pulsation device including diaphragm pumps and these may be practically attractive since they
offer the potential for activation of the diaphragm by electrical, pneumatic or direct mechanical
means with the movement of the diaphragm controlled to provide the desired frequency and
amplitude (by control of the extent of diaphragm movement). Other types may also be used but
gear punfps and related types such as the helical rotor and multi screw pumps which give a
relatively smooth (non pulsating) fluid flow are less preferred in view of the objective of

introducing pulsations which disrupt the formation of the troublesome boundary layer. Other



10012711t is another aspect of the present invention to conbine heat
transfer conponents having the above described corrosion resistant

mat er i al swei200v/085d3ner a pul sati on generating device or &CTiUs2@icioassad
generating device to further reduce and mtigate fouling The devices are
generically designated in Fig. 1 wth reference nuneral 3. 100128)It is
contenpl ated that the pul sation device will conprise any neans for applying
| i quid pressure pulsations to the tube side liquid. In the sinplest

concept, the device nmay conprise a rec¥procati ng punp type nechanismwth a
cylinder connected to the inlet/outlet conduits of the exchanger and a

reci procating piston in the cylinder to vary the internal volunme of the

cly | i nder. | ﬁeest\hgchmb $iodiice ﬂBW@B]séMoTts_h;hgh ak bR 16y birl]rﬂd ¢hie varfelpemp boofithechinak | _
alternate rawn into t cylipde en creating
pul sati o nsyﬁdﬁFIt‘ﬁ@‘ BRI ‘tor’t’%g' \Aﬁ%/ E’ﬁgfr?tdeakg é & mgyeﬁée%ﬁjﬁ’ec‘tm%we *F Ic’iems e of a
doubl e- act pulgtipufepthefesirdi pmrpsen @hiven the objrative lSdEln@lIQﬂﬂé@tl@d, athr types of nl et

condul 1 angul e b Belsed ARIEERRC, hay %,ttﬁu&wh% G bR lefidl AT Y
desirabl e Since P esired &Ssure pul sations in the tubes
regar dl ess flo or the mtb? gides d’iubat@ns e&heeeamw ngu¢eftf°t prample SHeEYRS rofahEHundl e.

Variation pisdenfwhRAHRIeY iférmiblish lp&hs%at)y N8 SepbaRed ob@m@faf\a)tw&@ obuquvcarl ations
eslireq varl S in

in the reciprocation speed of the t

pul sation ZRpPsagEn ﬁﬁ‘?m’b‘é"%l’%?adlegf %tqﬁ%mgglz]néf"pﬁmtﬁé‘t" lélbfoé“cﬁf Pt acenent
p:mp, ) e.g. rcaativsﬁlbftaeb:h@rutg rStpf xa&mnrhepot@rtmug smtamp be sivanshpdtatby tl(eSABEBIfI onargl

pl ate) pu its va ns as t e r ate) punp
b “bent " eenitah B s BT EI AR, 6 PR P b R bR ol 2 2

limted tobeidmgadbosveny fmbeshwlbedfqupfto fcamwt@rvanestAmoghectvmeﬁpmﬁe@vq hat ot her
types of PURDR;dTE¥in@he@ VAfesURRH c&ergpb%r&ut%ta B0 wHRY hee SpdnbiCk by di aphr agm

punps and t'hese nmay be practi cal ¥ attractive since they offer the

potential PyhegEsTirSf the Juigin he@be folpwsdhyiaPeyedaTher fof ‘Ef’éF“api)‘H tc or

di rect nechanipgadurdBacd Bor¥idrdes thBeangeyanent of the di aphragm controlled to

provi de the desired frequency and anplitude (by control of the extent of

di aphragm rmverr(m130] Ot hén otdyrpe sptineixe tiad impach@ithiss thel hdatitrangferaqompenssit &nd

rel ated typ%%era%%ﬁp %o t&tpﬁflgﬁ rtcf\é@%ce ‘lf’I sreg) {kghﬂ%lr Ett cir&g Eo%“éupm%evm' ch g' ve a
non ow are

rel atively Smoo ess preferred in view of
t he obj ect |pv1eatleﬁsa|r€rﬂfﬁwﬂkhﬁgfep€ﬂ tssmh@néﬂmmdhﬁ whedupgle. thehis, thegrulgiiondn of t he

troubl esonghgidgaled by ﬁé/s%fge thgugﬁfnterv%ﬁlmé YdIRSs kN & HaltlR. NBI@[QHF nef | ow

pul sations such as the t he vane A4 nd e[%l m | adi al

pi ston punﬁfeq‘%i?‘iéf‘ﬁﬁ%ﬁﬁ‘t‘tl?ﬂ?a@g‘éwﬂ berip e E eGPl Hgg‘g‘?tquﬂ%@ IR 58 eto
produce sufteipis@idh apidasiatéd Qihe indrerhdnal ﬁtestafeetdo@u uﬂ;msa exciiinge tubésheauldbj ect i ve
is to induce | s 0 ot t S_.of SALAL exanpl e,
a flowint ét“ﬁ%?’&fb tﬂe ‘Iilrderé)?tl%o r}ﬁQj ;i}e}i‘crltlgﬂ err uwtrgtefnh e \?eﬁﬁﬁﬁ&fdf%%ggn t he

t ube side. oPmilsaa«trofresu@tleSttmess th'eyplé nﬁ%}e mqmtiltﬂde rat¢ Githedieherptequengits; en t ype,
rotary Van%eoghge%%rggsﬁ'e Hl'ap Mﬁhﬁilane Qﬂwfhbé?%dsm' EnipBithi QBralich (A@USEipRent he

repeat ed openi ng cl os Oow passages in.a stator/rotor
pair, eachoﬁﬁ"g%ﬁﬁqﬁ‘e‘}?&é “’r%dﬁg"éq thI‘v‘lu rB‘ﬁ’éﬁf‘ﬁb@“ﬁﬁﬁ?‘ﬁlﬂu@&%éﬁcﬁ?eﬁ‘@h rotation
of thfe erVluttg:ageatﬁediueﬁ@irrtmrs, fofréra]cemptetlme er&&ﬂofﬁb|ﬁ3écétbfﬁclyghngeﬂhd npet us Ey t he
use of vanes at an_.an t 0 ui oW, y meki ng
radial cut ?“P%“‘tehogml’a‘(g?]f’)ﬁo'&?cg dg?t% l%rbt alb’ultgemm?l ﬂow”?t%ngpl‘tgne of the
disc to forﬂwttetmesmamesppeﬁtmtﬂoh@przmgqaéomsbquhé)GeeQil Qfaltevenma}ﬁevmteth spring
metal vaneg,, K@VGer, @Pertures in a disc and which are opened
tenporarily e pressure of the fluid in the tube, followed by a period

when the vane Sﬂmlil§110| osetdtsu&ttértplatéduma@mem&aw@o@aﬁgdmeelateer@@s t he vane
open. 1001301l n order to_optim ze the n(]; wi thin the iﬁ trtansfer
conponent , Mepnsitkat i5,.canable ablF’(?mf’bg"t‘BEréttoé f‘trﬁ “p‘{‘ﬁ}@?;ttte?‘%‘ﬁ“%ire‘t?ftc LI o t he
exchanger |pfbd@d’u@devrc@rn@1ﬁwae kinatisdlésed i wb-peaiding WIS Patest Sefidl Noi EMB6,§02.
transferre uid. Tl ow I e pul sations
are not deS‘F’aH“éttg%“f mdﬂcm demf Fl‘a}(l)ge %Q&aﬁye%%é%ttg% tgee egt%%haﬁs% UPI& gs val ves.

Nor mal |y, Ummqoetcpliedt‘cvamnaltehegy toqlm t@emﬂtéqahun@%sﬂwﬂbratlbreprpcwcmaéevrcange of
0.1 Hz to 20, kidzne DhfoBAPhbE MdfchichiRBviRihS Blib@NnaS/iRRaWnasd by the

increnmental flow rate thro h the heat exchange .tubes coul d range from
about the dhaigainipg stpgjeralipie °fMaté§@W¥ﬁb&“y%deW C?‘%i‘glé’* FEPPEE| ower end of
the range of pulsation frequencies to |l ess than 10-6 of the normal flow
rate at the higher frequencies; because of pressure drop limtations in the
heat transfer conponent operation and/or dissipation of higher frequencies
inthe fluid, the upper Iimt of the pulse anplitude will decrease with
increased frequency. Thus, for exanple, in the lower half of this frequency
range, the arrpl | tude of the puI satl ons. coul d be from about 10-2 to about

. o Y b1




10013211t will be apparent to those skilled in the art that various
nodi fi cations and/or variations may be nade w thout departing fromthe
scope of wbeopriesasat i nvention. \Wile the present i nventcomnsbas/ ossen
described in the context of the heat exchanger in a refinery operation. The
present invention is not intended to be so limted; rather, it is

contenpl ated that the desired surface roughness and materials disclosed
herein may be used in other portions of a refinery operation where fouling
may be of a concern. Reducing the surf3ce roughness of other corrosion
resistant materials such as alumnized carbon steel, titanium electroless
ni ckel - coat ed carbon steel and other corrosion resistant surfaces are

ext ensi ons g @ficidnbiyharfie RGER sedtted BbjubRat @duld b :QYAhblé tThé SibeGéipesmtiag ed that the
met hod of reducing fouli ng di_scl osed herein be con i.ned with other
reduct i on S4ViCECRARCEREIE GevicERIEPs A PR am“i‘?floéefcr’f&“ﬁ%'gé %%Prrﬁ“ﬁﬁa% he | ow
surface rougi&weésssuammgﬁmémtsmkexabr;ﬂaaqj@mctstadmsAdmayImm:ISpmnﬁl n wth

vi brati onal at i aon I i ca ffl ur bul ence
pronot ers. d‘?ﬁlgl{edstotgeﬁe?telmrﬁ St gyntgﬁﬁtSlg? ﬁ téja%?lg‘zee%{tostlﬁ%a\?gﬂ{a}lon %@égf)}s t he

nodi f i cat i Thevibatibnpeadirartgi dovise 4y be placageat YmGUSH@P@thOH prmeritiedent exsbgnge one

Wi thin t hemﬁ%%g% th&rQ% a%@@aﬂgﬁ%ﬁlo%mbe@ngxfﬁdﬁﬁk beﬁﬂiﬂ'e\'{ééye&ﬁ g 36 Wat Is

Claimed Is heat transfer nponent for heating a process
st ream co#ﬁﬁfes‘”Pqn‘@ meé“*’l%‘lf@?eﬁ’@atﬁéﬁ?i’%@f a&d\ﬁéq@t vibstinn medes, Hisra ey atdker i or,

wherein t hﬁlgHVﬁleduem\(/lb%orﬂrﬂodeﬂﬂﬁﬁbe§ UFJr ﬁﬁﬁﬁequency méﬁes {teaally ey 1066Hz)L ansf er
el enent | ocated . w ﬁf§ Si ng l?eatl n% 5&1\? tgéggis streamw t hin
the hol | owa’f‘?'}teé‘i’tﬁtbqn lsb‘fmrf C‘ﬁ‘gﬁg'faﬁinm\%é BT PR A 8 SHE"Reat transfer
el enent beimodesf tehsvede éxcmm)mlsqu)aﬁﬁmm Ofheidéraity éfsherviigaton endes istighedat 2 dat i on

cor rosi on %@g ﬁlgﬁc& &QQ@&{L‘?H?O%JHQ&%% lggge (Prglcallfy%lg\;/%d?) aha\\@?r%tboﬂgesa‘; f ;22

i nner surfa east o
roughness eofergydmasferisHigiendy iynlsorhéghprrie Hie bigh frequenppyange Fu’lth“é digglgeemeptpist er
conponent {8k vBRASH i§ GerRsrRi AE KBSyl A 31 00U hrddSheiBificant for phiiiaei N the at
| east one heat transfer elenent having an inner dianeter surface and an
outer di amdt®EeifpsRes wherein the heat transfer el ement being formed from
a first materia e .slee havi n fi.rst surface
adapted to cont &98{323)% oflt‘”(‘ﬁg’ea‘??ﬁrg? %Iﬁ {“g?d‘%h’r a%@tvﬁﬂo toglﬁ(c)aﬁl er di anet er
surface of atdie vhrssibnstuey e ade vethertBetartan dom tescwn df thaprfeudanvaniapt ed t o
cont act thwf BegRS n?%(ze%gmhax\@&ﬁ%s%ge@%tﬁeec%f?t@go?ﬁlgﬁe@p&c b Rig the surface

of Tess th

roughness mcro I nc ) , Wherel he sl eeve being
formed fromsfiacry epgsesiont Themresgninvengon ’é§?t§tt§ﬁfd tf’ée %QJ}‘?“ie@a{%q‘%ﬂt iorrosion and

corrosion 'c&fdé!\gﬁﬂedftﬁuﬂhmb B&ired surface rou%hne%h@d ﬂ&&ﬁalddﬁs’@féﬁeﬁ@xéwiﬁ@dﬁ?ﬁ@&@d inaccor di ng
to claim1 or is.a |oncorrpr|3|ng

wherein the corrp,g % E‘? X R 0S
X, Y, and 2Uheipesios ‘hfaf(e NErY QPR VTR fOR LRESHRYTOP 8 ‘Eoﬂ‘@mg %m% A% ng of Fe,
Ni, Co and rdtighiestrof Sthérlterr@ivh resishagtmeitanials Sucll as durfinizedaadion steel, titanium,

electroless nickel-coated carbon steel and other corrosion resistant surfaces are extensions of

this concept as delineated below. It is contemplated that the method of reducing fouling
disclosed herein can be combined with other reduction strategies to reduce fouling. This
includes combining the low surface roughness and/or material compositions disclosed herein
with vibrational, pulsation, helical shell-side baffles and internal turbulence promoters. Thus, it
is intended that the present invention covers the modifications and variations of the method

herein, provided they come within the scope of the appended claims and their equivalents.



" wherein Z is at |east one all oyi ng el ement selected fromthe group
consisting of Si, Al, M, Ti, Zr, H, V, Nbo, Ta, Mo, W Sc, Y, La,

~ Ce, Pt, Cu, Ag, Au, Ru, Rh, Ir, G, In, G, Sn, Pb, B, C, N, 0, P,

and S. 4. The heat transfer conponent according to claimS3,
wherein each of the at |east one heat transfer el enent having
Cr-enriched | ayer fornmed thereon, wherein the Cr-enriched | ayer al so
being formed fromthe steel conposithon X, Y and Z, wherein the ratio
of Yto Xin the C-enriched | ayer being greater than the ratio of Y
to X in the remaining portion of the heat transfer el enent. 5.
The hea harﬁqﬁgl%redggrrponent according to claim4, wherein the

Cr-e &X‘red—r—cry'ev—rs rmed by one of electro- poI ishing at | east on
surface of heat transfer el enent, electroplating, 37 thermal spray

coating, lasgry s‘areaﬁ»as%areanpoaam&%sauﬁgap@mrat&ah ARRingdeposi ti on,

chem cal vapor deposition, er wel ding overlay, cl|adding,
and di f f usi oﬁh%@nahwgngawll ﬁm%@ﬁlowﬁw athereiriprordhiaviag edvit8i'ng to

clai m5g,fuet her conpri si ng an pr ot ectlve | ayer formed on an outer
surface of the Cr-enriched |ay The heat transfer

conponent acdsdfiongheaptransisr ﬂf’Be,nt. Wﬁ‘?é?de‘i‘“ﬂmt thehgypige & prajias o propess stream

conpri S@&mﬁ&e%llmlnsﬁbmmotﬁwaan@{e@ﬂ@as@me&tuhﬁbger@femantmi&g@ etite,
an iron- chro um spi nel chr.om um tures t

G The RN B R S aR B EHET o COpEIOPpoiop IO Ao R PR Fploe
protective | ay@ém bﬂbaagonfe@f (e ¢hnwi stifaca afidtRe @llcabt@asheadmamsiondémednt iz er

el enent en s ed roce ream at high tenperatures up to
400C. S‘mce@ug 1E|I ﬂtuinrz‘gﬁg‘frgrncﬁegr@ i8fit according to claim 7,

wher ei n t he prhiegeititrassiéraymponbsifordgedtng mprbeess sthvam, ¢onmrising:| east one

heat transf ep, &LeiRItI MG i Rafs Sl 1Pl HGERP 4 HLEANAR ofl Sbuter

tenperatures up to eat” trans conponent
accor di digmeter soifadenwireiniie heat transfeeelpment bang fpundddipaya fiystimaderklbr ned

within the a sl!ee%@‘ he h@ﬁ@etve Lz[vﬁ{ﬁsdffﬁgt sﬁjfa‘émgtem%gnt%ﬂ Qﬁ&fftt&qnﬂep a

process st ream at’ eratures u . The heat
t r ansf edlametnwrfeqfftaﬂfa QWEﬁ ates sefaar the hept transfggelsmentpod pgecehigde®t i on

is a Caﬁ@@@d &)tc%ﬁljactrﬂl?e\ﬁr&gss%ﬂeﬂ WHErR M MheQkcoRl SHa B AL l:lﬁ)éuﬂfa@b’%gﬁr@ﬁ%f ed
t here heat transfer co onent ccor di n% aim1l

or 2, W@?quodﬁﬂ#ﬁﬂ% 1 vhercinihe slegve ATIRE Aormadifiomg omPog tm and

al | oys Qé;smﬁhtqmﬂgﬁlfﬂlor% é&&flbxumdlcﬁmsmglmmed fouling, 13. fTh;ahheaz trantsf er
conponent according to Clalm or el e. .0 e a eas one
??gﬂ“égtﬂé% Lch

heat transfed Sedheptiendersappongaipe E’H“grgmél't?rcf’ﬁ‘%mrof}r‘sr?ed

f rom t hgeQ @omEEItbh Gdtnprishgr €i N the conposition conprising: a
chrom um enr%c{}ed ide containing material formed fromthe

conposition d wherein, is a steel containing at | east about 5
to about 40 whereit@Tibk atalisdected from the group consisting of Fe, Ni, Co and mixtures thereof,

wherein is Y is Cr, and

wherein Z is at least one alloying element selected from the group consisting of Si, Al, Mn,
Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, Y, La, Ce, Pt, Cu, Ag, Au, Ru, Rh, Ir, Ga, In, Ge, Sn, Pb, B, C, N,
O, P, and S.

4, The heat transfer component according to claim 3, wherein each of the at least one heat
transfer element having Cr-enriched layer formed thereon, wherein the Cr-enriched layer also being
formed from the steel composition X, Y and Z, wherein the ratio of Y to X in the Cr-enriched layer
being greater than the ratio of Y to X in the remaining portion of the heat transfer element.

5. The heat transfer component according to claim 4, wherein the Cr-enriched layer is

formed by one of electro-polishing at least on surface of heat transfer element, electroplating,



s is a chromumenriched oxide (M304 or M203 or mi xtures thereon
formed on the surface of the steel wherein Mis a netal containing at
- least 5 wt. % C based on the total weight of the netal M and,

8 is atop layer formed on the surface of the chrom umenriched oxide
e, conprising sulfide, oxide, oxysulfide, and m xtures thereof. 38
14. The heat transfer conponent of claim 13, wherein the top |ayer 6

conprises iron sulfide (FelS), iron i de (Fe304), iron oxysulfide,
i ron-chrom um sul fide, iron-chrom un oxide, iron-chrom um oxysulfide,
and m xtures thereof. 15. The heat transfer conponent

s L koo Bl PRl s Yo 565 oo S, 0,
Fe, Cr, dendtigopismanewiergvesdingmyriay, déddingeand dilbiof bonding. 16. The heat
transf er CO”@OﬂEEﬁEat%&s Jr(ébrﬂ%ntﬂﬁa@c'a%?rn%qgcl%n§ h&ﬁ:oﬁlg 15, wherein

the steel Cis selected fromlow c m um st eel s rrlgtlc st ai nl ess
st eel s, mart @ypsetedtize ayerifepmed gn w@@fgmfamﬁtﬂ@fﬁft%d@ﬂ liveil ess st eel s,

dupl ex stainf, eﬁﬁhsat%@ﬁs%er%&qu%ﬁ%o@mﬁ@ttb aﬁnnmwgr@ﬁme%r&é&@yﬁyer _
17. The heat transfer conponent accord % to claim ,. wherein

one of EHPLiSTEs ap @%ds selshied ﬁelatthetsr%ﬁlérst% apagnifce B IEOTHRTATH Y™ SPIRRE t
exchangg]r&glﬁﬁ]a}gﬂefagamurtglgm:afhe corrp05| tion, wherein the corrposi tion
conpri si ng: a silicon contai t ee onpgsition i di ng an
o antC BTt G PR SRR PR S PR R RS PaYE

wher ei nfdri&l withiroMe htdeakoonaBeht frimfer elbhent Gberabjediédrn a procds steean at hlgh n
which n is a neta 4@8‘chCted fromthe group consisting of Fe, N, Co,

and mi xteHPEENEHER is Si, and t is at |east one alloying el ement
sel ect ed fr o9 THedeqtrongfer compringttiacgrddfe tCrlpimAl, whiviain thiéi protétive leffer bsipng Nb,

Ta, Nb’ foggeds \?_qgnn %e atéeas O%b Iggsltl ganR%r el%réent @ﬂ n sﬁ{) ectc%]{g Igp%]pes'sb‘&realgqt h@? AS,

I n,
vvherel ntenipaaMBlupmtﬁaDﬂQ c film conpri ses suI fide, oxide, carbide,

nitride, oxygyldy ﬂ?‘a’t trihsYeE 84 oﬁ&ﬁ 2y ttJ élﬂﬁi \Aﬁeréih ﬁlte‘ﬁfo?e%ﬂch@e%gmg

18. The heat transter conponent of c erei n the net

conpr i sésmed withitthe atderstane Gent frpmer dela% u’be@gbjgﬂew a PP Strchm ah]lﬂglby

19. Theteg@agu&eggﬁlt%fl%oo@onponent according to claim17 or 18, wherein
the alloying nmetal conprises at |east about 0.01 wt% to about 5.0 w.
% of the al I bly The heat transfeg compqgerf aeserding smdaiay] & drphsrahibe sRvOrlPHg2t 0

any Onecﬁﬂon%{e@umn 4o MimikBm W186RLA alidlBa@t loedédBeredneent t corrprl ses
at | east about 0.01 wt%to about 40.0 wt% of the allo

The hoat & als e b HERSHE RERRBEs PPl iy Srcvireicia pworison §oisy
wher ei nathgual fiedibhhigtiah afd 4evuT ksl tkdas] chedatuh. 0. 01 W% to
about 3.0 wt 13. O’/fthez}t Qz?ns?elr lC(?I‘XIiOIlent according to claim 1 or 2, wherein one of the at least one
heat transfer and the sleeve having a heat exchange surface formed from the composition, wherein
the composition comprising:
a chromium-enriched oxide containing material formed from the composition §, ¢, and {,

wherein,
{ is a steel containing at least about 5 to about 40 wt. % chromium;

£ is a chromium enriched oxide (M0, or MyO; or mixtures thereof) formed on the surface
of the steel ¢, wherein M is a metal containing at least 5 wt. % Cr based on the total weight of the
metal M; and,

3 is a top layer formed on the surface of the chromium-enriched oxide €, comprising

sulfide, oxide, oxysulfide, and mixtures thereof.



39 22. The heat transfer component according to any one of
clainms 17 to 21, wherein the alloying elenment t conprises at |east

- about 0.01 Wt%to about 3.0 vt % Al of the all oy. 23. The heat
transfer conponent according to any one of clainms 17 to 22, wherein
the alloying element t conprises at | east about 0.01 W% to about
30.0 % Cr of the all oy. 24. The heat transfer conponent
according to any one of clains 17 to,£3, wherein the alloying el enent
t conprises at |east about 0.01 vvt%?o about 3.0 wt% Al and at | east
about 0.01 WMt%to about 30.0 wt% Cr of the all oy. 25. The heat
transfer co n erein
the nonmet al I aiF PTRFARTS Fariohy S S%, e (L KB bl Bples WP ST
nm t hi ckulBle-(BasDi irinerisld (Fraba)ritongkyshlgidé, jifoprchromium sulfiglg, irofshroméan oxide,

transf e[, LOIRRBEK ngﬁdglagamvg&estﬁ\é;ggfel n the non-netallic filmis a
mul ti-layer non- metalli'c filmand consists of at |east 10 atomic

percent S bgsegle ﬁéht &E}%fe?@&iﬁ&ﬁéﬂi fdebiafh qa‘anty@se ST h«u Qwhtaﬂelnrﬁe
27. The heat transfer nponent accor ing to . any one of grece i ng

cl ai ms, DRiAEYSL WeﬁleémH‘gh?n“fﬂP&ﬁé‘ﬂ%W@oﬁ’pM (Pf mixturss thered) ‘é’%’ﬁ%ﬁ% &Ctand
the at hgashstiefitg Headintd sfanstery. el ement is a tube bundl e having a
plurality of heat transfer tubes, wherein each of the heat transfer

t ubes havi ng1&Th hew frardfed BRt@hers axrctnamg tcodngt oamofalaﬁ:ﬁsr 13chir afyethereinshi st e,

wher ei n, at one of the | face.an t he quter

i et ok RetlFRattont B RiomiitE gt BB et PR e TRk F6% cr o

i nches {ubtehitipshinless steels, dugkx stdinlesshyeals aﬂdmemﬁtenonelmrqarmmmﬁc cording to
any one of the preceding clains, wherein the surface roughness is

| ess t han 201%iThe beat raisés cc(lm:oﬁqu agcording to claimg or Ihehenféracpnetof Hin affleast one
conmponepl, éa%ﬁfgxr £ag siegv@ﬂ'ﬁ%n Qﬁea? %xchglge REG6E (ﬁ% m&{neﬁzﬁ\erénli‘ e
surface roughness 1s less t ro 1nches (0O

The heamevmamsﬁ@mc%mm9@3ent according to any one of the precedlng
clainms, further conprising one of a vibration prodUC|ng devi ce
to inpart a wsiligoacpraine ftéﬁl sempogitipmiacipding anallgnydegmnopmetallig il feymsgd on
pul sati gR sR¥REsGhdMogevi ce for apply pressure pulsations to the
process stream 31. A nethod of reducing fouling in a heat
transfer conpraan theaﬂég&& ebrimed ir&n ﬂﬁy@ﬂ@sﬁﬁn #,leandngda edlichg icd mtmeledtetde

nmet hod ¢gomri s n fl S ns
proc essgglgp :fﬁ‘:’“ﬁ’l ﬁgg %@r#régﬂ‘gﬂ +3h I“B‘Emu%s ?0?%43& ?f@u gieas? P gng
el enent elameht véldated tiomthd grotfh@ntigmp of CraAk Mey, T Brbisié b, T:o M, N\é(Sc la, Y,

neat  tr GRoReRhdr B Ao SHOReCT s T SERBEEE N BT S ERRROC,

heat tr desbfand romthe heat transfer elenent to the process stream

wherein the non-metallic film comprises sulfide, oxide, carbide, nitride, oxysulfide,

oxycarbide, oxynitride and mixtures thereof.

18. The heat transfer component of claim 17, wherein the metal ) comprises at least about

60 wt% to about 99.98 wt. % of the alloy.

19. The heat transfer component according to claim 17 or 18, wherein the alloying metal 8

comprises at least about 0.01 wt% to about 5.0 wt. % of the alloy.

20. The heat transfer component according to any one of claims 17 or 19, wherein the

alloying element 1 comprises at least about 0.01 wt% to about 40.0 wt% of the alloy.

21. The heat transfer component according to any one of claims 17 to 20, wherein the

alloying metal B comprises at least about 0.01 wt% to about 3.0 wt. % of the alloy.



" 32. The nmethod of reducing fouling according to claim31, wherein the
met hod conprising: applying fluid pressure pulsations to the process

- stream 33. The nethod of reducing fouling according to claim

31, wherein the nethod conprising: applying vibration to the at | east
one heat transfer el enment. 34. A nethod of reducing fouling in
a heat exchanger for a process stream wherein the heat exchanger
having a plurality of existing heat § changer tubes, the nethod
conpri si ng: renoving at |east a %ortion of the plurality of

exi sting heat exchanger tubes fromthe heat exchanger; and

installing nt heat ex nge rein
cach of the B iR iesf corpRn Bl SRne 5 Y RS SARBEE T b b ShinstS

sur f acealtoying lelvesst 1 0émyprisssat {dastabebP0.01 wt'otoiahah 89 Wt All ofjthk allayher ei n eac h
of the replacenent heat exchanger tubes being forned froma

conposi ti on Thakheheat frensies temponent aaiding tany one efofaiosi idn 2avdesarthosi on

i nduced,f g[rr.%prtgm v ogmprisesit teadt B BOwEA /a8 SBDYnS, RUbE RPlh. 3 heat

transfer onent a process stream erein the heat ansf er

conponent hayj n@he@ta: hBA%: caﬁtﬁnaﬁaécotdrngw@cn@tﬁmt 17953, nﬁarernrrge t he
process stream wherein the heat transfer el ement havi nﬂ an_inn

di amet eplloyipeelsmenta fompritest least apgub Bl Bt abeuld & witerd apdtiiesst about . o1

conpri si¥gio about 30.0WARIGIJF tha@lsy. S| eeve on at | east one of the heat
transfer elenents, wherein the sleeve being formed froma conposition

that is resi34amne ht:aatrsxurefr célagonat acording$é iy oasiel ckirhy Distb A, whestingkdnon-
foul i ng, whereip t sl.eeve havi fir urface .adapted to
cont act MgEMe §fm f"i’tg’e Flﬁﬁ‘é? Qfe&b%?@ye?mpsﬁ?sfag%??an ﬂt'slﬁksgl erame etélfrﬁc
surfacefimd. the heat transfer el enent and a second surface adapted to
contact the process stream wherein the second surface having a
surface rougkmels hedt trhnsés corhpoment Of ¢ldiny2, wherdirethe fdn-metghg filmis a multi- 36, A
met hod g mrrertmaqihﬁ thd Al e R0 1ORDAR pEES S ARAGNAMLRRRERSE O
|nduced o resistance to a net sur ace that is subject to a

pr ocessthstnprealmablt:ﬁhilgh tenperatures, the nmethod conprising:

providing a setwl h!ea‘ﬂ‘r?ﬁsféi‘%ﬁlﬂexﬁ a&Hfdtr@Q@amﬁgmﬁéae&tmg Bigisas RFbirfe
m cro i nches T(l 1. gm formed froma conposition conprising X, .Y, and

Z, wher Beshtrausiescompgpaniis adeat sxtharger and fhehleasgprsisat tanste slvards =

Ni , Co Eﬁtﬁle‘ﬂa%hé‘ﬂ El&ahﬁﬂff Q6 trandfe@ ruBdswhebeinedcB offhe heaf V¥Rl Raving 28 at
| east one all o¥ el errent seI ected fromthe aE%ast 0<%%FSI st n of Si,

Al 1nppr d1azqe er ﬂfrfacq,an B ou% 1arf%er sWac%évherem er AU,
RU, Rh, sirface 493 thel diter @@metSburfitiz habug Lsuridbe réughftss Geks &an ahiosd tﬂchas (1.1
Crenriched layer is |located on the netal |ayer, wherein the
Cr-enri &fed | ayer also being fornmed fromthe steel conposition X, Y,
and Z, wher ep$) THe@edt abhster 0bmpbnkm adtotdingtitanyGne efthé prheding alyinrs, tWeraigthe
greater than t taI | ayer; and form ng an

f
pr ot ect FYET LY eestr.s)nslﬁsgs%flfzgglécr%’fmfteﬁe&% énriched | ayer.

29. The heat transfer component according to any one of the preceding claims, wherein the

<

surface roughness is less than 10 micro inches (0.25 pm).

30. The heat transfer component according to any one of the preceding claims, further
comprising;

one of a vibration producing device to impart a vibrational force to the heat transfer
element and a pulsation producing device for apply pressure pulsations to the process siream.

31. A method of reducing fouling in a heat transfer component according to anyone of the
preceding claims, the method comprising:

applying one of fluid pressure pulsations to the process stream flowing through the at least



~ 37. A nethod of providing sul fidation corrosion resistance and
corrosion induced fouling resistance to a heat transfer conponent

- surface, the nmethod conpri sing: providing a silicon containing

steel conposition including an alloy, wherein the alloy is forned
fromthe conmposition ii, 0, and 1, in which fi is a netal selected
fromthe group consisting of Fe, Ni, Co, and m xtures thereof, 0 is
Si, and -Lis at I|east one alloying elygment selected fromthe group
conS|st|ng of C, A, M, Ti, Zr, H, V, No, Ta, Mo, W Sc, La, Y,
Ce, Ru, Rh, Ir, Pd Pt Cu, Ag, Au Ga Ge, As, In, Sn, Sh, Pb, B, C

N, P, 0 on e@ﬂ%{f@ §§an%i zﬁgﬂ to tﬁé‘ﬂ!ﬂt transfer cofn 511@}-1&9 effec Qf%aﬁ%féﬂa&e
fl|ﬁ10n the surface o 1 Ng a Surftace roug ness | ess
t han 40 vistaus boungdary tager(agjagent Hajpt lew aah trangier pleypenyietreduce the fricidpgee of

conpr i S?@Jhﬁé’iﬁd‘p%ot@ﬁ@aﬁﬁnsi@@ﬁ&ﬁ €€ hed? hﬁﬂsfegﬁem&l(%sthg erc@ﬁ's stréagy.car bi de,
oxyni tride and m xtures thereof A nmet hod of praoviding

sul fidation é%r%ﬂeéhvdroésng@%fe@lnaﬁepoedeﬂgrt%lﬁw1r wm@e&eMOﬁng

resi st aggfprdsthgd heat transfer conponent surface, the nethod
conpri si ng pr ovi a stee surf?hce containing at |east about 5 to
about 40 wt . 2P EE‘Fﬁ%-H‘i%EFﬁiS““P“ Satopy AR PECCESS SB¥ 8 um enri ched oxi de

(M304 or M2033.0The/ThexHddIof fediidigf foalink aGidrditio sluifd HC@h@éin theencttiogel ,
wherein Mis.a nmetal containing at least 5 wt. % C based on t he
total wePHE™Sf the netal M and, forming a top layer formed on
t he surface @ﬁpl;hﬂi@vlm’aﬁmnﬂmaelmstcﬂm&ﬁatmmehmmtng a surface roughness

of less than,40, m od of 1od hes f&ﬁlpg in aoﬁgt’exgng@%r tFﬁ%i nI%Cfi%%ét%algeWheggéd tqg

oxysul fi de, g4dAm KOS HE"e0 tcor
cl ai ms  Béat exch@fger haviag e plurdlilyeof coistingdiedt exphariger tabes tteemetbaiqoupiitinon

conprising: X %nggﬂgasga R?rﬁ&](f}gﬂ% rPglrgllt t‘e§1s§n Liken ?@éeﬁ B(%qi'ofrﬂ’tﬂgﬁerahe

group conS|st|ng tures ereo erein s
Cr, andexchangeppetein Z is at | east one all oy| ng el enent sel ected from

the group co ﬂﬁfaﬁﬁlk Qg\lu&fll if 'r?%?cem%heaﬂxchagéer ndBEs, Qﬁeremacﬂr@f th alW ofSC
Y, La, Ce, Pt, | Ge, Sn

0, P, anplagement iat exqpaeibeBvingd itsh Feyehngestas ey téilrfﬁ%w@rm@gs (Tt ),

wher ei N gpReinGCAIRE HelrégMehibt: hEHR ExBRFRY thifeh BYngfofaicd SR LddagodidnaRat fsor med
t hereon, wherein _the Cr- enrlched |.ayer aJ so, being formed fromthe

st eel c@%ﬁ%ﬂfwlaﬁdakon@%nzn AT RCPOrligi 0 of Y to X in the

Cr-enriched baygmeb@l Bﬂreﬂlidﬂigtf&ﬂmk ﬁlﬁd’heﬁﬂlﬂns’f&tcbﬁpdhfentYoﬁd})r%etsﬁtrédﬂe
remai ni n port|0n of co

oSiti t hod_.a ng to

Gl ai m 4O PSPTRTe RS Psetont B CPNEEE By TORE e e
el ect r o-pafekss Stafigwhdiein GRMPA Sraiisfed Biemeht @etinigyalidter digmeteryertava kndsproater
coati ng, | aser g Si tehl(ﬁﬁ uttering, physical vapor deposition,
cheni cal®&F&oT" ‘é‘:‘g S rB‘F %a powder wel di ng overlay, cladding,
and diffusio ﬁnstaning i slgeve on at leasti@ne of the hene trivafir elersantsdivhgeit theleaverpeifg
further C 9 nRE‘rI O a cgmposmon that is resistant to sulfidation corrosion and corrosion induced fouling,

wherein the sleeve having a first surface adapted to contact one of the inner diameter
surface and the outer diameter surface of the heat transfer element and a second surface adapted to
contact the process stream, wherein the second surface having a surface roughness of less than 40
micro inches (1.1 pm).

36. A method of providing sulfidation corrosion resistance and corrosion induced fouling
resistance to a metal surface that is subject to a process stream at high temperatures, the method
comprising:

providing a metal layer having a surface roughness of less than 40 micro inches (1.1. pm)

formed from a composition comprising X, Y, and Z, wherein X is a metal selected from the group



an protective |ayer forned on an outer surface of the Cr-enriched
| ayer . 43. The nethod according to claim42, wherein the
protective |ayer conprises an oxide selected fromthe group
consisting of a nmagnetite, an iron-chrom um spinel, a chrom um oxi de,
and m xtures thereof. 44. The net hod according to claim43,
wherein the protective |ayer being fornmed when the conposition is
subjected to a process stream at hi glgr tenperatures up to 400C.
45. The net hod according to claim44, wherein the protective |ayer
bei ng forned when the conposition is subjected to a process stream at
Zgghm;]glgpn%fsﬁ\%gh é‘%%, I\g{)%(%: d%Qﬁgﬁes therer wﬁerénP 1s|’&’:“‘1:~'.(ré,ﬂE d %%‘1% 19 étrllogtltooci: g|na|ms
subj ect eldbying ehsmpntcseleggi fom é:argrcan cmsgmgoef Apél Mny ffe gr 073 V,d\lbl Taow, W,
47 JThe Rt g apces datal 3 16, BIGOsn 3, BIRS! ©) ) P cblt8 SampsLL] of
is a car ol st eél * havi an al um num or’ “al um ndm’ar ayer | ocated
t her eon enriched layen § locyigd Oﬁ’é@ st lgesovltragthe Gr-@lnahwﬂaysmlmbegls forpmpefrem n

t he comfe%tealceﬂpasﬁmmeyozndaﬁ wﬁe@u@ne rsﬁot@ﬁrl i Rin BRI ARG r@élhgys of
al um num titanium chrom um he method according to clains

34 or 35“3%@‘1’“(5*1’%3?%@%%%11??1%1 l%ﬁﬁ?q sing: a chroniumenriched

oxi de cont ai fyrbflg RpBlcbiie 1dyef s buthRBY ihb €r-eR¥R@hyet.on 5, E,  and
wherein, 43 ( is a steel containing at |east about 5 to about 40 wt.

% chrom uny 37, A mefhod Sf]ﬁoﬁmﬁmﬂmmhsd&des%nd@mew&%maﬁndt{aﬁ?zmmhg
mxturesihereof formed on the s f .the steel wherein Mis a
met al cB‘ﬁ‘LStﬁ?cr‘?lt?ﬂ; <3t trqm %’é‘fon%’%ﬁmsus A BH? 80 SHPPANBEt ot al wei ght of the
nmnetal M and n th surfaceo t he

yer far
chr oni um enr PRASEESS Sl% 3 CO%aI(?E?pﬁp reigly OS%OHHCH e S%ﬁ%% VISR UF FI%9E and
m Xt ur e orinkefreofhe composmon H(3, ankdhgin midhunds ofnetell salecmd4feqm thhgroap ponbilgng of

chrom ug, “Nf? "d E!r%qm?ﬁkeg g}eﬁéXF Bds Q7 anlfR 3 1(353{ {%H éh?&ﬂ:%selér&%{ s%%t:t)ed S bi@r med

on the surtacé of exposi hg OW 0XYygen
parti al gpreesssistingehCr, %MEI‘P@, IH%VtWerM@, OV eScolta, Yy GenRalbBlutlr, B&®E Guo

1100C 1 ap &, Uar@e,%'fﬁ:'ﬁ QE‘tht]ﬁ’ ceﬁ\lf B30, StalﬁSmqu&rQﬁBéréH} Af, @ chrom um

enri ched~oxi’'de’ ( M304 V203’ m Xt ures thereof) on the surface of

said a steel formin anon-éétauxmﬁn Hth@@Qfa@é oni)eadllH} RRing WREHRE PoukiifRsstdf 68
sufficient to ef %ect he fornmati on of the chrom um enriched oxi de

(MBO4 ofh? w%@wsﬂm?heﬂldr $B):HsrEdhg ngrneall Yircprersenffdteidcedbidanges

from 1 Hiite! Sxysidlelé:§earbide, oxynithde andextimRs iadofOf Cl ai m 50, wherein the
| ow oxygen partial pressure environnent is fornmed from gases sel ected

fromthe grosg Aeehodbdfpievidik®sulfidation(Gokosidihigsistanddand bBrrosiead im¥ncedauliand

m xt ur her eof . .
tu e?esitstar?ce?o a heat transfer component surface, the method comprising:

providing a steel surface containing at least about 5 to about 40 wt. % chromium;

forming a chromium-enriched oxide (M;0, or M;0O; or mixtures thereof) on the surface of
the steel, wherein M is a metal containing at least 5 wt. % Cr based on the total weight of the metal
M; and,

forming a top layer formed on the surface of the chromium-enriched oxide having a surface
roughness of less than 40 micro inches (1.1. pm), comprising sulfide, oxide, oxysulfide, and

mixtures thereof.

39, The method according to claims 34 or 35, wherein the composition is a steel
composition comprising:
X,Y,and Z,



" 53. The method of claimb50, wherein the | ow oxygen partial pressure
environment is a gas mxture of CO2 and CO 54. The net hod of
claim50, wherein the | ow oxygen partial pressure environnment is a
gas m xture of H20 and H2. 55. The nethod of claimb50, wherein
t he | ow oxygen partial pressure environment is pure hydrogen or argon
havi ng the dew point of the atnosphere is |ess than -40C. 56.
The nmet hod of claim50, wherein the lL,gw oxygen partial pressure

envi ronnment i s vacuum having a vacuum | evel better than 1x10-3 Ton.
57. The nethod according to anyone of clainms 50 to 56, wherein the

top layer S goomy :‘é‘in{e{a'f’&le%"é{i E‘rézq?ha($$%_%§%sistlﬁ S I gim{dﬁﬁﬁt%l H]elleg d

oxysul fide, iron-chromum su um ‘oxi iron-c
oxysul fi de, ahefeimixY isrgsandher eof. 44 58. The net hod accordi ng

to any one Ogrhgrlelﬂ'ﬁatﬁé’asttdﬁe ?lYoym‘g’%i%En%ﬁt@elwﬁ 101 @b %quéonh&ﬁag%?glggl WR

enri ched oxi m xtures thereo rises
and condhiZeih Hd‘%ﬂ‘é«%%t"é &t YilfeCe o &Ju, 42, Au, Ru, Rh, I5dia, i‘h@efﬁ& R C. N

accordi pgptpdgny one of clains 50 to 58, wherein the steel Cis
sel ected from | ow chromium steels, ferritic stainless steels,

martensitic 49-afsmsthodascopding to gl 3qroP.ovherein e oapogindiher pRpprisips o

st ai nl egs.codca&d lﬁyﬁﬂﬂmﬁi @6reft, Kvﬂ&rbﬁﬂmhﬁk&@dﬁ@@laﬂn@isd} BaliSs formed from tBEsteel he
met hod accordi n aglal m 34. 0

conpris |‘:1’|‘BP°S“1°11 | WHEERR %%{?F%PW \M;? tﬁ"e@'?%‘ﬁhﬁg i%’ f’rsr’(?ﬁ‘g BFFRELYIHEC an

al | oy alﬂﬂma:fHQ@XﬁEﬂlal'dntaﬁnﬁgﬂoﬁiofn@fmﬂyoﬁiﬁori he surface of t he aI | oy,
wherein the I i orne ro Si i.on .,

when 1 o oo ateuie b S A5 vERER IR ekt 1 i Omt oyt o8
and m Xxtlsetespdlikigtigethé confbobitioSilectepbititg, thermad sﬁrmttxrgrieseaﬂdpowqmgspettmnt

§I_:| e%edbésgc%napf%e&??grggﬁgﬁgal %%_.1{'}5') gﬁpggltugépla%a po%%er w}ldmgﬁrverlagiclad mg,Nb ’

I n, Sn, aSbdiff@ipn t8pdi@@. N, P, 0, S and mxtures thereof and
wher ein the E?ﬁ‘lﬁ‘éﬁe@ﬂoda&oﬁdl gﬁfﬁpﬁll me oxi de car bi de,

nitride, oxysu oxycar e, oxyni tr ‘mi xtures thereof.
61. The net heelprotectiv d4yes fBﬂn@ron@@WtMéWf@F ﬁf'ilﬁﬁf'%‘?%ﬂd lg¥er-conpri ses at

| east about @9 ﬁe%&lﬁ)d%p&%n 8 cfdfin ¥4, wheéélﬁfthetpl?&ecﬁ{ré l@})’er comprises an@%de The

met hod according to claim®60 or 61, wherein the alloying netal
conpri ségectd fraspihe srgpRepnsiEing pf megnetite. 9 Fiap-clyomiugy spi afhr?fﬁlé?maﬂ’qdwnd
63. The gBiLkedescording to any one of clains 60 to 62, wherein the

alloying elenment t conprises at | east about 0 % out
W % gf tg he aPff- O’{/‘he methog.gccordmg to clalm 3, wheremuhe protec%ivg\itaygr eing ormedvfh

the composition is subjected to a process stream at high temperatures up to 400°C.

45. The method according to claim 44, wherein the protective layer being formed when
the composition is subjected to a process stream at high temperatures up to 660°C.

46. The method according to claim 45, wherein the protective layer being formed when
the composition is subjected to a process stream at high temperatures up to 1100°C.

47. The method according to claims 34 or 35, wherein the composition is a carbon steel
having an aluminum or aluminum alloy layer located thercon.

48. The method according to claims 34 or 35, wherein the composition is one of aluminum,
titanium, chromium and alloys of alumiﬁum, titanium, chromium.

49. The method according to claims 34 or 35, wherein the composition comprising:

a chromium-enriched oxide containing material formed from the composition &, €, and ¢,

wherein,



- 64. The nethod according to any one of clains 60 to 63, wherein the
al loying metal O conprises at |east about 0.01 wt%to about 3.0 wt. %

of the alloy. 65. The nethod according to any one of clains 60
to 64, wherein the alloying elenment t conprises at |east about 0.01
w%to about 3.0 wt% Al of the all oy. 66. The nethod according

to any one of clainms 60 to 65, wherein the alloying element t
conprises at |east about 0.01 wt%to, about 30.0 wt % Cr of the all oy.
45 67. The nmethod according to any one of clainms 60 to 66,
wherein the all oyi ng el ement t conprises at |east about 0.01 WMt%to

about 3.0 w9 0] %,t about 30.0 Wt % Cr of
the all oy. lsaStealggntaL?Wé aﬁezfsh%amactgg?o }40““ /° BI "Ofie of clainms 60 to

67, wherein E F% cﬂ%ﬂlilm? Exﬁ%chéd%&dcdgkﬁ'@%r W o%lﬂ'g;tgr%?thgjeotggfm&f JruQ?{e surface

conprises at | east artitioned non- net

69. Theofithe siesdiC.othereindying H8ctalghetrining attlprst Tt “arfestbaset ioe theitdtahweighof the
nul ti -1 guarmog; netal lic fil m and consists of at |east 10 atomic
percent Si based on the concentration of -the non-netallic film

70. The met hgg a@&ﬁl@f@f&ﬁe&&ﬁ@%rﬁ&%fﬂfe chioRiviBeRRhddQxfil e, c‘éﬂﬁﬁs@ﬂg‘ t he
non-netallic filmis _forned by xpofsl ng the alloy to a

t enper abHfids eiide %yigﬁwndmmmr%ﬂ‘? °LThe met hod according to any one

of clains 60 69 he, non tallJic filmi

o posing. t bt T e 5 Ghil B o bRk A egrcte Sl ARG M of
1100C. mixtures thefeof) i¥ Iﬁﬁmﬁdablht(hd smﬁceh’fdlemg:elthy egpuying e seél teh vy S phma169
wherein the non-net for ace of .the all

by expo8itig e Ar Y 7te 'gmgerf‘tgfﬁ/ ﬂe“g%{ﬂ’ &hﬁgﬁ"?stfghartgn gt FBhH e nt at
a t enpeegicuthe fdmhatioh@fa a]immhmﬂﬁﬂﬁeﬁ oxidel@®OC; dravl;(g ot miverrsulidréof) canlte t o

ef f ect gur%gce&rs tloq of a non-netallic filmon the surface of said an
al | oy. 732 e nethod of claim72, wherein the tinme sufficient

Lo, el ect L e, A mluaN: ol S AOATRLELLL nlh AR S T L

al | oy ranges rom aim?72
or 73, viremiinentithed byide BdoflgenMpdiror minturpytherent) a thewprfaesiwhinsteél sangesr med
from gaggs ls&h@cp(?g%f romthe group consisting CO2, CO CH4, NH3, H20,
H2, N2, Ar, m xt ures thereof. 75. The nethod of claim 72

or 73, vvher ek fﬂé?nehBWoP&iM&% ‘pl?éi'éll!l fﬁle loW @Arﬁmﬁfﬁf&s&%é‘fﬁ%nrheit@ gas
m xture of CO2 a of claim72 or

wher ei nfarmed ﬁW@RW@PF%E?IPF}&Igf%‘Pé%W@ %PPO%HH%@ aHigargAﬁﬁ?taH‘? e
of H20 andukRhereof 77. The nmethod of claim72 or 73, wherein the
| ow oxygen partial pressure environnent is pure hydrogen or argon
havi ng the de3v mRinitthodbf é1kig) 58] RSENBE Bw ckykdIarthnResurd ironment is a gas

mixture of CO, and CO.

54. The method of claim 50, wherein the low oxygen partial pressure environment is a gas

mixture of H,O and H,.

55. The method of claim 50, wherein the low oxygen partial pressure environment is pure

hydrogen or argon having the dew point of the atmosphere is less than -40°C.

56. The method of claim 50, wherein the low oxygen partial pressure environment is

vacuum having a vacuum level better than 1x107 Torr.

57. The method according to anyone of claims 50 to 56, wherein the top layer & comprises
iron sulfide (Fe;«S), iron oxide (Fe;04), iron oxysulfide, iron-chromium sulfide, iron-chromium

oxide, iron-chromium oxysulfide, and mixtures thereof.



" 46 vacuum having a vacuum | evel better than 1x10-3 Torn 79.
The net hod according to any one of clains 34 to 78, wherein the

surface roughness is less than 20 mcro inches (0.5 m. 80.
The net hod according to any one of clains 34 to 79, wherein the
surface roughness is less than 10 micro inches (0.25 gm. 81. The

met hod according to any one of clains 34 to 80, further conprising:
i nparting one of a vibrational force4ao the heat transfer el enent and
pressure pul sations to the process stream

58. The method according to any one of claims 50 to 57, wherein the metal M of the
chromium enriched oxide (M;0, or MZOE or mixtures thereof) comprises Fe, Cr, and constituting

elements of the steel £,

59. The method according to any one of claims 50 to 58, wherein the steel { is selected
from low chromium steels, ferritic stainless steels, martensitic stainless steels, austenitic stainless

steels, duplex stainless steels and precipitation-hardenable alloys.
60. The method according to claim 34 or 35, wherein the composition comprising:

a silicon containing steel composition including an alloy and a non-metallic film formed on
the surface of the alloy,

wherein the alloy is formed from the composition 1, 6, and 1, in which 1 is a metal selected
from the group consisting of Fe, Ni, Co, and mixtures thereof, 8 is Si, and 1is at least one alloying
clement selected from the group consisting of Cr, Al, Mn, Ti, Zr, Hf, V, Nb, Ta, Mo, W, Sc, La, Y,
Ce, Ru, Rh, I, Pd, Pt, Cu, Ag, Au, Ga, Ge, As, In, Sn, Sb, Pb, B, C, N, P, O, S and mixtures

thereof, and

wherein the non-metallic film comprises sulfide, oxide, carbide, nitride, oxysulfide,

oxycarbide, oxynitride and mixtures thereof.

61. The method of claim 37 or 60, wherein the metal n comprises at least about 60 wt% to
about 99.98 wt. % of the alloy.

62. The method according to claim 60 or 61, wherein the alloying metal 6 comprises at
least about 0.01 wt% to about 5.0 wt. % of the alloy.

63. The method according to any one of claims 60 to 62, wherein the alloying element 1

comprises at least about 0.01 wt% to about 40.0 wi% of the alloy.

64. The method according to any one of claims 60 to 63, wherein the alloying metal 6
comprises at least about 0.01 wt% to about 3.0 wt. % of the alloy.

65. The method according to any one of claims 60 to 64, wherein the alloying element 1

comprises at least about 0.01 wt% to about 3.0 wt% Al of the alloy.

66. The method according to any one of claims 60 to 65, wherein the alloying element 1

comprises at least about 0.01 wt% to about 30.0 wt% Cr of the alloy.
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67. The method according to any one of claims 60 to 66, wherein the alloying element 1
comprises at least about 0.01 wt% to abc:ut 3.0 wi% Al and at least about 0.01 wt% to about 30.0
wt% Cr of the alloy.

68. The method according to any one of claims 60 to 67, wherein the non-metallic film on

the surface of the alloy comprises at least 1 nm thick Si-partitioned non-metallic film.

69. The method of claim 68, wherein the non-fnetallic film is a multi-layer non-metallic
film and consists of at least 10 atomic percent Si based on the concentration of the non-metallic
film,

70. The method according to any one of claims 60 to 69, wherein the non-metallic film is

formed by exposing the alloy to a high temperature up to 1100°C.

71. The method according to any one of claims 60 to 69, wherein the non-metallic film is

formed by exposing the alloy to a process stream at high temperatures up to 1100°C.

72. The method according to any one of claims 60 to 69, wherein the non-metallic film is
formed on the surface of the alloy by exposing the alloy to a low oxygen partial pressure
environment at a temperature of from about 300°C to 1100°C for a time sufficient to effect the

formation of a non-metallic film on the surface of said an alloy.

73. The method of claim 72, wherein the time sufficient to effect the formation of the non-

metallic film on the surface of the alloy ranges from 1 min to 100 hrs.

74. The method of claim 72 or 73, wherein the low oxygen partial pressure environment is
formed from gases selected from the group consisting CO,, CO, CHy, NH;, H>O, Hy, No,Ar, He and

mixtures thereof,

75. The method of claim 72 or 73, wherein the low oxygen partial pressure environment is

a gas mixture of CQ; and CO,

76. The method of claim 72 or 73, wherein the low oxygen partial pressure environment is

a gas mixture of H,O and H,.

77. The method of claim 72 or 73, wherein the low oxygen partial pressure environment is

pure hydrogen or argon having the dew point of the atmosphere is less than -40°C.

78. The methed of claim 72 or 73, wherein the low oxygen partial pressure environment is
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vacuum having a vacuum level better than 1x10? Torr.

79. The method according to any one of claims 34 to 78, wherein the surface roughness
is less than 20 micro inches (0.5 pum).

80. The method according to any one of claims 34 to 79, wherein the surface roughness is
less than 10 micro inches (0.25 pm).

81. The method according to any one of claims 34 to 80, further comprising;

imparting one of a vibrational force to the heat transfer element and pressure pulsations to

the process stream.





